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Response to Rule 312 Communication

Application No.
16/806,925

Applicant(s)

Examiner

Art Unit

a) X entered.

d) [ disapproved. See explanation below.

e) [0 entered in part. See explanation below.

/C Bowen/

Charles Bowen

b) [J entered as directed to matters of form not affecting the scope of the invention.

¢) [ disapproved because the amendment was filed after the payment of the issue fee.

the required fee to withdraw the application from issue.

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address -

1. IX] The amendment filed on 24 June 2021 under 37 CFR 1.312 has been considered, and has been:

Any amendment filed after the date the issue fee is paid must be accompanied by a petition under 37 CFR 1.313(c)(1) and

U.S. Patent and Trademark Office

PTOL-271 (Rev. 04-01) Reponse to Rule 312 Communication
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Applicants:
Application No.:

Filed:
Title:

E582.0[.CIP.04

IN THE UNITED STATES PATENT AND TRADEMARK OFFICE

Robin Elenga et I.
16/806.925
March 2, 2020
OSCILLATING-RESONANT-MODULE CONTROLLER
Conf. No.: 7971
Examiner: Zoheb S. Imtiaz
Art Unit: 2846
Docket No.: 35099.008C!

Commissioner for Patents

P.O. Box 1450

Alexandria, VA 22313-1450

RESPONSE TO NOTICE TO FILE CORRECTED APPLICATION PAPERS

Notice of Allowance Mailed

In response to the "Notice to File Corrected Application Papers—Notice of

Allowance Mailed" dated June 23, 2021, which sets forth a two-month period for reply

ending on March 12, 2021, is:

Substitute Specification

X

X

<

Y

A Substitute Specification in compliance with 37 CFR 1.52, 1.121(b)(3), and
1.125. The substitute specification contains no new matter.

A marked up copy of a Substitute Specification as set forth in 37 CFR
1.125(c).

No additional fee is due.

The Commissioner is hereby requested to grant an extension of time for the
appropriate length of time, should one be necessary, in connection with this filing or
any future filing submitted to the U.S. Patent and Trademark Office in the above-

10



E582.01.CIP.04

identified application during the pendesey of this application. The Commissioner is
further authorized to charge any fees related to any such extension of time to Deposit
Account 50-2976.

o The Commissioner is hereby authorized to charge any deficiency or credit any
overpayment of the fees associated with this communication to Deposit Account No.
50-2976.

Respectfully submitted,
Robin Elenga et 1.
OcaymMeIC PATENT WORKS TLLC

{Robert W. Bergstrom/

Robert W. Bergstrom
Registration No. 39,906

Olympic Patent Works PLLC
4979 Admiral Street

{x»g Harbor, WA 98332
206.621.1933 telephone
206.621.5302 fax
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S UNITED STATES PATENT AND TRADEMARK OFFICE

Commissioner for Patents

Linited States Patent and Trademark Cffice
P.O. Box 1450

Alexandria, VA 22313-1450
wwy.usplo.gov

Application No. : 16806925
Applicant : Elenga

Filing Date : 03/02/2020

Date Mailed : 06/23/2021

NOTICE TO FILE CORRECTED APPLICATION PAPERS

Notice of Allowance Mailed

This application has been accorded an Allowance Date and is being prepared for issuance. The
application, however, is incomplete for the reasons below.

Applicant is given two (2) months from the mail date of this Notice within which to respond. This
time period for reply is extendable under 37 CFR 1.136(a) for only TWO additional IONTHS.

The informalities requiring correction arc indicated in the attachment(s). If the informality pertains to the
abstract, specification (including claims) or drawings, the informality must be corrected with an
amendment in compliance with 37 CFR 1.121 (or. if the application is a reissue application, 37 CFR
1.173). Such an amendment may be filed after payment of the issue fee if limited to correction of
informalities noted herein. See Waiver of 37 CFR 1.312 for Documents Required by the Office of Patent
Publication, 1280 Off. Gaz. Patent Office 918 (March 23, 2004). In addition, if the informality is not
corrected until after payment of the issue fee, for purposes of 35 U.S.C. 154(b)(1}iv}. “all outstanding
requirements” will be considered to have been satisfied when the informality has been corrected. A

failure to respond within the above-identified time period will result in the application being
ABANDONED.

See attachment(s).

A copy of this notice MUST be returned with the reply. Please address response to
“Mail Stop Issue Fee, Commissioner for Patents,
P.O. Box 1450, Alexandria, VA 22313-1450".

{Kevin Danemark/
Publication Branch

Office of Data Management
(571) 272-4200
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Application No. 16806925

[]

IDENTIFICATION OF APPLICATION DEFICIENCIES
IN APPLICATION FILED ON OR AFTER SEPTEMBER 16, 2012

Applicant must provide legible text for the following item(s).

{X§ Specification filed 05/18/2020, page(s) 26, 27. 28.
[ Claims fited , claim(s) .
[ 1 Other: .

Applicant must provide missing information on the following page(s) of the specification by amending the
specification to add the missing text. No new matter may be added.
Page/line no(s).

The specification refers to one or more applications by attorney docket number and does not show the U.S.

application number(s). Applicant must supply the U.S. application number in place of each attorney docket
number.

Page/line no(s).
Applicant must provide an Abstract of the Disclosure.

The Application Data Sheet (ADS dated ) does not supply the inventor’s city and/or does not supply the
inventor’s (1.8, state and/or does not supply the inventor's country. Applicant must submit a signed, in
accordance with 37 CFR 1.76(e) and 1.33(b), application data sheet that corrects this deficiency. To be in
compliance with 37 CFR 1.76, the corrected application data sheet must identify the informutiom being
changed by using underlining for additions and strikethroughs or brackets for deletions.

Other:
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35099.008C°1

OSCILLATING-RESONANT-MODULE CONTROLLER
N\

CROSS-REFERENCE TO RELATED APPLICATIONS

AN This application is a continuation-in-part of Application No.
15/043,584, filed February 14. 2016. which claims the benefit of Provisional Patent
Application\h@. 62/116,144. filed February 13, 2015. <

AN
\\

TECHNICAL FIBLD

The c\h(rent document is related to v1brat10n-generat1ng devices and, in

particular, to vibration n\@\i s that can be incorporated into a wide mrsety of different
types of electromechanu;::s._\dewces and systems to produce pres Jetermined vibration

responses. 5,

BACKGROUND Y

Vibration-inducing me h\ss and mu,‘ ‘Qmsms have been used for many
years in a wide variety of different u‘i}wlmw!‘ app iances, toys. and other devices and
systems. Examples include vibration mgmxis generated by pagers, smart phones,
vibration-driven appliances, such as halrwtmnm\nv appliances, electric toothbrushes,
electric toy football games, and many ather appimm\u, devices, and systems. The most
common electromechanical syste.u- wed for g2e mmm\xg vibrations is an intentionaily
unbalanced electric motor. AN

RN

Y
Figures 1A-B.4llusirate an unbalanced elt:z:ﬁ'ic motor typically used for

generating vibrations in 3:&ide variety of different devices. \ks shown in Figure 1A, a

small, relatively low ~;m\\er electric motor 102 rotates a cyh}idr[cal shaft 104 onto
which a weight lx’m is asymmetrically or mounted. Figure § }3 shows the weight
asymmetrlcally mnun{»d to the shaft, looking down at the weig 1\ and shaft in the

direction of the axis of the shaft. As shown in Figure 1B, the wei ;\

06 is mounted
off-center on the electric-motor shaft 104, Figures 2A-B illustrate t%x vibrational
motion produced by the unbalanced electric motor shown in Figures | A-B. As shown
in Figures 2A-B, the asymmetrically-mounted weight creates an elliptical oscillation
of the end of the shaft, normal to the shaft axis, when the shaft is rotated at relatively

high speed by the electric motor. Figure 2A shows displacement of the weight and

14
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b

shaft from the stationary shaft axis as the shaft is rotated, looking down on the weight
an\}\shaﬁ: along the shaft axis. as in Figure 1B. In Figure 2A, a small mark 202 is
prov%gd at the periphery of the disk-shaped end the of electric-motor shaft « illustrate
rotation ’Q\f the shaft. When the shaft rotates at high speed, a point ZM

the we:ght mus an ellipsoid 206 and the center of the shaft 208 u.m.\ a narrower and
smaller ¢ hpsmd 210. Were the shaft halanced, the center of the mﬁ would remain at
a position 2125 xa the center of the diagram during rotation. s &m the presence of the

asymmetr:cally-mé_im\fd weight attached to the shaft, as \wtll as other geometric and

weight-distribution Sknracteristic.s of the electric motirgshaft, and unbalanced weight

together create forces i tyt move the end of the shaﬁ @fong the elliptical path 210 when

the shaft is rotated at relms el) high speed. Thg; am ement can be characterized, as

shown in Figure 2B, by a r“\i;ot axis 220 am& “minor axis 222 of vibration, with the

direction of the major axis @f‘ hrating eg if to the direction of the major axis of the

ellipsoids, shown in Figure 2A. aw ngth of the major axis corresponding to the

amplitude of vibration in this directisy’ In many applications, in which osciliation back

\§L\§ii

and forth along a defined path js d, designers seek to force the major-axis-

amplitude/minor-axis-unplituds ratio to &;j; as large as possible, to approach a linear

path, but, because the vibruting is produceﬁ»hv a rotational force, it is generally not

possible to achieve oscilh son back and forth aiung a defined path. In many cases, the
path traced by the shart ;enter may be close to cmu ar. The frequency of vibration of
the unbalanced elm,i k motor is equal to the rotatmrui frequency of the electric-motor

shaft, and is then. t\)re constrained by the rate at w huh {he motor can rotate the shaft.

At low n‘iauonaf speeds, little vibration is produced. g
Wh1le effective in producing vibrations, ma,re are many problems

associated ¥ :th the unbalanced-electric-motor v1brat|on-genera;1ng units, such as that

shown in £ igure 1A, commonly used in the various devices, sy:

vibrations that can be harnessed for various applications, but also pmd swes destructive,

unbalanced forces within the motor that contribute to rapid deterioration \:\g motor parts.
Enormous care and effort is undertaken to precisely balance rotating pax‘f:%z._\_of' maotors,

vehicles, and other types of machinery, and the consequences of unbalanced rotating

15
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\
partB\are well known to anyone familiar with automobiles. machine tools, and other

such d vices and systems. The useful lifetimes of many devices and appliances,
partlcular hand-held devices and appliances, that employ unbalanced eiectr;gﬁmtors
for generatl?%g\ vibrations may range from a few tens of hours to a few t yﬁusands of
hours of use, z;&:r which the vibrational amplitude produced by the dévnces declines
precipitously as tf ¢ electric motor and other parts deteriorate. l}ffbalanced electric
motors are rdatxwh \net*z»wu at producing vibrational motlon, A far greater amount
of power is consumed i\ an unbalanced electrical motor to prﬁduce a given vibrational
force than the theoretlcal \*‘ inimum power required to py&duce the given vibrational
force. As aresult. many ha’*d\‘heid devices that empioy unbalanced electric motors for

generating vibrations qumk!v L"n\ume batterles ﬁurlng use. Unbalanced electric

motors, as discussed above, oscﬂmmg motion mu\ and forth along a predefined path,
or space curve, cannot generally \iw prog .mud by unbalanced electric motors.

Unbalanced electric motors generate wtn, fions in only a very limited portion of the

used to spin thc; haft and unbalanced weight and to overcome frictional and inertial

forces wnhm the motor. Only a relatively small portion of thé cswisumed energy is

translaied mm desired vibrational forces.

Because of the above-discussed disadvantages witis, the commonly

emploved  unbalanced-electric-motor vibration-generation  unit

designers,
manufacturers, and, uitimately. users of a wide variety of different vifwation-based
devices. appliances, and systems continue to seek more efficient and capable 3
generating units for incorporation into many consumer appliances, devices,

systems. "
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AN
\
\
SUMMXNRY
A
\
\\ The current document is directed to various types of oscillating resonant

modules (” RMs"), including linear-resonant vibration modules. that can be
incorporated 1IN a wide variety of appliances, devices. and systems P “;rovnde
vibrational forceé\ The vibrational forces are produced by back-and- fé'rth oscitlation
of a weight or mem‘z\cr along a path, generally a segment of a space gdrve A coniroller

controls each of one \r more ORMs to produce driving osci dions according to a
\ &

control curve or contro! \mev 11 for the ORM that specifies thefrequency of the driving
oscillations with respect i\\im\ . The driving oscdlatmas in turn, elicit a desired
vibration response in the dev}c\‘ appliance, or system m whtc.h the one or more ORMs
are included. The desired vil: \amn response is \:dneved by selecting and scaling
control patterns in view of known\uonance frequenc:les of the device, appliance. or

system.

Figures 2A- _§§

unbalanced electric wmo

Figures 6A-B illustrate an H-bridge switch that cm\i used, in various

()RMS to change the direction of current applied to a coil that dri \E& back-and-forth

\
\.;

oscillation within the ORM.

Figure 7 provides a block diagram of the ORM, illusts: &;{d in Figures
5A-G.

Figures 8A-C provide control-flow diagrams that illustrate té';}g control
AW
program, executed by the CPU. that controls operation oi’an ORM.
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%, Figure 9 represents the range of frequencies and vibrational forces that
\
can be achm\d by different implementations of ORM and ORM control prog(ﬁms

“gure 10 shows a plot of the amplitude/frequency space anﬁ regions in

=

that space that van’ w operationally achieved by unbalanced electrical ]ﬁotors and by

ORAMs. g, g“
Flgures {-18 show a variety of different aitcrnatﬁe implementations
\_ \\
of ORMs. \“'\..\

&
\‘*

Figure 19 timﬁmm an enhancement of an lu'l‘plemematmn of the ORM

kY &

shown in Figure 17.

Figure 20 |1[usir,,.1u @ ﬁrst coil layer &
Figure 21 illustrates a \sunu c0|l icn er,

Figure 22 A illustrates a d\gi;ss~« “‘uon of a stator having two coil layers.

Figure 22B iflustrates a crodgssection of a stator having four coil layers.

Figure 22C illustrates a ¢ '\ss \wlzun of a stator having two coif layers.

Figure 23A lllustrates & motor w&h a driving force that is perpendicular

to the surface of a substrate.

Figure 23B ill{s&;ffxi{f':s the motor with d:magnetic armature in an upward

position,

illustrates the motor with L magnetic armature in a

5

Figure
downward position. .
Flguraa 24A-D provide illustrations of ‘::F’a;x_rious physical and
mathematical wm.cpls related to oscillation. 4__\
1‘5”3.}1;, 25 shows a block diagram of a generic dex{Le appliance, or

%

Y
\

system that empioys ORM s to generate vibration.

Figures 26A-B illustrate multiple resonant frequencies f{hm a device

or systern.§ \\

¥ %

. a X, .
Figure 27 provides an example resonant-frequency table for the generic

=

Y
. . M - \
ORM-containing device discussed above with reference to Figure 25. Y

Figures 28A-C illustrate how an ORM control scheme combines with a

resonant frequency to produce a vibration response.
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A
\
\\\ Figure 29 shows a few examples of contro} patterns that may be applied

-
‘\\

to ORMSM the control Jogic within the generic device.

\\*

\ Flgure 30 shows an example vibration-type table that may pﬁ prepaled

for the generic 3\& ice shown in Figure 25.

Flunu.s 31-36 provide control-flow diagrams to illu “:ate contro! logic

used in the generlc device, discussed above with reference to Fibure 25. to produce
\

well-defined vibration s:\g;}des or vibration responses in the phy'izal device or system.

Figures 3‘\\\\-D illustrate pulse-width meduldtion control of an ORM.
Figure 38A ify

signal 3802 from an initial i

';\*nms a control pattern IHat involves a constant-voltage

\'s 3804 to a final, w& time ¢ 3806.

Figure 38B :llustmu the actual .1at10n response of the ORM.

Figure 39 illustrates :m;:{km iihn of the naive control pattern, shown in

Figure 38A, in order to achieve a bt

- approximation of the desired constant-

amplitude oscillation in the time int ery

Figures 40A-40F | ;kzxt:at: £

ol

vable mechanical stops and mechanical

latches, two types of mechanical giintrol featuréﬁ\that may be included in various types

of ORMs. K*i»_\

Figure 41 skinss example information that may be stored in order to

more accurately contro] §¥R)\ s according to the methoils and considerations disclosed

in the current documaepit,

Figuse 42 provides an alternative implethentation of the routine

"generate vibmtigs’?a," discussed above with reference to Figure'36

vlgure 43 illustrates both methods for mcreasma\ the complexity of

ORM Uﬂk-ﬂLle‘ldent driving oscilfations as well as increasit

feedback se:(._;ntroi_
‘ Figure 44 illustrates one type of ORM driving- -oscillaticty sensor that

%,
can b’ meloyed to provide feedback information for ORM control. Y

'\:\\
Figure 45 illustrates an alternative approach to sensing thcs ;imn.u
AN
Y
5
Y

Figures 46A-B illustrate several possible direct-sensing approacheé\.\\:-

oscillations produced by an ORM.
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A

DETAILED DESCRIPTION

\\\ The current document is directed to various oscillating resonant
syondud aa\K'ORMs ). including various types of linear oscillating resonant modxﬁzs
{("linear ()R\i &"), that can be used within a wide variety of different types of a;\g%“;ances

devices, and s\\@ems to generate vibrational forces. ORMs produce vibrasi 's'm] forces

by oscillation o'y welght or component within the ORM along a \wsm: 1t of a space
curve, rather than \g\ a by-product of an unbalanced rotation, &*‘ in the case of

unbalanced electric 'noims The oscillatory nature of the i}\\i vibration- -inducing

motion effectively '1dd C\\u many problems associated % h unbalanced electric
motors, Combining an 01“1 with feedback control, so {"nat the driving frequency
produceid by the ORM falls \hm to the resonant frqu&énw of a device in which the
ORM is included, results in opt\mul power consumpﬁmn with respect to the amplitude

and frequency of vibration produwf by the ORNFas well as maximal vibration energy

of the device. Oscillation within a if§§,s\-‘§ miytranslate into highly directional driving

S
forces produced by the ORM to drive & hration response in an appliance or device
that incorporates the QRM. The vursents yeument includes a first subsection. in which

various types of ORMs are describesd & semhd subsection on which an ORM controller

t

is discussed, and a third subsectigin in which'sccurate methods for ORM control, to

Jirected, are desciibed in detail.

which the current document i §
ORMs

$4-D iliustrate, in part, what i$meant by the phrase "oscillating

resonant module" m the current document. In congrast to the above-discussed

unbalanced eis,m’lc motaers often used to generate v1' ations in vibration-driven

appliances, ansoscillating resonant module contains a weighf. or mass, that oscillates

back and fith along a path. The path may be a linear path, or{%i'ne segment, but, in the

general guse, can be potentially any particular segment of a spige curve. Figure 4A

illustn;::fji‘ies operation of a linear oscillating resonant moduie. In ci\lI’St diagram 402,
labéled with the time "0." the linear ORM is depicted at time 0 (404 ég’*\i:%wum 4A), with
the mass or weight 406 centered within a linear path 408 bounded h\\mo stops 410
and 412. When the linear ORM is activated, the weight begins moving Y the left, as
shown in diagram 414. The small arrow 415 within the disk-like mass 4\\{% indicates

N
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the \ectmn of movement. The mass continues to move, as shown in diagram 418,

until th\\mass strikes the left-hand stop 410, at which point the direction of travel of
the mass}{verses and the mass begins moving back in the opposite direction, as san
in diagram 3\1\8 In diagrams 419 and 420, the mass continues in its rightward c]ﬁect:on
of travel durm\ t;me intervals 4 and 5. At time 6, as shown in diagram 4 } "the mass
strikes the nght-?}g.ad stop 404 and reverses direction, traveling back i 15@ be leftward
direction, as shmu :m diagram 422. Ellipses 424 indicate that this g}h eSS continues
it}

aximum amplitude of

indefinitely during opemmn of the linear ORM. The mass oscitlas back and forward

along the linear path. e period of oscillation and the §

oscillation can generally he £ontre clled by control signals m;mr to an ORM.

Figure 4B 11[u\‘t§ ates a mapping of a cnn@!s\wu\ logical movement of
the weight along a circle to the dmmi linear motion oi he weight within a linear ORM.
as discussed above with reference m Figure 4A 7n Figure 4B, the position of the
weight is plotted along a circle 430. ‘\1 time 0 Tepresented by point 432, the weight
position is vertically mapped, as mdlcaieé b\ dotted line 434 as well as by the solid
line 436 within the circle 430, to a central pe _jtt 438 on the linear path 440 shown below

the circle. The position of the weight |

’f“ ’iiong the circle, in a counter-clockwise
direction, as long as the linear ORM
442. Attime I, indicated by p
by vertical dashed line 446. 1

crates, as | :;_:J cated by the dashed circular arrow
4 oncircle 430:\"tj}e position of the mass is mapped,

foinit 448 on linear Pdi.{%

“ 44, At time 2, represented by
point 450, the position of Te atss on the linear path 4421 is point 452, At time 3,

represented by point 43 a[ong the circle. the position of 1%}«: mass is again point 448.

Thus, as the positio “the mass plotted along the circle has froved from peint 444 to

point 454, the dmctlon of movement of the mass has reversed mf the mass is now

continuing m the opposite direction from the direction in which § rwiginally moved.

hor onml arrows, such as arrow 456, shown below the linear pxth 440, illustrate

the iiz}e{{r motion of the mass of the linear ORM between each pair g;iiiadjacent time

pointé. Thus, the back-and-forth oscillation of the mass in a linear (i3

described by a iogical revolution of a mass about a circle. If the circle has*\a:‘ radius of
1, then the position x at time ¢ of the mass along the actual path of travéiz.\ean be

expressed as:
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. P
N x(t)=cos| wt - —
\ 2
\\ ~
where © is\Qe angular velocity at which the point representing the mass moves around

3

. N
the circle. %
AN
Pignre 4C illustrates a general space-curve segment path. In Figure 4(‘

a short space-curv\segment 460 is shown plotted in a three-dimensional & mt&s:an

coordinate system 46\2‘ The weight or mass of an oscillating resonant module ORM®)
may oscillate back and ‘?wrth along such a space-curve-segment path. ln \h\, first plot
in Figure 4C 438, the \m@*t or mass moves from left to right al:
indicated by the small \.sn\\_\i arrows, such as curved arrow 444" As shown in the
second plot 462 in Figure 4C, « ?3\.» the weight or mass reaches dn, left-hand end of the

space-curve segment, it reverses \is{ui;om and move to the i&.i\ As shown in the third

plot 464 in Figure 4C, once the or mass reaches__\g&m left-hand end of the space-

curve segment, it again reverses direc s the right. Ellipses 466 indicate

that this back-and-forth osciflation contz tues v le the ORM operates. The space-

curve-segment path of the weight in an OR] ’deﬁned by the physical implementation
and operation of the ORM,

Figure 4D illustrates ﬁ{f;} addiri}*{m! example paths along which the

weight or mass of an ORM may « m,ii ate. The firs St path is a circular arc 470 and the

second path is a partially e '*m:ica[ arc-like path 4"“. As mentioned above, many

additional different types Q

space-curve-segment paths‘-:_{__r.v:‘ ORMs are possible.

Figures

=G illustrate one particular typu&gf ORM. Figures 5A-G all

use the same illustraiidn conventions. next discussed with ;'é‘fgmncc to Figure SA. The

wirical housing 502 within which a solid:"*cylindrical mass 504, or

.shaped chamber 506

weight, can mp“?e linearly along the inner, hollow, cylindricallx

within the gfiindrical housing or tube 502. The weight is a m:

VALY
A

&1, in the described
an implementation, with polarity indicated by the "+" sign 510 on t:?\L right-hand end

and the "-" sign 512 on the left-hand end of the weight 504. The cyii}}gricai chamber

506 is capped by two magnetic disks 514 and 516 with polarities indic by the "+"

sign 318 and the "-" sign 519. The disk-like magnets 514 and 518 are S“tﬁgneticaliy

oriented opposite from the magnetic orientation of the weight 504, so that" avhen the
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3
chay mckthg weight is repelled by one of the disk-like magnets at the left or rlghtfnds

of the ¢y i:s}\lucal chamber. In other words, the disk-like magnets act much Ilkeg‘prmgs

moves to either the extreme left or extreme right sides of the cylindrical

to facilitate ékceleranon and reversal of direction of motion of the sw@ﬁ and to

minimize or pit‘b_gn( mechanical-impact forces of the weight and the end gaips that close

off the cylindricat, chamber. ¥Finafly. a coil of conductive wire\\,fﬂ girdles the

TN

cylindrical housing, i\t tube 302 at approximately the mid-poing 8f the cylindrical

)

housing. %

Figures Siktg illustrate operation of the OP\\i shown in Figure 5A.

When an electric current :s applied to the coil 520 m a first direction 522, a

corresponding magnetic force is:n parallef to the axis of the

is generated in a dirg
cylindrical chamber, which acceiesates the weight 5(}»3 in the direction of the magnetic
force 524. When the weight zeachu«\e pomt at ozxﬁlose to the corresponding disk-like

magnet 514, as shown in Figure 5C, a g\agnct force due to the repulsion of the disk-

like magnet 514 and the weight 504, 336 is generated in the opposite direction,

decelerating the weight and reversing itgdikection. As the weight reverses direction,

as shown in Figure 5D, current is app d in é?‘l‘\opposite direction 530 to the coil 520,

producing a magnetic force 532 m an oppositetdirection from the direction of the

magnetic force shown in Figas:

;B which accelerates the weight 504 in a direction
opposite to the direction in % fich the weight is accelerqted in Figure 5B. As shown in
Figure 5E, the weight the mwves rightward until, as shown in Figure SF, the weight is
decelerated, stopped, :m\% then accelerated in the opposite (hrectlon by repulsion of the
disk-like magnet 51& An electrical current is then applied t@ the coil 520 in the same
direction 534 as m f igure 5B, again accelerating the solid cylmdncai mass in the same
direction as 1:1 ’5 igure 5SB. Thus. by a combination of a magnenc field with rapidly
reversing pahnt generated by alternating the direction of current apphed to the coil,
and by thx repulswe forces between the weight magnet and the dlsk~llke magnets at
each end of the hollow, cylindrical chamber, the weight linearly oscdlates back and
forth within the cylindrical housing 502, imparting a directional force at tht; ends of the

cylindrical chamber with each reversal in direction.
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\\\ Clearly. the amplitude of the vibration and other characteristics gf the

\\‘

vxbratlorhl forces produced within the ORM are related to the length Oft\"\\\hxiégi\\\

chamber m\vhlch the weight oscillates, the current applied to the coil. th “mas;s of the

weight, the at cleration of the weight produced by the coil. and the mgss of the entire

/

ORM. Alloft "\C\i parameters are essentially design parameters for is‘\ ORM, and thus
the ORM can be di

igned to produce a wide variety of dif¥erent ;ﬁnplltudes

The h\r;quency of the oscillation of the soix*\.-., cylindrical mass is

determined by the m.m&\f‘c_\, at which the direction of the warren t applied to the coil is
changed. Figures 6A-B “Liustrate an H-bridge sw ltch ihtxt can be used, in various

‘\cml that drives back-and-forth

ORMs, to change the direct l\g of curren: applied to

oscillation within the ORM.

i

w 28 6A-B both u@‘c the same iliustration conventions,
described next with respect to Fi *m\u OA. Ti H-bridge switch receives, as input, a

directional signal 602 and direct-crrent s“’“i("‘) power 604. The direction-control

signal d 602 controls four switches &k ﬁ\.l.*, shown as transistors in Figure 6A. When

the input control signal & 602 is high. ot “3," as shown in Figure 6A. switches 608 and

%

\

609 are closed and switches 606 aitd 607 zm open, and therefore current flows, as

indicated by curved arrows, xmh as curved dz‘z uw 610, from the power-source input

604 to ground 612 in a lettwad direction through\i e coil 614. When the input-control

signal d is low, or "0," as showwn in Figure 6B. the dm“mm of the current through the

coil is reversed. The Hsbridge switch. shown in Flgu\a.s 6A-B. is but one example of

various different typ £ of electrical and electromedm:mal switches that can be used to

rapidly alternate tiwz direction of current within the coil nt 3 ORM,

\

nure 7 provides a block diagram of the (‘R-\«ﬁ illustrated in Figures

5A-G. The D A, in addition to the cylindrical housing, coil, w*d internal components
shown in F@me 5A, includes a power supply, a user interface, gzsnerally comprising
electromadwmcal buttons or switches, the H-bridge switch, disgussed above with

referenc;;. to Figures 7A-B. a central processing unit ("CPU"), gener)

ly a small, low-

poweret! microprocessor, and one or more electromechanical senscrs, All of these

components are packaged together as an ORM within a vibration-baskd appliance,
Y
. N
device, or system. kY
%
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¥
\\\\ As shown in Figure 7. the ORM 700 is controlled by a control program
N

executed by ¢ CPU microprocessor 702. The microprocessor may contain xuiﬁwam
on-board methry to store the control program and other values ng mu“ durmg
execution of the Somwl program, or, alternatively, may be coupled to a @*\-powered

memory chip 704 ob

ish memory for storing the contro! program. Hv “CP! receives

inputs from the user‘gontrols 706 that together comprise a user f'xterface These

controls may include “any of various dials, pushbuttons, shwitches, or other

electromechanical-control Hevices. As one example, the usegftontrols may include a
dial to select a strength of vfwatlon which corresponds ,w “the current applied to the
coil, a switch to select one of vam» wx different operat:omi modes, and a power button.
The user controls generate sngnai mput to the CPl\ 708-710. A power supply 712

provides power, as needed, to uw‘; controls %, to the CPU 716 and optional,

associated memory. to the H- bridge SRy . and, when needed, to one or more

sensors 732. The voltage and current sk \g-ﬁnicd by the power supply to the various

components may vary. depending on ths

Yerational characteristics and requirements
of the components. The H-bridge swigh 720 fixg-eives a control-signal input & 722 from
the CPU. The power supply 712 reteives a con%‘r@l input 724 from the CPLi to control

the current supplied to the H- ¢ switch 718 fl?%sérzmsfer to the coil 726. The CPU

receives input 730 from ongfor more electromechafﬁ.@_cal sensors 732 that generate a

signal corresponding to e strength of vibration cui“i;gtnily being produced by the

linearly oscillating must 734. Sensors may include oné:, or more of accelerometers,

piezoelectric devicey, pressure-sensing devices, or other '\ @s of sensors that can

a.

generate signals cofresponding to the strength of desired vﬁ};‘a{jmmai forces.

ares 8A-C provide control-flow diagrams ihz::i'{,_ illustrate the control

program, execgited by the CPU, that controls operation of an ORM. “igure 8A provides

a control-figw diagram for the high-level control program. 'T_'hé-.:uprogram begins

execution.fin step 802, upon a power-on event invoked by a user t‘i%s‘smm a power
bution ay other user control. In step 802, various local variables are \et to default
values, mcludmg the variables: (1) mode, which indicates the current opemm\mi mode
of the device; (2) strength, a numerical value corresponding to the current umgselected

strength of operation, corresponding to the electrical current applied to thei‘&gii; (3)
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N

i, akrewously sensed vibrational strength; (4) /v/1, a currently sensed vibrational
strength\ﬁ freyy. the current frequency at which the direction of current is alternated
in the coil; N} d. the control output to the H-bridge switch; and (7) inc, a Boolean value
that mdlcates\that the frequency is currently being increased. Next, in step &Q’if the

e

control program w\ aits for a next event. The remaining steps represent a csyitin nanssly

executing loop, t“}\mgm handler, in which each cvent that occurs is ippropriately
handied by the contf"?@} program. In certain implementations of the gontrol program,
events may be mmatui by interrupt-like mechanisms and stacked & execution while,

in more primitive 1mplum§n ations, certain events that cverl 'ip\ﬁ‘ time may he ignored

or dropped. In the implen 3 \*mi eut ilustrated in Figures ?\\\ C, two timers are used,

one for controlling the chasn: *s. in direction of the ¢ nt applied to the coil, at a

currently established frequency \zm the other for wsﬂrollmg a menitoring interval at

which the control program mmm. § the vik atsfma} force currently produced. Rather

than using a formal timer mechamsm certai

implementations may simply employ

counted loops or other simple pw\‘mmm techmques for periodically carrying out

tasks. When an event occurs. the coi \g\p\rogram begins a series of tasks. the first of

step 3’«()(& to determine what event has occurred

o,

which is represented by the conditis

and appropriately handle that g W mmthn frequency timer has expired, as

determined in step 806, the wilue of the outpm ‘g___xgnal d is flipped, in step 808, and

output to the H-bridge swdich. with the frequency\"‘s‘-in‘er being reset to trigger a next

frequency-related event. The frequency-timer mtermi is determined by the current
value of the \asmbit jreq Otherwise, when the event Ls a monitor timer expiration
event, as deterzmﬂed in step 810, then a routine "mom\ux is called in step 812.
Otherwise, --hm the event corresponds to a change in the M\;r input through the user

interface, a¢ determined in step 814, the routine "control” \1\ called in step 816.

Otherwss» when the event is a power-down event, as determmm in siep 818, resuiting
from d n,m ation of a power button fv the user, then the control puw; am appropriately
powers down the device, in step 820, and the control program tewm mtr.s in step 822.
Any other of various types of events that may occur are handled by a default event
handler 824. These events may include various error conditions that xmse durmg

operation of the device.
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Figure 8B provides a control-flow diagram for the routine “"maonitor.”
called in step 812 of Figure 8A. In step 830. the routine "monitor" converts the sensor
input to an lgteger representing the current vibrational force produced by the ORM and
stores the i m ger value in the variable /v/7. Next, in step 832, the routine “monitor”
determines whN\wr or not the ORM is currently operating is the default mode. In the
default mode, the RM uses continuous feedback control to optimize the vibrational
force produced b) er ORM by continuously seeking to operate the Qﬂ\/l at a
frequency as close as bqwble to the resonant frequency for the ORM, Othen more
complex operational m&\j\es may be handled by various more ,c’omplex routines,

represented by step 834 N Figure 8B. More compiex \si’;

&

wnel modes may

systematically and‘or penod; aily alter the frequency m\woduce various complex,

/

multi-component vibrational mq¢ \{\.». useful in certain a;ephcatlons appliances, devices,

and systems. These more < mpit\\ modes are ;si’\lu,atmn dependent, and are not

further described in the control-#iow w'maz § ‘“In the case that the operational mode

is the default mode, in which the cranth vogram seeks to optimize the vibrational

S

force generated by the device. in step F30 the routine "monitor” determines whether

the local variable inc is set to TR

if S" . then the control program is currenty

increasing the frequency at whi 3 %‘z ‘the device oﬁeutes in order to obtain the resonance

frequency. When vi{ is greater than /0, aS\df,wxmmed in step 838, then the

vibrational force has begy’ recently increased by mc\g ing the frequency, and so the
routine "monitor” ingéhases the frequency again. \M ep 840, and correspondingly
resets the frequenc; ¢
842, then the £

frequency, ami therefore in step 844, the control program decrc,‘hes the frequency., sets

timer. Otherwise, when /v// is Jess th\} {vif), as determined in step

utrol program has increased the freqv L\\nu past the resonance

the ¥ uudﬁé inc to FALSE, and correspondingly resets the freqtac_\cy timer. In similar

fwnm‘\ ‘Q\\‘hen the variable inc is initially FALSE, as determined i ln \ = 836, and when

\

i a» greater than /vi0), as determined in step 846, the routine "monity" decreases the

S
kY

¥ aiw‘ stored in the variable freq. in step 848 and resets the frequency tlme\ Otherwise.
when /v// is less than /vif). as determined in step 860, then the routis :\ “monitor”

increases the value stored in the variable freq. sets the variable inc to TRUE. and resets
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the mquency timer in step 862. Finally. the value in /vl/ is transferred to /v/0) and the
\

controls has*occurred. In step 860, the variables mode and strenggdare set to the

&

currently seiec'%tgd mode and vibrational strength, represented bythe current states of

control features it\i&the user interface. Next, in step 862, the routine "control” computes

an output value p cf‘s‘{rﬁpondino to the currently selected strezwth stored in the variable
strength, and outputs P{e value p to the power supply 5 that the power supply outputs
an appropriate current m\ihe coil. Finally, in step Mi the routine “control" computes

a new monitor timer lnlen 1‘ and resets the mos&mo timer accordingly.

1 with reference to Figures 8A-C is one

s of the control program that can be carried

example of many different implomensati

out, depending on requirements e ORM, the parameters and characteristics

inherent in a particular ORM, the _* } of control inputs received from a particular user

interface, the nature of the gm"\‘r s.upp} and the types of operational modes that are

implemented for the ORM.

\.
Ky
A

\ o . . -
wesents the range'ot frequencies and vibrational forces that

can he achieved by dia*ment implementationsiol ORM and ORM control programs.
Figure 9 has the sa*m: axes as the graph shown in® {ﬂgure 3. However, unlike Figure 3,

Figure 9 mc[udm; many different curves, such as® wrw 902, each representing the

vibrational forgts and frequencies that can be ohmmed from a particular ORM
1mplemmmt $n. Again. an ORMs generally has at least nm resonant frequency that is
characten\ﬁc of the geometry and weights of various -,un\nonents of the ORM, and
each OR\I is naturally operated at a frequency close to this %mnant frequency in order
to achme maximum vibeational force. Thus, rather than hu{*u restricted, over all
possible implementations. to a relatively narrow range of frequencles and vibrational
forces, as in the case of unbalanced electrical motors, ORMSs can be designed and
implemented to produce desired vibrational forces over a wide range of vibrational

frequencics, and desired vibrational frequencies over a wide range of desired

vibrational forces. The contrast is perhaps best seen in Figure 10. Figure {0 shows a
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X
]
R

plot \\i‘ f' the amplitude/frequency space and regions in that space that can be
npemtgmﬁ achieved by unbalanced eicctrical motors and by Imearg‘@RMs

Unbalanu\\g electric motors can be implemented to produce m‘mnu {*"‘"i‘r

umnbnmtzon\ roughly within the cross-hatched square

amphtudeﬁfru}\amn space. By contrast, linear ORMs can i&t designed and

implemented to p\«dme amplitude/frequency combinations underiving curve 1004,

Thus, linear ORMS L\m achieve much higher operational u.q\w s and much lower

operational frequenu\.s\{}‘an can be practically obtained bsf thbalanced electric motors,

and can produce much kit im* amplitudes and v1brat101u¥ forces than can be achieved

by relatively low-powered u‘f;halanced electrical mqsurs used in hand-held appliances

{stems. Furthermore. when larger

operate at fixed amplitudes ancdiog fixed fre a\ancxes as further discussed below.
Figures 11-18

of ORMs. Figure I1 prosg

fow a variety oi\dsf erent alternative implementations
es a schematic illusgration of an ORM similar to that
Ry

discussed above with re_ ence to Figure 4A. N(‘atf"ﬂm in place of the end magnets

1102 and 1104, mué anical springs may alternativefy be used. These may be
traditional helical sp‘*mgs made from metal or springs xm,dg from a compressible and

durable material m mechanical device that seeks to restire its initial shape when

depressed or ckm'lpressed Note that the weight and chamber may be cylindrical, in

Ay

Cross sectum ‘as discussed above with reference to Figure 3 K‘ ~or may have other
shapes, inc »@ng rectangular or hexagonal cross-sections.

i Figure 12 shows a similar implementation in which th§. control unit and
power ou;wply are incorporated intc the moving mass 1202. In this lmpkmentatlon the
relative masses of the moving mass 1202 and remaining components i the ORM is
maximized, thus maximizing the vibrational forces produced at a given mgi of power

\
consumption.
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\\\\ Figure 13 shows yet an alternative ORM. in this alternative
\

1mplemeﬁ\§t|on additional coils 1302 and 1304 are incorporated in the movmg mass,
and a centeﬁug magnet or coil 1306 is positioned in a fixed location on hr éw\;fsmg S0
that, when the é\srcct[on of the current applied to the coils 1302 and 1 «ii& is alternated,

an oscillating mm‘i om‘ force is generated to cause the movable wei %ss to oscillate both

in a plane psrpcndit\%ﬁa}* to the axis of the chamber as well as lisearly osciflating the

\

direction of the chambyr.

are employed. In Figure

¢ mass linearly oscillates, essentially

serving as a second repelling magnet.:.In th, \:\‘imp[ementatlon of the ORM, the moving

mass may linearly oscillate with at l

st two different amplitudes. depending on

¢

whether or not the second coil 1404 issictivated to repel the moving mass. Additionally

more complex patterns of;ur:em seversal in {he two coils can be employed to produce

complex multi-componest vif: tional modes “i the moving mass.

When the ! Ws\w is fully enclo% air within the chamber serves to
dampen oscillation of t(& meving mass. This dﬁmpumw may be minimized by

providing channels, osx*he sides of the moving mass, to

of the moving mass iﬂ the other, by channels through the: ‘ oving mass, or by providing

openings in the h fi\ing to allow air to be forced from the nousmg and drawn into the

housing. Addm\nui*\ different fluids or liquids may be emph svad within the chamber

to change tiu dampenmg effect produced by displacement of the fluids and gasses as
the movn@ mass linearly oscillates. ; \

Figure 15 illustrates an alternative ORM an zmp, ;mntanon of the
Imeaz*:esonant vibration module to which current document is dlhﬁed in which a
plunger linearly oscillates to produce a vibration. The plunger 15@:2\ is slideably
contained within a moveable-component track orthogonal to a long axis}"'i;\_rf the main

housing 1504 of the ORM that includes the power supply. microcontroller, s other

control components. The plunger is girdled by, or includes, a driving magnet 1506 that
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is att;’s{:ted to. and seeks to be positioned in alignment with, a centering magnet 1508
O g ithin the bousing. Applying current to one of two driving coils 15 G ‘and

S\
1514 fOfCL\ThB driving magnet away from the equilibrium position shown @%\ Flgure

15. By rap!&b switching the direction of cutrent applied to the drivig coils, the
\ ; .
microcontroller Gan control the plunger to linearly oscillate in an up-anddows fashion,
%

as indicated by arm\x 1520.

Flgure {ﬁ shows yet another ORM an impleme; ation of the linear-

resonant vibration mo d\m to which current document isfdirected. In this an

implementation of the ]mea

sonant vibration module togvhich current document is

directed, a spring-like men ]602 is clamped at nm: end 1604 to the housing.

LR

Driving magnets 1606 and !608 E

¢ fixed to the spy "1g-|1k:, member 1602, and when
current is rapidly reversed in a coil
vibrate at a relatively high frequency.

' Figure 17 shows another %
In this ORM, the spring member 1702 i
1704 that extends out from the hou

member 1706 for massaging hun sn skin or somi other substrate, depending on the

application.

‘s a mechanical vibratio

Figure 18 shay adiustment feature that can be

added to either of the {3 s shown in Figures 16 and 17

An adjustment screw 1802

can be manipulated to ‘ﬁm the position of a movable springiclamp 1804 that acts as a

movable clamping p@%nt for the spring-like member 1806. Maowing the movable spring

clamp 1804 lefi ma& in Figure 18, shortens the length of the spsiyig-like member and

!

thus tends to mu ‘case the resonant frequency at a particular power- & z}sumptlon level.
Conversely, movmg the movable spring clamp rightward, in Figure ? !engthens the

spring- lll\t..inember and decreases the vibrational frequency.

./'
,;/'/'

Figure 19 illustrates an enhancement of an lmplementanon af the ORM
shown %n Figure 17. In this implementation. the massage foot is enhanced iz\ Jinclude
elastomer bristles 1902-1906 to transfer the linear oscillation of the massage }s\‘t to
human skin or another substrate. The elastomeric bristles, or pad or brush comprising

numerous elastomeric bristles, allow transmission of vibration to a surface even at jow
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%
operat:ot\e{« powers, when a rigid or even semi-compliant massage foot w@uld instead
\ \
simply sio Fs\mmfsm‘; for inability tc overcome frictional forces.

RN
EN
Y
kS

% f igure 20-23C illustrate a different type of ORM.

f‘%\ﬁf ORM comprises

a motor incomnumd within a printed circuit board ("PCB"). “?he maotor includes

moving and hon- movmg components that interact via el%um' agnetic forces to

produce motion. The non-moving components include a°stat0r that generates a

magnetic field. A sta‘t(}r can be created by using onesor more coils. In certain
implementations, a stator‘adapted to integration with A planar substrate is produced

using combinations of one m\mﬂre spiral-shaped cmmmtlve traces.

Figure 20 lllustra\tes a first coil Iayw .‘ The first coil layer 2008 includes

a substrate 2002 and a splral-shapqd trace 200—4_ fat is wound in a clockwise direction

from the outside of the spiral to the\gmde ofthe spiral. The spiral-shaped trace 2004

surrounds a central core and overla}-i he substrate 2002, In some implementations,
the substrate 2002 is a printed circuit #%ard. The width and thickness of the trace

influence the conductivity of the re mg\?‘ag_sil. In general, thicker and wider traces

have lower electrical resistance and result in‘coils with fower resistance and higher

f.core diameter and spirals having a

current carrying capacity. Spirafs with a iargé

larger number of turns producé coils with mrmsp*@sndingly higher inductance. The

inductance of the spiral- shag&\i trace 2004 with an air’ unu at the center of the spiral is

expressed as:

. 2 N7 \:‘:-:;}
(uH )=~
Br+ 11 Y

where :

r is the'core radius in inches;
N i:s_ﬁze number of turns; and
W J the total width of the windings in inches. '
The i dm,mnce of the resulting coil can be adjusted by altering the ahuw P araneters,
as wel} ‘s through the selection of core matetials. \ .
A first connection pad 2006 and a second connection ;;Hd 2008

terminate the ends of the spiral-shaped trace 2004. In certain implementations, the first

32



20

25

30

Docket Mo, 35899 008

conne\mon pad 2006 and/or the second connection pad 2008 are incorporated into one

or more Qnductwe vias connecting the first coil layer to other coil layers or to electrical

\\\\

circuits coh&tructed on the substrate. Additional connection pads 20\%‘{»( 2012, 2014,
and 2016 can\m'owde connection points or can be incorporated it vias that connect
multiple layers of traces, F

Flgﬁ‘r\e 20 additionally illustrates the pldum&nt of a number of motor
elements in a partlculég motor implementation. At the cmm of the spiral-shaped trace
2004 is a circular opemnx 20 18. The circular opening pwvtdes a space for an armature

2020. The armature 2 C{m be made from a ferrou; °raetal or a magnetic material and

moves in a direction substan&g ly pcrpend:cu!ar e surface of the substrate 2002 in

response to a drive current '-1;‘;‘:3 i 1o the c0|l

u-‘er A centering spring 2022 retains

the armature 2020 in the circular opxmng 20 i\ in the substrate 2002, and alfows limited

movement perpendicular to the %Hi*&»tt

In certain implementa . the traces and connection pads are made

from conductive material, such as wper, aluminum, or conductive alloys. The

traces and connection pads on thefirst coil ayer 2000 can be fabricated using printed-

circuit-board manufacturing techinigues. In ""‘\‘ome implementations, foil decals are

created and laminated onto Q\c substrate 2002. The construction of multi-fayer coils is

achieved using a nus nim, of techniques, mcludmg multi-tayer PCB construction;

5

s

laminated feil decals se a-ated by insulating layers; and 2-sided PCB construction. In

some lmplementatlon=~ the traces and connection pads af'c embedded into the substrate
2002. i )

} zgure 21 illustrates a second coil layer. The' second coil Jayer 2100 is

constructed u\mg techniques already described for the constm"‘ ion of the first coil

layer ‘i}m} ‘A spiral-shaped trace 2102 winds in a clockwise dlrect{on from the starting

Lonneczw o pad 2104 to the ending connection pad 2106. The coil

s V}‘ned over the coil layer of Figure 21 and the two layers are afisned with one

another so that the second connection pad 2008 in Figure 20 Dverlays the starting
connection pad 2104 in Figure 21. and the connection pad 2010 in Flgum;}(] aligns
with the ending connection pad 2106 in Figure 21. PCB vias form éi_g{:trical

connections between the second connection pad 2008 in Figure | and the S"Ea}_»‘f’ting
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"

c0nnec\9n pad 2104. When the first coil layer 2000 in Figure 20 and the second coil
layer 21 t?\m Figure 21 are connected in this way and energized, the inductance of the

lavers is M}w\ ¢. In one mode of operation, current flows into the coil layer ol i

20 starting at ﬁqg, first connection pad 2006, clockwise around the coil ig:«‘ e second

connection pad "s\ms\ through a via to the starting connection pad 2 }M. and clockwise

to the ending mfm‘*“ mn pad 2106. Adding additional coil lay cremses the total
inductance of the resw{mzz coil. Additional connection p: ldS 2108, 2110, 2112, and

2114 provide connectios pmnts and support for vias § hdg&omsut to additional coil

layers. In certain lmplemex \ tions, additional coil laverstan be added to the coil using

similar methods to those descn{\,d above. The mdmnnal coil layers are separated by

insulating layers or placed on \ w\:te sides ofan insulating substrate. In certain

implementations. the multi-layer ¢s: n used .sk ‘a stator in a motor.

Figure 22A illustrates 2" section of a stator having twe coil layers.

A first coil layer 2202 and a second ms 34 ¥

2204 are laminated onto an insulating

; The ﬂ‘st and second coil layers 2202 and 2204

planar substrate 2206, such as a i‘t

are separated by an insulating fa; S and electrludily connected to each other with a via

2208. The stator is driven by’ \*i}f" rst connection psxg:i 2210 and a second connection pad

2212. In certain implemgStations. the second coriyection pad 2212 is routed to the

front surface of the PC§ fusing avia. Anopening 221 4;», provided for an armature that

moves perpendicul ¥ to the surface of the substrate § m response to energizing the
stator. The firsg and second coil layers can be constrmied using the coil layers
illustrated in Figures 20 and 21, or with similar trace patters’ »ﬂrranged so that the coil

gﬂmmg 2214. The

layers prod a single direction of rotation around the 0

1mplemefm*10ns illustrated in Figure 22A can be extended to intjude additinnal coil

layers i&m nated to both sides of a planar substrate.

Figure 22B ijlustrates a cross-section of a stator havingtour coil layers.

A ﬁrst front coil layer 2250 and a second-front coil layer 2252 are aminated onto a

front surface of an insulating planar substrate 2254, such as a PCB. A f§
layer 2256 and a second-back coil layer 2258 are laminated onto a back ;»;m‘?;-_;ce of the
insulating planar substrate 2254, A first via 2260 electrically connects the esidt of the

first-front coil layer 2250 to the beginning of second-front coil layer 2252. A second
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via 2262 electrio\ally connects the end of the first-back coil layer 2256 to the beginning
of second-back c\; laver 2258. Cross-substrate via 2264 connects the end of ﬁrw‘\

_\
front coil layer 2258 0 the end of first-back cuit layer 2256. When current entes

entry connection pad %66 and passes through the four coil layers, the curm}t travels
with a single direction \ﬁromnon until the current exits at an exit connect' i pad 2248,
The inductance of the stat\z in Figure 22B is approximately double L%iat of the stator
shown in Figure 22A. \\\ y i

Figure 22C 1]iu¢{; ates a cross-section of a stator mving two coil layers,
A front coil layer 2280 and a 3*‘3\4\ coil layer 2282 are mm indted onto opposing sides
of an insufating planar substrate 2.3«4 such as a PCB. A M 2 2288 electrically connects
the front coil layer 2280 to the back 0;3 layer 2282 mem,; a coil wound in a single
direction around the opening 2290. (‘o;\ﬁectlon pa@*« 2292 and 2294 provide electrical
contacts for connecting the coil to a drive &y umn&

In some implementations, *h}:\\» u] layers that make up the stator are not

interconnected to form a single coil. Fo x\«\m; re. cross-substrate via 2264 may be

omitted, and the two front coil lavets 22\\{} and 2252 are electrically driven

independently from the two back coi Avers 2256\@3 2258. In other implementations,
the two front coil layers 2250 and S22 are counter& mmd with respect to the two back
coil layers 2256 and 2258. In *é}s\ configuration, th: ‘mam etic fields generated in the

opening 2270 by the two fio; 4 coil ayers oppose the n‘:@:netlc field generated by the

two back coil layers.
PCBs Eif\

in the current docunm i

\‘;\

"\
e substrates for making the mlls and motors described
. A PCB can be constructed using a PE 1 process where layers
of printed copper ag& separated by a hard laminate core, for exanmie using FR-4 glass-

reinforced epox ‘ A PCB made from polyimide can support a gugter density of coils

and mcreased Jechanieal flexibility. A PCB made from a ceramic, \u»h as aluminum

oxide, mmzdu increased heat resistance. The stators descr:bb&;\ above can be

constructed with any of these PCB materials.

In certain implementations, the coil layers described abosyeiare arranged

to form one or more coils that overlay the front and/or back surfaces of a ‘P( B. The

coils form a stator that drives the armature of a motor.
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ad

¥
\
3\
\\ Figure 23 A illustrates a motor with a driving force that is perpendicular

to the surfaéﬁz of a substrate. The motor 2300 is constructed on a substrate 2302 , such

S
\\“

asaPCB. A i\m front coil layer 2304 and a second front coil layer Z’m{\\\‘x erfity the

front surface of t&. substrate 2302, A first back voil layer 2308 and a &gm‘i‘id back coil
layer 2310 overfax\;he back surface of the substrate. A first via "‘“12 electrically
v 2306 1o form a

front coil, and a second xm 2314 electrically connects the first §’*‘Ad\ coit layer 2308 to

connects the first froxm ccul fayer 2304 to the second front coil {3

the second back coil layer 10 to form a back coil. Front e \;‘E connections 2316 and
\
2318 provide electrical usmmu\ ity for driving the iﬂzr @it coil. and back coil

connections 2320 and 2322 ¢ m‘ *I\u( electrical connectn

A v for driving the back coil,

A magnetic as"”&*m\‘ 2324 having a marth pole 2326 and a south pole

2328 is positioned in an opening in i\ag substrate 3307 through the center of the front

and back coils. In arder to drive the Sagnetig’armature 2324 into vibration, a first

\mncctions 2316 and 2318, and a second
{ connections 2320 and 2322. When the

wvoughithe front coil and the current that flows

oscillating current s applied to the front \\\

oscillating current is applied to the back

motor is operated, the current that s
%, X
through the back coil flow withy' opposite directions of rotation. In certain

implementations, this is accosnpi}

shed by applying\t"irg_e same oscillating current to both

front and back coils providsid the coils are cs‘njn‘ter-wound In an alternative

implementation, where the g\\ iils are not cnunter-wound UL second oscillating current
is 180 degrees out of phy \‘ with the first oscillating currem The resulting osciliating
ol 2326 and the south

pole 2328 in synchgny, driving the magnetic armature 23

magnetic field provides a magneto-motive force to the norti

into vibration at a
frequency proporti@mi to the frequency at which the oscillating durrent is applied. In
an alternative im plumntatmn the second front coil layer 2306 is votnested to the first

back coil layer 2 308 with a third conductive via to form a single-drivé counter-wound

stator that is driven with a single oscillating current to produce vifrata motion of the
armature. :
The magnetic armature is constructed from an axially *r:sv:iarié};{f;i magnet.

In one implementation, the magnet is a neodymium grade N-42 disk magnet. ""ﬂ-(‘bhe size
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aq\d shape of the magnet is adapted based. in part, on the desired vibration profile of

the\motor

\\\ Figure 23B illustrates the motor with the magnetic armature in an
AN

upward osmon When a first driving current is applied to a front coil 2330, the front
coil 2330\§gnerates a downward magnetic flux 2332. In response to the downward
magnetic flud 332 an upward vertical force is exerted on the north pole 2336. As the
first driving cunwt is applied, a second driving current is applied to a back coil 2 3R
and an upward ma netlc flux 2340 is generated. In response to the upward g

L\\\ rtical foree is exerted on the south pole 2342 of the,

flux 2340, an upwas wgnet. In

response to the upwawe forces. the magnetic armature 2334 me & upwards as
illustrated in Figure 23B.°

Figure 23C »i\ ustrates the motor with the ﬁui*‘nuiﬁ armature in a

downward position. When ;i dlrectlon of the first awj second driving currents is

reversed, the forces on the north ;\\Ole 2360 and sogwh pole 2362 are reversed. When

the first reversed current is applm&;\a a front Lm? 2364, the front coil 2364 generates

an upward magnetic flux 2364, and i’giowr rd vertical force is exerted on the north

pole 2360. When the second reve current is applied to a back coil 2368 a

downward magnetic flux 2370 is we

the south pole 2362 of the magnstic

other. The ﬁmm and back coils are connected with a condum\ ¢ via or wire and driven
with one e‘rxve current. This arrangement causes the front a m\ back coils to generate
w;muiwnwns magnetic flux signals in opposing directions, wh;h{ in turn, acts on the

nmm and south poles of the magnetic armature to drive the mag _mc armature into

Y lbratlon.

In alternative implementations, additional coil layers are emplaved. For
example, an 8-layer PCB can have four front coil layers and four back coillayers. The

four front coil layers are cennected to form a front coil, and the four back coil layers
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are connected to form a back coil. In certain implementations, the front coil and back
coil are coun{ wound, and driven with a single drive current as explained above.
Wt, a slightly more mathematically descriptive explanation of
oscillation, rexmmn&e and the O factor is provided. Figures 24A-D provide
illustrations of varis su%hysmal and mathematical concepts related to 05C:Udf§?1 Great
insight into harmonic »\ul!ators can be provided by consndermg,’a simple, one-
dimensional spring. Fwsm\ 24A illustrates a spring that can be’ ‘extended in the x
direction. [n a first diagram “3@ the spring is shown in an egﬂxhbrlum resting state
with a point or mass 2404 at the m\ of the spring located @fthe positionx ={. Ina
second diagram 2406, the spring nhdgeen pulled nghtwa;d along the x direction, with
the mass 2404 now located at a pomtzm\x As is w L,t J\nm\ n, the extended spring has

potential energy that results in a force h\Sv@U‘» ihat {)m nts in the opposite direction. In

other words, were the spring released, the n\, ‘would travel leftward, oscillate back
and forth, and eventually settle back to the # Josition shown in diagram 2402. Were
the spring frictionless. however, the mass r“ioui:f‘"scurtinue to osciliate back and forth,

in a manner similar to the linear ORM {;tt‘\cnbed in } wuu\ 4A-B, indefinitely,

The frictionless springan be mdih;mamaily modeled as follows:

FF (x) =k,

\.\:

where F,(x} is the force exey ui by the spring;
x is the position of iisx. spring end; and
k is the force Lonwm* .
The force constant & i iy’ 2 property of the spring, including all of ti’a parameters that

contribute to its ¢ \}-\thlt} comptressibility, and other physical chara»;enstlcs of the

spring. In more um‘pk\ realistic situations, many different factors may mmrlbute to

the force consiants associated with harmonic oscillators, including mtemx. mn with

other wmnnm-muilatlon modes within a physical device or module.
The potential energy of the spring system illustrated in Figure 24'An can

be ma;s{i.e]ed as:
4 1

Uix)=—kx?,

(x)= k"

where U (x) is the potential energy of the spring system.

38



RS
S

Dockel Nn, 35099.008

26

\\\\
o
\\\ e o

Using Newton's second law, the ey \ﬁ\&ﬁﬂ ‘{ 1at models the force exerted by the spring

when it is extended O x:‘hmprnsed can i\ ‘MW&Cicd as a simple, second-order

differential equation;

oo

10

5

sttt 0011,

st estr10e,

st L b1t 1p,

///’/ T L 107011000000 111010002055,

o
=
‘\\\\\\\\\\\\\

-~
S

GOS0 0000004 1015107y
ey,

m¥ = Fx = —kx,
where m = mass of osciliator; and
. d'x
X = —
dt-

This differential equation can be simplified as:

. _k 2
X=—x=-wx,
m
I

ik
where @ = \['—.
m

The general solution for this simple, second-order differential equation is, in one
form:

x(t) = Ce™ + Coe™'™,
In this equation, Ci and - are arbitrary constants that are determined by the initial

conditions of a particular spring system. This solution can be recast as

x{t} = B cos(ar}+ B, sin{wt).
where B, = C, +(,; and

B, =i(C, ~C,).

A final, perhaps most elegant form of the solution is:

x(1)= Re[4e™ 7,

where d4e™" = B, - iB, = C,

N

R RN
4]

3, and ¢ is an initial phase

offset. This final expression descru RS hg\m\appmg of a rotation to linear harmonic

e
=

oscillation, as dlSCU\\wi*“ﬁ“{\ ve w1th reference to Mure 4B, shown again, in Figure

24B. with annotitions taken from final expression for t}.c\wx\ ution to the differential

equation.

\\
\\\\
N,
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In this equation, 4 is the a: ~*‘*‘i{3\z<de of the oscillation, o is an angular velocity of the
oscillation, as discussed above wsti1 k{crence to Figore
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As mentioned abgye. a frlctxonbsk spring would continue to oscillate
indefinitely after being released fr

ap extended positionn.  However, in actual
systems, there are always resistive £; §%&\1 as friction, that dampen the oscillation
so that, over time. the ampl; *ud& of the oseili atmz\d{:u cases and the oscillation finally

\
5 stops. This more complex and more realistic scenarm\\gq be modeled by including a

resistive-force term in the second-crder differential equatlon T

\ . N \\\\\\\\\\\\\\\\\\\\\\\\ Ny
& mx + b,\' + kx = 0 " =

Ny

\\\\\\\\\\\\\\\\\\\\\\\\

o,

%

whetre - bx is a resistive force: and
_dx
dr’

Defining several new constants as follows:

1111,

B i = damping constant, and
2m

N

=, j—= = natural frequency

41
§
and solving the above modified second-order ordinary differential equation, the

following result is obtained:

x{t)= de? cos(myt- )

it tstasss,
I o e s
s o111,
o b,
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3, the system is over-damped. in whid
shown in Figure 24D.
20 Most physical sysies

oscillate and generate xmnatlon A device it which an ORM is m@;‘porated vibrates

i
12 vibration generated by the ORM. In thlsh'

in response to a driy

>, an external

&
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In this expféésioh, the_constant e is the Adriving frequency of the driving force, which
qatural frequency we. As can be _\;;m\“?‘i“\“i\;\the expression for
15 »hgc\h is proportional to ¢ energy of the vibration, the
amplitude is maximized when %\ \c\icnomi{;;;ﬁ(ﬁ‘? of this expression is a value
+1can be carried out either by varying the
atural \f;:i}a:\g_zz‘mcy @g, while the external-driving-
20
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where F (1) is an external driving force.

With the definition:

the mathematical model becomes:

¥+28%+0.x=f(1).
10 A solution for this expression is:

x(t)= Acos(wt - &)
where f () = f, cos(ar);

o 5
(a)gz - ) +43 o

sand

s,
or by varying\ﬁg\driving frequency w when the
natural frequency we s

= ¢y; and when ¢

. 2 Ny . .
i When wy varies and w is*iyed. A is maximum when wo

arfes and e, 4 is maximum when o = Ve~ 28% . This is where
N
N,

e . . . o,
the term "resofiance” arises. The resonant frequency is the frequ&ﬁ'

- at which the
amplitude 4 is maximized. As can be seen. this occurs. in general, whiy the driving

frequency of the motor or other mechanical-force-input mechanism has a'ﬁm‘mncy

41

m¥ + b + ke = F (¢),

irive continuous oscillation of the device

#iYoreaqdriven linear oscillator can be modeled by
the followine expressio:
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dm;‘z\u or equal to the natural frequency @« of the physical system. A quality factor
\
Q can by expressed. in terms of the natural frequency and damping factor. as:

RN
\\
&
X @, &

3 Q [ \\\\\“
hY ' &
Y 248 &

&

\

This is the reczp{om of the ratio ofthe width of the amplitude peak at haﬁts maximum

value to the natus’ Yy frequency €. ) 4

\ An ORM Controller

~,

Figure 25 shows a block diagram of a genstic device, appliance, or

system that employs ORMEY to generate vibration. The yibration may be generated for

application to people, Amm\\, or objects for varlm & pwmses including therapeutic

purposes. or may instead be =t*s:-:§rated to prowde}mpuc feedback, such as vibration in

mobile phones, vibration- based\f\m‘;cstxon or vibration-based communications.

Thus, the current document is dlk\tied
%
containing device or system that may

particular features of a generic ORM-
:sed in a wide variety of different types of
applications or included in farger dit ces and systems. In Figure 25, the device,
appliance, or system is represen
four ORMs 2504-2507. The (}RMs may be s’:»ﬁ:im}‘ of many different types, including
the types of ORM discusseg ,
as an electrical current, t& mechanical vibration. K"ﬂ"he device alse includes several
vibration sensor 2510-2811. There are a variety of dli ﬁ:tu it types of vibration sensors,
including piezoelecizit accelerometers that measure acc&\?eratlon in one, two, or three

different nlihn&vmi directions. Other types of senson\ma) include membranes

attached to mav i g coils that generate electronic signals sh am membrane vibrates,
similar to a {{fverse audio speaker. In addition, the dev1ce \~r system contains a
controller 2;\ l 6. The contreller includes ORM control logic 2418 t“ at transmits control

signals, in tertam cases electrical signals that also serve to power the ORMS The ORM

control logic may be implemented as a sequence of processor instructisns, when the

controller 2516 is a processor or processor-controlled controller suia«tu\r\ In many
%
of the ORM devices and systems. the controller accesses some type of Mestronic

memory 2520, which stores processor instructions and other types of data for
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,2

entmg ORM contro! logic 2518. Not shown in Figure 25 are various standard
compowmix and signal lines, inciuding a power supply and pﬂwer-;pﬁ‘”smlttmg
circuitry, ¢ mp[ay screens, push buttons, other user-interface-related cnyﬂponents* and
other types of iog]c and fogic-controlled subcomponents partlcular.t & pamtular types
of devices, such as {transceivers and communications subsystems within mobile phenes.

A set of double-heamd arrows, such as double-headed arro

& ‘”«‘522 represent the fact
that the controller may mntrol many other seheom pomxm dnd features of the device
or system in addition to t!‘te ORMs. <

In the prevmys discussion of zw,lﬁatxon vibration, and resonance,

simple mathematical modeis a for one- dlmmsmnal harmonic oscillation were

developed. However, in the gen ORM-wntammg device or system, there may be

Y

mulitiple ORMs, activation of whlch\ptf\d{sw very complex three-dimensional spatial

vibration. Vibration modes of individy

prason

_{)RMS may couple to produce a large number

of complex spatial-vibration modss This physical characteristics of these vibration

o

modes may be highly depende‘@‘ on the exal 1 geometry, weight and balance, and the

material type of the hou:.mg a**m internal comp wents of a particular device or system.
As aresult, there may be :w;s‘crous different natural resonant frequencies for the device

or system,

me’es 26A-B illustrate multiple resc suant frequencies within a device
or system. In Fi sgare 26A, the vibrational energy, or square of the amplitude of the

vibration. is pls tted with respect to frequency. The vertical axns represents the energy

and vihrat on 2602 and the horizontal axis represents the frequency of vibration 2604.

The plotwd curve 2606 shows numerous different vibration- energ) peaks 2610-2615.

hts and positions of these peaks along the frequency a)us 2604 may vary
cons;ﬂerably with slight changes to the physical characteristics of a devnce or system
th J is vibrated by ORM components.

Figure 26B shows a more complex type of vibration- response plot. The

_‘.:"wbranon response is represented by a surface 2620 in the plot shown in F:gure 268B.

Measured amplitudes or vibration energies produce a surface 2620 in a_three-
dimensional Cartesian coordinate system that includes an  x-direction \c‘ibrgtion

frequency axis 2522, a y-direction frequency axis 2624, and a vibration-energy axis
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2626. Th\c levice or system for which the vibration-response surface 2620 is obtained
includes m\( JRMs, one of which generates vibrations in the x direction anq one of
which generatgn wbratlons in the y direction. The two ORMs can be 1n§pﬁ;ndently
controlled to gemm te vibrations in their respective directions at dlfferepf frequenmes

The x. y plane 2628 %e:ow the plotted vibration-energy surface 2910 represents all
possible x-direction :i\ “ration frequencies and y-direction vrbratloyr frequenc:es that can
be generated by the twe O{{‘vix within the device or system. ﬁs shown in Figure 26B,

the surface includes three | m\i vibration-energy maxima 2630 2632. These three local
maxima are each associated \lth x-direction frequgﬁcy and y-direction frequency
components 2634, Thus, in the x:\\ shown in Fi ;ﬂgm 26B, two ORMs which generate
vibrations in two different directis \35 w1tnm {‘},c device or system may generate a

complex vibration-response surface w\g{x ge pect to the frequencies at which the two

ORMs are operated. Depending on «m types and numbers of ORMs. the vibration

X

response may be a hyper-dimensinagsi \UE'{&\\‘ in a much higher dimensional frequency

\
space. In all cases, however, ¢ device oz\system generally has some number of

X
characteristic resonant fru@:cmles that rbpsk:\\cnt maximal vibration energy or
amplitude with respect imhe frequencies at whu\%\z individuai ORMs are driven with

the device or system. ?‘*1 general, the number of m«ymnt frequencies is equal to the

number of vibm!&ms degrees of freedom in the devm\ap tance, or system.

v1brat10n -response obtained for a de \,\gu. or system by measuring

sensor output'can be used to identify and tabulate the ndtm\; resonant frequencies for

the dcvicmx; system. Figure 27 provides an example resex \,<x;¥§-irequencv table for the
gcnm» ()t{‘ﬂ ~containing device discussed above with referem\\ to Figure 23. Each

O 40 the resonant-frequency table 2702, such as row 2704, repres uzt:. a local maxima,

.

or peak, in the vibration response for the generic device. In the ma\z‘\g;\ te table shown

in Figure 27, each peak is characterized by an amplitude in the x 2'“0\& 32707, and =
2708 directions as well as by the frequency of vibration represented by t sé\gmk w2710
and by the frequency at which each of the four ORM s are driven by the U?\ &1 control
logic 2712-2715. Thus, to achieve maximum vibration energy of the vite m\m of the
generic device at any of the resonant frequencies for the device, the ORMs are drlven

at the control frequencies for that resonant frequency.
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\\\ Figures 28A-C illustrate how an ORM control scheme combines with a
\ > » .
resonant\é{ eguency to produce a vibration response. Figure 28A shows ghe“ vibration-
3

&

response f&\\a simple device. vibration of which is stimulated by a sm;fe ORM. There
is a single n.li\u\ra[ frequency ey 2802 corresponding to the wbratloylenerg}, peak 2804
in the v :Ma’mn \f\;sponse plot of vibration energy with responsq&o frequency. Figure
28B shows a plot &f the frequency of vibration generated bwn ORM with respect to
time over a time u*w\\ al that represents an ORM control(,&,heme In Figure 28B, the
vertical axis 2810 at*\Nsnms the frequency at whtcl’u‘fhe ORM is driven by ORM-
control input and the ho:\mntal axis 2812 represgﬁts time. The control curve 2814
indicates that the ORM is fwu -linearly driven ﬁer an initial time period 2816 to the
natural frequency ¢ 2818 § m the device zmwhlch the ORM is included. At a final
point in time #2820, input io t }:‘\:}RM is §:sc0ntmued Figure 28C shows a vibration-

' s;si‘mg the ORM when the ORM is operated

according to the control curve 2814 §

://

response curve for the device o

acussed above with reference to Figure 28B. As
shown in the vibration- -response \m rve R "\“2 there is an initial lag time 2824 following
initiation of the control schems $| before 3 mumtmig device vibration occurs, at time #

2826. The vibrational em\\

v, OF amplmuk of vibration. very steeply increases from
this point on as the O& \»3 is controlted to app s\ua; 1 and equal the natural frequency e
for the device. At z\m\ 172820, the v1bratmnal ‘energy of the device relatively steeply
falls, since the ()K n is no longer being driven. ﬁ\m ever, the vibrational energy does

not immex ,ateh fall to 0, as in the control curve, ‘oui over a short period of time 2828
\..

after the 0 { 1 ceases to be driven. \'\

The generic device. as discussed above, \ontam\ a memery that may
store wmous types of control schemes, or control pamm\ for the ORMs that are
wmg»:\ lled by the ORM contro! logic. Figure 29 shows a \Q\k examples of control
B arm ns that may be applied to ORMs by the control logic w st‘mn the generic device.

Téxe example patterns include a linear ramp-up and ramp-down mt{g ' 2802, a constant

£ .mn ot over a specified duration of time 2904, and an osmllatmg s-gmrol 2906. The

patterns may be parameterized &y the duration of the pattern 2908 as : the maximum

input to the ORM 2910. The input may be specified as the current S”r""m!tage, for
certain types of ORMs. Other ORMs may be controlled by digital control signals in
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whthumencaily encoded commands are transmitted to the ORM. The control

patterns \@n be scaled in both time and frequency in order to generate a variety of

\\~

equivalent Nbratlon responses for the ORM with similar forms. but dlfferent gmxmu )

N\
amplitudes anhkover different periods of time.

A\\set of scalable control patterns, such as those showw sn Flgure 29, and

atable of resonam\f(equenc:les such as that shown in Figure 27, V;w be used to generate

a table of different t\)\pes of vibration that can be generate ) the generic device by
controiling the ORMs \nhm the device according to s\f ed control patterns. Figure

30 shows an example +i v\mon type table that may m. prepdred for the generic device

shown in Figure 25. Each } \n\ in the table, suciz 4 s row 3004, represents a different
vibration type that can be pro&mm in the emrlc device by controlling the ORMs
\

within the device. For exampiein cell ;,}ﬁone may use a variety of different haptic

vibration signals to alert the cell phgne user of many different types of events. Each

different vibration signal correspoeldsigo a different vibration- type. Each vibration

\

type is characterized by a vibystion-t sm.\ ldentlfer 3006, an amplitude range for the
vibration 3008, a reference g\nat on for th{f\’g ibration 3010, and the control pattern and

scaling parameters for (it pattern for each x\&the ORMs 3012-3015. Each vibration

1 the amplitude rangs md may also be scaled for a desired

\
%

‘\

type can be scaled wth

duration.

i&x using either external or internal x\:mm& to characterize the natural

resonant freqliencies for a physical device or syat cN

that contains ORMs. a large

number oL different vibration responses for the ph)/\lm} device or system can be
wnm;kgﬁ based on the resonant frequencies as well as a su‘{\ of ORM control patterns.

In dhg,mame vibration-controf approaches, the different typ\gs of vibration responses

//

may be computed, on the fly, rather than tabulated based on a\si of control patterns.

Honwever, in all cases, characterization of the resonant frequen-::i\r:s of the device or

/

system that is vibrated by the ORMs contained within the \k\:\\\a. or system is a
necessary step in producing predictable vibration responses via ORA K antrol.

Figures 31-36 provide control-flow diagrams to illustsate t‘.\‘vrm‘o? fogic
used in the generic device, discussed above with reference to Figure 25. \{x‘ produce

well-defined vibration modes or vibration responses in the physical device m system,
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Figure N\ illustrates the inner control loop of the control logic within the physical
device sl 1;&‘11 in Figure 25. The inner control loop waits, in step 3102, fora next\‘event
and then han\c&ies the event that occurs. When the event is a characterlzex’ b\ratlon
event, as deter i‘ﬁﬂu in step 3104. the routine characterize vibration is (,a.H’ed to handle
the event in step 3\ \\‘w When the event is a generate-vibration eveny’as determined in
step 3108, a generate\xi‘m tion routine is called in step 3110 to gé’nerate a vibration in
response to the genemt_ \1bratmn event. When the next evcp{ is a user-input event. as
determined in step 3112, am OUEss-input routine is callep in step 3114, to handle the
input from the user. ElllpSu\»l 16 are used in Fi i"u[sf 1 to indicate that many other

types of events are handled by ﬂm inner event ki

hY

handling the most recently accus {iyg event. ti}tre are other events that are queued for

handling which arose while hand} z‘g\*\he i\“ a5t recently handled event, as determined

{ of the coutrol logic. When, after

/

in step 3118, then a next event is deg \d in step 3120 with control flowing back to

step 3104. Otherwise, control flovws Hack tc\ntup 3102 where the inner event loop waits

‘\.

ES
\:\

-vibration event IO4 is an event that is raised by

for a next event to occur.

control-logic routines. tim et gxpiration handlers, am‘d by other contrel logic in order to

control the ORMSs a.uﬁ sensors within the generk; device to carry out a re-

characterization of ¢

¢ vibration-response for the physicil device, as discussed above

with reference to %cigureb 26A-B, in order to update the resinant-frequency table, such

as the resonanwz equency table discussed above with reference.s: Figure 27. In devices
vibration-type table, such as the vibration-tyye: table discussed with

reference X Figure 30, the vibration-type table is also updated #i:{faswing update of the

resonat‘st frequency table.

A generate-vibration event is raised by control logic in iwder to vibrate

*’ix genenc device for a variety of different reasons. As one example, the device may

&f vibrated in response to user input. As another example. the device may he vibrated

" when the control logic determines that any of various alert conditions have ar‘lg»en As

yet another example, generate-vibration events may be raised in order to commu{ucate

\
information to a device user. S

47



10

20

25

Docket No. 35499.008
35

Figure 32 provides a control-flow diagram for the characterize-vibration
event hf}\gler called in step 3106 of Figurer 31. 1n step 3202, tht’ routine calls a
subroutine ?\veep in order to generate a sampling of a vibration- resp,efnse curve. surface,
or hyper-dlme\s\lonal surface. In step 3204, the routine calls a s}ére-vxbratlon maxima
subroutine in oﬁsler to identify the resonant frequencies frg'in the curve or surface
sampled in step 2 \ Finally, in step 3206, the routme éalls a compute-and-store-
vibration-type-controi mubroutme in order to update the,&tbratlon-type table based on

the new resonant-freque Y determination made in stmx 3202 and 334,

Figure 33 pr -\‘» 1des a control-flowstliagram for the subroutine sweep,

called in step 3202 of Flgurer R . In step 2362

\

structure for storing a vibration response.

Sthe subroutine sweep initializes a data

- discussed above, the vibration response

peats a single frequency sweep over a
different time interval, so that Jdollowing a tmp‘her of iterations, the multi-dimensional

ORM-driving-frequency

\wu can be sampled. ’l‘l{en. in the jor-loop of steps 3308-

3312, the sweep routine Eontinunusly samples the wbratlon amplitude or vibrational

energy produced in tih device, using sensor output, whlle‘the driving-trequency sweeps
take place. There 3: e, of course, many alternative meth0d§ for sampling the multi-
dimensional driv mv frequency space in order to generate a sam}gled vibration-response
curve, surface nr hyper-surface. .

Flgure 34 provides a control-flow diagram for the store-variation-
maxima sxg\\routme called in step 3204 of Figure 32. In step 3402, the swtme identifies
local ma\lma in the vibration-response curve or surface produced by the § Sweep routine.
There a'e many well-known mathematical techniques for identifying iocal maxima
‘\zthm a curve, surface, or hyper-surface. Then, in the for-loop of steps »4m 3408,
data that characterizes each of the focal maxima are tabulated in the resonant-frequency
table. :

Figure 33 provides a control-flow diagram for the compute-and-store'-‘

vibration-type-control subroutine called in step 3206 of Figure 32. In a for-loop of
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stips 3503-3509. each possible set of ORM/control-pattern/resonant-frequency triples

is mnwdered The currently considered triple is used to estimate the vibration mode

\
Y

and in{ensity of the resulting device vibration, in step 3504. In sta;p 3505 the nearest
N
vibrati m\Mx se to the estimated vibration mode is identified, if tbé’re is one. 1fa nearest

vibration t\\ge is found, as determined in step 3506, and when}ﬁe current ORM/control-
paﬁern#*&vnmt -frequency triple provides a device resBﬁme closer to the vibration
type than the »e\mrol parameters currently assoc1ate'd with the vibration-type, as

determined in step \\ ¥, then, in step 3508, the Vlbf*ﬁmmtype table entry for the found

vibration type is up&ited with the current cositrol parameters represented by the

currently considered UQ’\? ‘contro-pattern’ agh mant-{requency triple.  Of course, in

certain cases, there pOSSIbIe ORM/control-pattern/resonant-

tonable amount of time. in which case the

{ in other ways to find the best contro! parameters

¢ xmul -flow diagram for the generate-vibration

handler called in step 311¢:63¢ Figure 31. ir step 3602, the handler receives a vibration

_ih\, generate-vibration event that is being

type, duration, and ampi;t,zde associated i EF

handled. In step 3&§4. the appropriate OR\i control parameters and patterns are

selected from the \Sm ation-type table. In step 3&()6 the ORM control parameters are

scaled accordin

o the received duration and amp

ude. In step 3608, a stop time at

which the vibgation will finish is determined from theyeceived duration. Then, in the
for-loop of ;fmps 3610-3613, the generate-vibration handisr continuously adjusts inputs
to each OI\\I according to the scaled ORM control paraméius produced in step 3606.

$
&

Precise and Accurate Control of ORMS\K"\‘::._

The current document is directed to various approax:?gé.fg used within the
control logic of an ORM-containing device, appliance, or system, tc;:\ss::.cazrazekz\:' and
precisely control the ORMs to produce time-dependent driving o;§iiaiii‘§tzs in
conformance with desired control patterns. As discussed above, the comg\mation of

controlling ORMs in accordance with control patterns and the accurate characterization
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3
of \i\\ae resonant frequencies of the device, appliance, or system together allow for

repm\z\:cuble generation of many different types of vibration responses of the device,

pmmnch or system to the driving oscillations of control-pattern- contrn!i»

As further discussed below, many current contrel ;ggmﬂas fail to

accurately u.ﬁtmhu the desired driving time- dependent ¥ miia{m.\,\ in each ORM

wish modulation control of an ORM. Figure

¢ an ORM that represents a desired time-

3704. Figure 378 illustrate a

hypothetical control 1 ‘,ﬁme that attempts to ps’odﬁw the desired driving oscillation

discussed above w&t ‘reference to Figure 37A ina h\pnn ticat ORM. Constant-width

voltage pulses, such as voltage pulse 3706, are input to :hu ORM to drive the weight
or mass in Mr‘sﬂud and backward directions along the oscmmu 1 path. These pulses
are plotted i i Flgure 37B in a voltage versus time coordmate system 3708. Because
the mrwum width pulses are a rather crude approximation of the desired sine-wave-

like v ahmnon response. the control regime shown in Figure 37B camprl';e‘: a series of

voltage, O-voltage. and negative-voltage constant-width pulses 3706 and
37153 3713 that produce a vibration response, superimposed in Flgure 37B over the
cof \m[ pulses, as curve 3716. In general. the pulse widths are contrq_lled by an
oscillating clock or clock-based timing signal. The vibration-response cﬁr_ve 3716
differs significantly from the desired driving oscillation shown in Figure 37A>.."'"-_‘Eigure

37C shows the desired vibration response 3702 plotted together with the vib?‘ap_ion
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;Q\@s produced by the constant-width voltage-pulse control 3716. In fact. this is

actual(\a relatively favorable case, because the sequence of positive. 0- -voltage, and
negauve\o]tage pulses shown in Figure 37B has a period close to the period of the
desired sn“\\\ ave-like vibration response. Otherwise, the actual v1bratlog}fesponse

\\

would differ & cn more greatly from the desired vibration response ‘often having
irregularly shape d\\’« ave forms.

Flguz\ 37D illustrates pulse-width-modilation coy'frol of the ORM.
aulse-width- moduiatlcm contmi rather than using constant— tdth voltage pulses to
control the ORM, the ¢y s:\{sa ey instead uses variable- wu{ pulses Moreover, much
shorter pulses can be used m fr}ore precisely control thL & lbration response of the ORM.

In essence, pulse-width meduia\zlon allows a varig ‘3a~-frequency control signal to be

used, rather than a constant—frequwg}- control gignal. Because a variable-frequency
AN

control signal can contain a much \"g\reates nount of information than a constant-
frequency control signal, the pulse-wid¢ismodulation control signals can be used to
X

much more precisely steer the viks

r?‘g_;}rmse of the ORM towards a desired wave
form. Asshown in Figure 37D, susiy more\("olr‘w«: pulses are used in order to achieve
the sine-wave-like vibration resgpinse ofthe ()F\\, For example, in the constant-width-
pulse control shown in Flg{xﬁ. 17B a positive witage pulse 3706, a 0-voltage pulse,
and a negative-voltage pxé\» 3710 are used to attcmpi to approximate the first period

of the desired vibration

spanse. By contrast, as mmw}_ in Figure 37D, four positive-
20,4722 and 3726 and three negative-vialtage pulses 3723-3725 are

employed to prod;m the first perind of the desired vibration r»;sponse Moreover, these

voliage pulses 37

seven pulses 114& e varying pulse widths and are irregularly <1;‘umc,d along the time axis.
¢ Another problem associated with conventional mzi{mi of ORMs is that

the v mmtmn response produced by a control pattern is often vervidifferent from the

i matmn response that might be predicted from the control patternor desired. For
e:\a;mﬂc, in Figure 384, a control pattern is shown that involves a c&;gstant-voltage

urse, this

s.i:._x;%);lal 3802 from an initial time # 3804 to a final. end time # 3806. ¢

“control pattern may correspond to a large number of positive-voltage pulses i the time

interval 4 to 1. The vibration response of the ORM is shown in Figure 388.“"':&;1 this

figure, the horizontal time axis 3808 has been rescaled to show more detail. The control
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\
pdﬁea‘n 3802 shown in Figure 38A might be initially assumed to produce a pulse of

const\aQt-amphtude vibrations over the time interval f; to ¢z However. as

Flgure NB the actual vibration response of the GRM. shown as curve >*\3

dtion response
i the ORM is

the time interval

oscillating at the*desnred amplitude. a short period 3816 at the eng

fi to fr during w sm?& in anlncnpaﬂon of the sharp control- pattm‘a edge at time f, the

pattern is shown. In a second plot 39*§>§Kq e naive control pattern is medified in order

to produce the constant-amplitude

gion that js desired. First. a large-voltage

input 3906 occurs prior to time # in g¥der to kmzi:k ty force the ORM to begin vibrating.

From time ¢# to a time prior to \,r\\ 4, a !ower wirage input 3908 is provided in order
{at the desired mnp\:tude Prior to time #; a negative-
s input to the ORM in “prider to sharply drive the ORM

towards oscillation out ¢ phase with the desired C‘riv?n“ oscillation during the time

to control the ORM to oscills

voltage control signal 3914

interval  to 4 This gegative-voltage control signal is lEm 1 refaxed linearly 3912 in

order to stop ORM yibratinn in a relatively short period of tu*‘ﬁ; As shown in plot 3914
in Figure 39, th‘__ vibration response of the ORM much more a:{ sely approximates a
desired const‘mt amplitude vibration between time intervals ¢, awd ‘(\

Many different types of control inputs can be used to \%I"‘ the vibration
response fsf an ORM. For example, short control pulses can push tih.\\lbratmn to a
differe :ﬁ phase resulting in canceilation of the previously established osc\smﬁn The

\:arnw types of inputs depend on the type and form of control signals mi can be

transmitted to the ORM. which, in turn, depends on the type of ROM, the driv 3511\1\(}506
used to induce oscillation of the moving mass within the ORM, and the type of fdaie

circuitry that receives input signals and translates them into oscillations.

52



10

20

25

30

Docket No. 35499008
40

AN

\\\\ Thus. in addition to pulse-width modulation, a wide variety of different
t_\,pe\of complex control signals may be devised in order to achleve the vibration
responég desired from the simple control patterns discussed abaye‘ mc]udmg control
pattern 38@2 shown in Figure 38A. Many different control- sg’nal parameters may be
varied in or\ﬂer to control an ORM to provide a desired vnlgfatmn response, including
varying the m?{am of the control signal, using pulse- w@(ﬁ modulation to finely tailor

the control 51g;m

o produce a desired vibration res nse and adjusting the control
p 1

signal to include p

esponse and post-response sm’nals to remove undesired ramp-up

and ramp-down per ;vd\ o the vibration responst

In addit m?‘; to varying the mpuf control to an ORM, an ORM may be
designed to include a varm of differe m mechamcal controls to further increase the

range of vibration respon\u\of ts‘ {}RM Figures 40A-40F illustrate movable

mechanical stops and mechanicaly -a.{»:.hc% two types of mechanical control features that
may be included in various typm u\(m s, Equivalent electromagnetic features may
be included in other types ofﬁ‘H\Ms k3 'gure 40A illustrates a first type of ORM. Ina
first diagram 4002, the O

is shown ;?x_i.an equilibrium, non-vibrating position. The
ORM includes a moveahi i 554002 that is connected to two ends of the
ORM 4004 and 4006 A springs 4008 and 4(#%0 Diagram 4012 shows the ORM when

the movable mass 4{ 32 has been moved, by appi'

cation of a translational force, such

as an electmmaﬂmcm force, to the furthest posmon m the leftward direction along the
oscillation pbw}z In this position, spring 4010 is uum;‘f\,*su and spring 4008 is

extended. m both cases, the springs have potential erirgy that produces forces that

force thm mox able mass 4032 back in the rightward d
Diagy: 1m 4014 shows the ORM with the movable mass m the furthest rightward
dir ;on

' Figure 40B shows the equifibrium and largest-am{;}é\gmﬁ: positions of a
movable mass in a different type of ORM. In a first diagram 4016, t*\. ORM is shown

in an equilibrium position. The ORM features an arc-like oscillation p

which the moving mass 4020. attached to a rotor 4022, oscillates.

ORM with the movable mass in the furthest leftward position and diagram 4028 shifiws
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he RN with the movable mass in the furthest rightward direction, similar to the

posi iticly shown for the ORM of Figure 40A in diagrams 4012 and 4014.

kY
Y
Y
%

Figure 40C illustrates movable mechanical stops included in tha ORM

"

discussed JPsm with reference to Figure 40A. The movable stops are pi

features 4030 \md 4032 in a first diagram 4034. Of course, the dew'

necessatily uﬂc‘c\t the shape, size, and structure of mechanical mg@xéneeded to stop
motion of the mougbk mass in the various different types «f ﬂR\‘is but are instead
used to illustrate possm‘mng of the moveable stops and their \}t ployment In a second
diagram 4036, the mov a.*\iv. stops have been reposrtlomd SEO 8 and 4040 in order to

limit the length of travel ui the moving mass 4002, liu :e;ond diagram 4036 shows

the leftward extent of ““é{"“it““ of the moving m:m 4002 with the movable stops

with reference to Figure 40B. Use of magahie stops can significantly alter the vibration
response of the ORM to a given nt?is“;:_l input. This may include changing the

amplitude of the vibration respshse, the f"ggquency of the vibration response, and

changing the force imparted ¥ the moving m\ss to the ORM when the moving mass

strikes the stops versus th "friginal end stops 4(*{:}@ and 4004. In general, the vibration-

response alterations argSomplex functions of the <*enmetry material composition, and

%

driving forces usci i the ORM.

rés 40E-F itustrate use of the movaﬁ\ie stops, discussed above with

reference to Fi{urei 40C and 40D, as latches. As show n in a first diagram 4048 in

Figure 40 \he movable stops have been repositioned 4:;\:: and 4052 closer to the

center nf the oscillation path. As shown in diagram 4054, the:

fi-hand movable stop
4056 i*&)x been deployed when the moving mass 4002 has just: reached its leftward,

B

nd position. As a result, motion of the moving mass is smpp °d, resuiting in an

immediate cessation of the driving oscillation produced by the QR 3:\ a higher force
exerted in the last osciliation on the lefi-end stop 4004 of the ORM.‘_E‘ Diagram 4058
shows the right-hand movable stop 4052 deployed to latch the moving rﬁgss 4002 at its
furthest right-hand position. Figure 40F shows similar deployment af‘."thve movable

54



L

0

15

20

25

30

Docket Ne. 35099,008
42

stops, \3 the ORM discussed above with reference to Figure 40B, to latch the moving
mass at\ leftward and rightward extents. Latching of the moveable mass may trap
the mmm!\\c mass in a high-potential-energy state, so that immediate, rapid osc1!l§tlon

may ensue whm the latch is released. Latching may also sngmf‘cantlv {ter the

relaxation of the\s}\lllatmn at the end of control-pattern execution.

Tih-\_\;urrent document is directed to employing the vatious different

types of alternative E’s;_s__sxtr{)! of ORMs to more accurately generatsstesired vibration
responses. This im:'s:slxxé'}\_:use of a much greater amount of inﬁ}m}é}ion about the ORM

than used in the vibration -'%gsponse table discussed above. ¢ 41 shows example

information that may be storé‘zi in order to more accurately:tontrol ORMs according to

the methods and mnsnderatlons ‘izsclosed in the currenydocument. The information is

stored in five different tables. An & ?R‘\A table 4102 stores control information for each

movable stops, or path béoc&‘ included in the OR’\ 4113, and the positioning range

for each moveable stop 41 {h 41 17, Art ., event-types table 4120

includes various dl*“;c { t}pes of control events, I‘hese'{may include deployment of

latches, movement \;_ wvable stops, and output of control pulses of various different
widths and amphtudes An events table 4122 includes ordersd palrs of event types and
relative times timi each represents one of the many different types of contro! events that
can be mput s ORMs. Each control event includes an event 1D 41 ’3 an event type
4124, and 4 relative time that specifies a time point within a control patlem 4126 at
which the event occurs. Table 4128 includes the actual control actions, that a logic
controller employs to initiate each type of event in each type of ORM. For. each type
of control, the table includes an indication of the event type 4130, the ORM type 4131,
a control ID 4132, « signal type 4133, a signal strength 4134, and any of many dif’ﬁ:rent

other characterizations of the type of control 4135 executed by the control logic in order
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to C(\:\\trol an ORM to produce a particular type of event. Finally, table 4140 lists all of
the diff\rent types of control patterns that can be used to control ORMs. These are
equlvaleh\to the previousiy discussed control patterns. Each control pattern includes
a control- paﬁ?cz o identifier 4142, an indication of the number of events 1;\?% control
pattern 4144, a;\i\l ne event identifiers for those events 4146-4149,

‘-11:{\“& 42 provides an alternative implementaticdd of the routine

"generate vibration. (.\\cussed above with reference to Figure 36. The alternative

information incor pum:e?x maore accurate control of ORMs uxing the information and

techniques discussed abs: n\w ith reference to Figures 37A41. In step 4202, the routine

receives a vibration type. u(l\fvll“u amplitude, and 1t time for a desired device,
appliance, or system vibration re \;\\\nse Then, in ii o for-loop of steps 43144212, the

routine prepares for controlling each : {in the device, appliance, or system.

In step 4203, a control-pattern ID is seﬁa\:ci et itf‘i‘m the vibration-type table fixr the ORM,

modified with respect to the prevmus!y\{ ;ubed vibration-type table to include the

identifiers of control patterns that are { :ged in the control-patterns table 4149. In
step 4206, the identified control pdmrn is selut.ed from the control-patterns table.

the inner for-loop of steps 42@7;9%312, each i!\»'@ﬂE:.H.IS selected from the controf pattern

selected in step 4206. For s:a‘ ' event, a c;zrmsmmﬁ‘izx_}g event control entry is selected

from the event-control t\z%\\“ in step 4208. The coryols are scaled, in step 4209,

according to the desireg \uuration and amplitude for the

ibration response. In step

4219, the time asqox:i@t‘i'\ec\i with the event. selected from the ity tabie. is also scaled.

in step 4211, the s 11\,J controls and times are added to a [ist &t time-ordered events,

the controls for ® thh are issued to the ORM during generation ofithe desired vibration

response. l!}\ﬁl& > 4214, the routine waits until the desired start tintg for the vibration

response. Note that the desired start time takes into consideration azf’

in the while-

respons\_ controls needed to produce the desired vibration response. The:

loop o steps 4216-4222. the routine carries out ORM control over a set of mm points
spmmng the desired vibration-response duration. In the inner Jor-leop of ste‘n\ 4217-
4220, the routine initiates a control sequence for each of the time-ordered ¢v um for
each of the ORMs at the points in time in which the control sequence is specifie {i il iy

issuance. Then. in step 4221, the routine waits for a next update-control time point.

56



10

oot
LAy

20

25

30

Docket No. 35099.008
44

3
\ The above-discussed methods for more accurate and reliable controi of

responsbi in devices, appliances, and systems that contain ORMs. Howevep thh
AN

lncreasmg\(\)mplex:ty. attention is needed to simplifying and increasing the ,e‘fﬁmenc_‘,

ofdrwmg«uss}gilat]on sensing iy order to provide feedback-based control pé ORMS In

addition, with m\wra: accurate control, it is possible to increase the conyﬁlemty of ORM

time-dependent d;*, '.n;a oscillations, significantly increasing }h’e types of time-

dependent driving &;iiatmns that can be encoded in vopiral patterns and thus

increasing the device, appllance and system vibration res{ionses to controlled ORM

sstor increasing the complexity of

ORM time-dependent driving iflativns as Avell as increasing and simplifying

feedback control. Figure 43 provids \\z sxmp ied ORM-containing device architecture

similar to that provided by Figure 25, issed above. However, as shown in Figure

43, each of the ORMSs. such as ()Q\ 1

4, is coupled to an additional passive

oscillator, such as passive osull\zm 4302, in various different implementations, a
given ORM may be coupled to slﬁ». two, or morg. paSSIVe oscillators. When an ORM
is mechanically coupled to § Yo or more addmmm passive oscillators, the passive

oscillators greatly mcrea.:“ the number of degrees 01’ freedom for vibration of the

combined ORM and on\s ‘or more passive oscillators, The.\nmsi\ entatical models for the
vibration modes mm‘ resonant frequencies become far ° ta\orc compiex. involving

s arising from coupled differential equatiom As discussed above,

the number ofa onant frequencies for a system is generally progy S tivnal to the number
\

of v1brat10n.1$ degrees of freedom. Furthermore, coupling passive uwllators to ORMs

may pmde new. complex vibrational modes with different h écuenc:es and

X
amplltugfes Thus, vibration components comprising an ORM and one or s‘\ore passive
i

osciilatins can significantly increase the complexity of the time- dependez% drwmg
oscrllatlons produced by these vibration components, and therefore greatly cxmﬁ d the
types. frequencies, and modes of vibration responses produced in a device, am mmu_

or system containing the complex vibration components.
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\\ In the simpler system shown in Figure 25, two vibration sensors 2510
m\i\i\ZSI I were included. These vibration sensors detected vibration in one, two, Q}

ﬁ}f\.t srthogonal directions of the device, appliance, or system 2502 in which msm‘zple

X
ORMs ;Er\_g included. However, as shown in Figure 43, sensors that provide is

AN . 3¢
regarding ﬁa‘c driving oscillations produced by ORMs and passive osciliashss. such as

SENsors 4304 \smd 4305 in ORM 2504 and passive oscillator 4302, i ghpectively, may

also provide m!m mation to local control logic, such as contrc 'ogic 4306, within

ORMs as well as thé\boxm oller 2516 that controls one or more g}ﬁ &is within the device,

“passive oscillators may be

\GscﬂEatmn characteristics wm}e vibration sensors 2510 and

system 2502. \’-‘-\
By including a va {. of z& Yerent types of sensors within different

positions and components of an O&‘ ! .ontammg device, appliance, or system, an

opportunity is provided for hierar “gensing and corresponding feedback control

\Qﬁi

within a device, appliance, or system. in mﬁm cases, the output from a vibration sensor

may be difficult to translatgingy accurate ft\ thack information and corresponding

control signals. For examgiie, the vibration sum*a{ by the vibration sensors 2510-2511

may be rather mdlrect ¥ related to the individual dn
ORM-based vibrati

2504 and mect Ay ically coupled passive oscillator 4302. »1;? such cases, a significant

\'ng oscillations produced by the

{\ components, such as the vibratic ontponent comprising ORM

amount ofmtueme may be necessary to logically infer the & iving oscillations of the
vibration a,umpnmm\ producing the vibration-sensor sam..,i\ and to compute

COLPesy mmhnr adjustments to ORM control. Furthermore, there iy be significant

tempor,L} ags between sensor vibration and the driving oscillations \iw praduce the
sensoz\ v1brat10n Many of the common techniques for sensing (}R\-i driving

sscitlations in order to provide local feedback to ORMs may suffer sxmllar i

Furthermore, there may be many different types of interferences and couplings i

electromechanical driving forces. electromagnetic sensors, and other
components that mask or entirely prevent accurate inference of the rea]-tiﬁxg‘

characteristics of ORMs and the vibration-response of the entire device, appliance, or
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sigptem.  For this reason. simpler and more direct types of sensing and control can

X
N .
s %\r\{de enormous benefits in achieving desired vibration responses of the entire

device: appllance or system. particularly in devices, appliances. and systems Jat

include nwltlple vibration components, each consisting of an ORM and one, &t more

passive oscilfators as well as various types of vibration sensors external tQ’ORMS and

passive osmllamrs as well as sensors within, or coupled to, ORMQ and passive
oscillators. & :

Flguﬁe 44 iflustrates one type of ORM drwms.,»mc;!!at:cm sensor that
can be employed to pr(wxde feedback information for OK\? Lontrol In Figure 44, a

linear ORM 4402, used Tt prewous examples, is agau shown as an example ORM.

The linear ORM includes a fmss or weight 4404 (! 4l is driven electromagnetically by

e

a drive coil 4406 to oscillate mg\.,\_;r& a linear g
4410 and 4412 are additionally i;fac}x{da(ﬁ in
4404 within the ORM as it is driw}a

408. In this ORM, two sensor coils

er to detect motion of the weight or mass

¢ oscillate. The sensor information may be
provided to an internal ORM contryd lC 4414 or to the controller 2516 within the
device, appliance, or system th \i ORM. In certain cases, both the internal

ORM control logic as well as.the device :;cms’i;[ler may receive sensor information, for

various different types «f, Cedback-based conix‘;\"‘rl _purposes. In the lower portion 4420

of Figure 44, a <m:\_ ontrol-flow diagram is prmidud to indicate how the sensor
information is usm’ When a controller receives a target frequency w, at which the
ORM is to os¢ ﬁfau in step 4422, the control logic or controller initiates oscillation of
the welght e‘r mass, in step 4424, and then. in the nmw«!oop of steps 4426-4430,
contmucdo monitor the sensor output and modify control input to the ORM in order

that thy' ORM oscillates at the target frequency w.. This involves reading the sensor

daty ‘o determine the actual frequency of oscillation s, in step 4427, then determining

asdifference between the target and actual frequencies in step 4428, using the
determined difference to compute modifications to the current control of the ORM and
modify the control in a way estimated to result in the ORM ac §‘ze\§sm the target
frequency ., in step 4429, and executing the modified control in step 4430'."-._>§n many
cases, the computations are sufficiently complex that the feedback-based control needs

to be implemented by vontraf routines running on a processor. Furthermore, becayse
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th sensors 4410 and 4412 are essentially external to the actual oscillating mass or
\&wk\t and oscillation path, the data that they output does not directly correspond to
posnmn\and velocity data for the moving mass or weight. but is instead 31 signal
pmpomon@l to the current induced in the sensor coils by the moving nJ.ﬁs A fair
amount ofm‘ﬁgrpretatlon is required to convert the sensor infosmation m'fo velocity and
position mform\mon or even into information related to the 'Lmss% frequency wq of

oscillation, Mow wver. there may be significant electromagnetic nterferencc between

the drive coil 4406 .md the sensor coils 4410 and 4412, llmn  the accuracy at which
the actual frequency «.sxr mass position and velocity can &\ determined. Sensor-coil-

based inferences may alsi suffer from significant Iw rires between passing of the

maving weight through the »n:nsor coil and genen

fon of a corresponding signal.
complex system in which mom different sg wxrs are being monitored for many

different ORMSs, as well as senx\\rx that el ‘ct the vibration response for a device,

appliance, or system containing the\(\}R s. use of inferential feedback information,

such as that provided by the sensor ¢o¥s shown in Figure 44, may be problematic, at

£

best. kS

Figure 45 illugtrawes an a‘a{t"»\i%\mtive approach to sensing the driving

oscillations produced by ai:ORN. In this “;'spmduh rather than interential sensing, as

described above with ¢

4504 that directly di_

sference to Figure 44, the{: RM 4502 includes a direct sensor

mines the position and wiuﬂ{\ of the moving weight or mass
4506. This dzreu posmcn and veiocity mformatlon :s output to an internal ORM

control logic 4\«% that can directly use the position and veitocicy information to update

ORM contratin order to achieve a target frequency or. The i ver portlon of Flgure 45

adzfition. in step 4616. the conwrel fogic initiates sensor output. Then, ir'fﬂje while-loop

of steps 4518-4521, the control logic continuously receives position and i}glocity data
from the sensor and executes immediate control based on that position anﬂ velocity
data. In step 4519 the control logic reads the position and velocity data f?om the

sensor. This may involve a certain amount of computation. such as computing’ the

60



¥}

15

30

,.s"‘of the moving mass can be recognized. Various types of Hall-effect sicéyre

Docket Mo, 35099.008
48

dlgerence and position with time over several readings. but because of the direct nature
oft\h\c position sensing, is generally far less inferential and computationally intensive
than ?\the case of indirect sensing. Then. in step 4520, the appropriate cont;pd" is
compute ‘based on the target frequency o, and the current position and veloquy of the
moving m $ p and v. This computation may be made based on a 'ﬂs’adetermmed
function, basé\i\on tables with values, or computed as another of m@ Initiation steps,
including m]tlat\@\n steps 4514 and 4516. Finally, in step 4521, &C computed control
is executed by the xon troller. In many cases, the determi :\e‘lust of the appropriate

control couupondnp\ts sensed velocity and position &mﬁ can be made by logic
\

circuitry, rather than a p éi\;mx‘m‘nd processor. In manstases, the position and velocity

data is more accurate and ° ia more t1mely prov xdﬁd than position and velocity data

light. Across the tubular c*-z:m"d contata w\ﬁ;e oscillation path, there is a photodiode

sensot for each aperture, . tch as photodlode \ul’l\k!! 4604 correspoending to aperture
4602, The current pe mmon of the moving mass s:\n be determined from the pattern of
;¢ the ORM in Figure 46A 4606,

A series of caphmd photodiode-sensor outputs at cons

high and low photz >¢‘lode -sensor outputs. shown alu.

'~umL points in time provides

the mformatum needed to accurately compute the velocm of the moving mass. As
shown in § gure 46B, another approach to computing the pdsition and velocity of the

RENOE Sensors, such

numm from the pressure or positions sensors provides a pattern in sshich the position

e 5€Nnsors,

reflection-path sensors. and other types of sensors may be employsd:.to directly
determine the position and velocity of a moving mass within an ORM. '
Although the present invention has been described in terms of'péﬂicular

embaodiments, it is not intended that the invention be limited to these embodiments.
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X

X

Y

N\odif'catlons will be apparent to those skilled in the art. For example, any of many

=
=

dxf\i\tnt design and implementation parameters may be varied in order W‘prowde
dlffem\lt 1mplementat10ns of the ORM control logic discussed above, mg(udmg choice
of type 01 logic control, programming language, in the case of a prc;éessor-contrelled
controller, mndalar organization, data structures, control struqbﬁres fogic circuitry,
processor ty pu\and many other such design and 1mplememat10n parameters. Many
different types m& idirect sensors that relatively dlrectl determme the velocity and
position of the uwl \{mg mass within an ORM can E & used in different types of ORMs.
Various types of eiey w\m agnetic sensors that \ense position, precious-metal brush-

contact sensors, and Ru d w itches are exam;sks of the many types of sensors that can

be used to directly determn‘ N\\ullatmg~ taas position and velocity and induce direct,
corresporcling contro] of the f\}%}\-\\xi\

The foregoing de:

on, for purposes of explanation, used specific
nomenclature to provide a the H.nJ, m:x terstanding of the invention. However, it will
be apparent to one skill m\"cthe art that ﬁn specific details are not required in order to
practice the mventlon " The foregoing Jw@lptlons of specific embodiments of the
present invention st presented for purpose uf\illustratlon and description. They are

not tntended \Se exhaustive or to limit the iny emlon to the precise forms disclosed.

Many l'f‘t(‘r(fit&uﬂmnx and variations are possible in Mew of the above teachings. The
embodlme its are shown and described in order to be\t explam the principles of the

mven;fon and its practical applications, to thereby umhi;\others skilled in the art to

utlllze the invention and various embodiments with va# \u i3 modifications as are

tited to the particular use contemplated. It is intended that the@ope of the invention

he defined by the following claims and their equivalents:
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OSCILLATING-RESONANT-MODULE CONTROLLER

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a continuation-in-part of Application No.
15/043,584, filed February 14, 2016, which claims the benefit of Provisional Patent
Application No. 62/116,144, filed February 13, 2015,

TECHNICAL FIELD

The current decument is related to vibration-generating devices and, in
particular, to vibration moduies that can be incorporated into a wide variety of different
types of electromechanical devices and systems to produce predetermined vibration

responses.

BACKGROUND

Vibration-inducing motors and mechanisms have been used for many
years in a wide variety of different consumer appliances, toys, and other devices and
systems. Examples include vibvation signals generated by pagers, smart phones,
vibration-driven appliances. such as hair-trimming appliances, electric toothbrushes,
electric toy football games, and many other appliances, devices, and systems. The most
common electromechanical system used for generating vibrations is an intentionally
unbalanced electric motor.

Figures 1 A-B illustrate an unbalanced electric motor typically used for
generating vibrations in a wide variety of different devices. As shown in Figure 1A, a
small, relatively low-power electric motor 102 rotates a cylindrical shaft 104 anto
which a weight 106 is asymmetrically or mounted. Figure IB shows the weight
asymmetrically mounted to the shaft, looking down at the weight and shaft in the
direction of the axis of the shaft. As shown in Figure 1B, the weight {06 is mounted
off-center on the electric-motor shaft 104. Figures 2A-B illustrate the vibrational
motion produced by the unbalanced electric motor shown in Figures 1A-B. As shown
in Figures 2A-B, the asymmetrically-mounted weight creates an elliptical oscillation
of the end of the shaft. normal to the shaft axis, when the shaft is rotated at relatively

high speed by the electric motor. Figure 2A shows displacement of the weight and
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shaft from the stationary shaft axis as the shaft is rotated, looking down on the weight
and shaft along the shaft axis, as in Figure 1B. In Figure 2A, a small mark 202 is
provided at the periphery of the disk-shaped end the of electric-motor shaft to illustrate
rotation of the shaft. When the shaft rotates at high speed, a point 204 on the edge of
the weight traces an ellipsoid 206 and the center of the shaft 208 traces a narrower and
smaller ellipsoid 210. Were the shaft balanced, the center of the shaft would remain at
a position 212 in the center of the diagram during rotation, but the presence of the
asymmetrically-mounted weight attached to the shaft, as well as other geometric and
weight-distribution characteristics of the electric motor, shaft, and unbalanced weight
together create forces that move the end of the shaft along the elliptical path 210 when
the shaft is rotated at relatively high speed. The movement can be characterized. as
shown in Figure 2B, by a major axis 220 and minor axis 222 of vibration, with the
direction of the major axis of vibration equal to the direction of the major axis of the
ellipsoids, shown in Figure 2A, and the length of the major axis corresponding to the
amplitude of vibration in this direction. In many applications, in which oscillation back
and forth along a defined path is desired, designers seek to force the major-axis-
amplitude/minor-axis-amplitude ratio to be as large as possible, to approach a linear
path, but, because the vibration is produced by a rotational force, it is generally not
possible to achieve oscillation back and forth along a defined path. In many cases, the
path traced by the shaft center may be close to circular. The frequency of vibration of
the unbalanced electric motor is equal to the rotational frequency of the electric-motor
shaft, and is therefore constrained by the rate at which the motor can rotate the shaft.
At tow rotational speeds, little vibration is produced.

While effective in producing vibrations, there are many problems
associated with the unbalanced-electric-motor vibration-generating units. such as that
shown in Figure 1A, commonly used in the various devices, systems. and applications
discussed above. Unbalancing the shaft of an electric motor not only produces useful
vibrations that can be harnessed for various applications, but also produces destructive,
unbalanced forces within the motor that contribute to rapid deterioration of motor parts.
Enormous care and effort is undertaken to precisely balance rotating parts of motors.

vehicles, and other types of machinery, and the consequences of unbalanced rotating
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parts are well known to anyone familiar with automobiles. machine tools. and other
such devices and systems. The useful lifetimes of many devices and appliances.
particularly hand-held devices and appliances, that employ unbalanced electric motors
for generating vibrations may range from a few tens of hours to a few thousands of
hours of use, after which the vibsational amplitude produced by the devices declines
precipitously as the electric motor and other parts deteriorate. Unbalanced electric
motors are relatively inefficient at producing vibrational motion. A far greater amount
of powet is consumed by an unbalanced electrical motor to produce a given vibrational
force than the theoretical minimum power required to produce the given vibrational
force. Asaresult, many hand-held devices that employ unbalanced electric motors for
generating vibrations quickly consume batteries during use. Unbalanced electric
motors, as discussed above. oscillating motion back and forth along a predefined path,
or space curve, cannot generally be produced by unbalanced electric motors.
Unbalanced electric motors generate vibrations in only a very limited pottion of the
total vibrational-force/frequency space. Figure 3 shows a graph of vibrational force
with respect to frequency for various types of unbalanced electric motors. The graph
is shown as a continuous hypothetical curve. although, of course, actual data would be
discrete. As shown in Figure 3. for relatively low-power electric motors used in hand-
held appliances, only a fairty narrow range of frequencies centered about 80 Hz (302
in Figure 3) generate a significant vibrational force. Moreover, the vibrational force is
relatively modest. The bulk of energy consumed by an unbatanced electric motor is
used to spin the shaft and unbaianced weight and to overcome frictional and inertial
forces within the motor. Only a relatively small portion of the consumed energy is
translated into desired vibrational forces.

Because of the above-discussed disadvantages with the commonly
employed  unbalanced-electric-motor  vibration-generation  units, designers,
manufacturers, and. ultimately. users of a wide variety of different vibration-based
devices, appliances. and systems continue to seek more efficient and capable vibration-
generating units for incorporation into many consumer appliances. devices, and

systems.
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SUMMARY

The current document is directed to various types of oscillating resonant
modules ("ORMs"), including linear-resonant vibration modules. that can be
incorporated in a wide variety of appliances. devices, and systems to provide
vibrational forces. The vibrational forces are produced by back-and-forth oscillation
of'a weight or member along a path, generally a segment of a space curve. A controller
controls each of one or more ORMs to produce driving oscillations according to a
control curve or control pattern for the ORM that specifies the frequency of the driving
oscillations with respect to time. The driving oscillations, in turn, elicit a desired
vibration response in the device, appliance, or system in which the one or more ORMs
are included. The desired vibration response is achieved by selecting and scaling
control patterns in view of known resonance frequencies of the device, appliance, or

system.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A-B illustrate an unbalanced electric motor typically used for
generating vibrations in a wide variety of different devices.

Figures 2A-B illustrate the vibrational motion produced by the
unbalanced electric motor shown in Figures 1 A-B.

Figure 3 shows a graph of vibrational force with respect to frequency
for various types of unbalanced electric motors.

Figures 4A-D illustrate, in part, what is meant by the phrase "oscillating
resonant module" in the current document.

Figures SA-G illustrate one particular type of ORM.

Figures 6A-B illustrate an H-bridge switch that can be used. in various
ORMs, to change the direction of current applied to a coil that drives back-and-forth
oscillation within the ORM.

Figure 7 provides a block diagram of the ORM. illustrated in Figures
5A-G.

Figures 8A-C provide control-flow diagrams that illustrate the control

program, executed by the CPLL. that controls operation of an ORM.
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Figure 9 represents the range of frequencies and vibrational forces that
can be achieved by different implementations of ORM and ORM control programs.

Figure 10 shows a plot of the amplitude/frequency space and regions in
that space that can be operationally achieved by unbalanced electrical motors and by
ORMs.

Figures 11-18 show a variety of different alternative implementations
of ORMs.

Figure 19 illustrates an enhancement of an implementation of the ORM
shown in Figure 17.

Figure 20 illustrates a first coil layer.

Figure 21 illustrates a second coil layer.

Figure 22A illustrates a cross-section of a stator having two coil layers.

Figure 22B illustrates a cross-section of a stator having four coil layers.

Figure 22C illustrates a cross-section of a stator having two coil layers.

Figure 23 A illustrates a motor with a driving force that is perpendicular
to the surface of a substrate.

Figure 23B illustrates the motor with a magnetic armature in an upward
position.

Figure 23C illustrates the motor with a magnetic armature in a
downward position.

Figures 24A-D provide illustrations of various physical and
mathematical concepts related to oscillation.

Figure 25 shows a block diagram of a generic device. appliance, or
system that employs ORMs to generate vibration.

Figures 26A-B illustrate multiple resonant frequencies within a device
or system.

Figure 27 provides an example resonant-frequency table for the generic
ORM-containing device discussed above with reference to Figure 25.

Figures 28A-C illustrate how an ORM control scheme combines with a

resonant frequency to produce a vibration response.
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Figure 29 shows a few examples of control patterns that may be applied
to ORMs by the control logic within the generic device.

Figure 30 shows an example vibration-type table that may be prepared
for the generic device shown in Figure 25.

Figures 31-36 provide control-flow diagrams to illustrate control logic
used in the generic device. discussed above with reference to F igure 25, to produce
well-defined vibration modes or vibration responses in the physical device or system.

Figures 37A-D illustrate pulse-width modulation control of an ORM.

Figure 38A illustrates a control pattern that involves a constant-voltage
signal 3802 from an initial time #, 3804 to a final, end time 1r3806.

Figure 38B illustrates the actual vibration response of the ORM.

Figure 39 illustrates modification of the naive control pattern, shown in
Figure 38A, in order to achieve a better approximation of the desired constant-
amplitude oscillation in the time interval # to ¢

Figures 40A-40F illustrate movable mechanical stops and mechanical
latches, two types of mechanical control features that may be included in various types
of ORMs.

Figure 41 shows example information that may be stored in order to
more accurately control ORMs according to the methods and considerations disclosed
in the current document.

Figure 42 provides an alternative implementation of the routine
"generate vibration," discussed above with reference to Figure 36.

Figure 43 illustrates both methods for increasing the complexity of
ORM time-dependent driving oscillations as well as increasing and simplifying
feedhack control.

Figure 44 illustrates one type of ORM driving-oscillation sensor that
can be employed to provide feedback information for ORM control.

Figure 45 illustrates an alternative approach to sensing the driving
osciliations produced by an ORM.

Figures 46A-B illustrate several possible direct-sensing approaches.
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DETAILED DESCRIPTION

The current document is directed to various oscillating resonant
modules ("ORMs"). including various types of linear oscillating resonant modules
("linear ORMs"), that can be used within a wide variety of different types of appliances,
devices. and systems. to generate vibrational forces. ORMs produce vibrationa!l forces
by oscillation of a weight or component within the ORM along a segment of a space
curve, rather than as a by-product of an unbalanced rotation, as in the case of
unbalanced electric motors. The oscillatory nature of the ORM vibration-inducing
motion effectively addresses many problems associated with unbalanced electric
motors. Combining an ORM with feedback control. so that the driving frequency
produced by the ORM falls close to the resonant frequency of a device in which the
ORM is included. results in optimal power consumption with respect to the amplitude
and frequency of vibration produced by the ORM as well as maximal vibration energy
of the device. Oscillation within a ORM may translate into highly directional driving
forces produced by the ORM to drive a vibration response in an appliance or device
that incorporates the ORM. The current document includes a first subsection. in which
various types of ORMs are described, a second subsection on which an ORM controller
is discussed, and a third subsection in which accurate methods for ORM control, to
which the current document is directed, are described in detail.

ORMs

Figures 4A-D illustrate, in part, what is meant by the phrase "oscillating
resonant module" in the current document. In contrast to the above-discussed
unbalanced electric motors often used to generate vibrations in vibration-driven
appliances, an oscillating resonant module contains a weight. or mass, that oscillates
back and forth along a path. The path may be a linear path. or line segment. but, in the
general case, can be potentially any particular segment of a space curve, Figure 4A
illustrates operation of a linear oscillating resonant module. In a first diagram 402,
labeled with the time "0." the linear ORM is depicted at time 0 (404 in Figure 4A), with
the mass or weight 406 centered within a linear path 408 bounded by two stops 410
and 412. When the linear ORM is activated. the weight begins moving to the left, as

shown in diagram 414. The small arrow 415 within the disk-like mass 406 indicates
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the direction of movement. The mass continues to move, as shown in diagram 416,
until the mass strikes the left-hand stop 410, at which point the direction of travel of
the mass reverses and the mass begins moving back in the opposite direction. as shown
in diagram 418. In diagrams 419 and 420, the mass continues in its rightward direction
of travel during time intervals 4 and 5. At time 6, as shown in diagram 421. the mass
strikes the right-hand stop 404 and reverses direction, traveling back in the leftward
direction, as shown in diagram 422. Ellipses 424 indicate that this process continues
fndefinitely during operation of the linear ORM. The mass oscillates back and forward
along the linear path. The period of oscillation and the maximum amplitude of
oscillation can generally be controlled by control signals input to an ORM.

Figure 4B illustrates a mapping of a continuous logical movement of
the weight along a circle to the actual linear motion of the weight within a linear ORM,
as discussed above with reference to Figure 4A. In Figure 4B. the position of the
weight is plotted along a circle 430. At time 0, represented by point 432. the weight
position is vertically mapped. as indicated by dotted line 434 as well as by the solid
line 436 within the circle 430, to a central point 438 on the linear path 440 shown below
the circle. The position of the weight travels along the circle, in a counter-clockwise
direction, as long as the linear ORM operates, as indicated by the dashed circular arrow
442. Attime 1, indicated by point 444 on circle 430, the position of the mass is mapped,
by vertical dashed line 446. to point 448 on linear path 440, At time 2, represented by
point 450, the position of the mass on the linear path 440 is point 452. At time 3.
represented by point 454 aiong the circle, the position of the mass is again point 448,
Thus, as the position of the mass plotted along the circle has moved from point 444 to
point 454, the direction of movement of the mass has reversed and the mass is now
continuing in the opposite direction from the direction in which it originally moved.
Small horizontal arrows, such as arrow 456, shown below the linear path 440, illustrate
the linear motion of the mass of the linear ORM between each pair of adjacent time
points. Thus. the back-and-forth oscillation of the mass in a linear ORM can be
described by a logical revolution of a mass about a circle. If the circle has a radius of

I, then the position x at time ¢ of the mass along the actual path of travel can be

expressed as:
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where o is the angular velocity at which the point representing the mass moves around
the circle.

Figure 4C illustrates a general space-curve segment path. In Figure 4C,
a short space-curve segment 460 is shown plotted in a three-dimensional Cartesian
coordinate system 462. The weight or mass of an oscillating resonant module ("ORM")
may oscillate back and forth along such a space-curve-segment path. In the first plot
in Figure 4C 458, the weight or mass moves from left to right along the path, as
indicated by the small curved arrows, such as curved arrow 460. As shown in the
second plot 462 in Figure 4C, once the weight or mass reaches the lefi-hand end of the
Space-curve segment. it reverses directions and move to the left. As shown in the third
plot 464 in Figure 4C, once the weight or mass reaches the left-hand end of the space-
curve segment, it again reverses direction and moves to the right. Ellipses 466 indicate
that this back-and-forth oscillation continues while the ORM operates. The space-
curve-segment path of the weight in an ORM is defined by the physical implementation
and operation of the ORM.

Figure 4D illustrates two additional example paths along which the
weight or mass of an ORM may oscillate. The first path is a circular arc 470 and the
second path is a partially elliptical arc-like path 472. As mentioned above, many
additional different types of space-curve-segment paths for ORMs are possible.

Figures SA-G illustrate one particular type of ORM. Figures 5A-G all
use the same illustration conventions. next discussed with reference to Figure 5A. The
ORM includes a cylindrical housing 502 within which a solid. cylindrical mass 504, or
weight, can move linearly along the inner, hollow. cylindrically shaped chamber 506
within the cylindrical housing or tube 502. The weight is a magnet, in the described
an implementation. with polarity indicated by the "+" sign 510 on the right-hand end
and the "-" sign 512 on the left-hand end of the weight 504. The cylindrical chamber
306 is capped by two magnetic disks 514 and 516 with polarities indicated by the "+"
sign 518 and the "-" sign 519. The disk-like magnets 514 and 518 are magnetically

oriented opposite from the magnetic orientation of the weight 504, so that when the
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weight moves to either the extreme left or extreme right sides of the cylindrical
chamber, the weight is repelled by one of the disk-like magnets at the left or right ends
of the cylindrical chamber. In other words. the disk-like magnets act much like springs,
to facilitate deceleration and reversal of direction of motion of the weight and to
minimize or prevent mechanical-impact forces of the weight and the end caps that close
off the cylindrical chamber. Finally. a coil of conductive wire 520 girdles the
cylindrical housing, or tube 502 at approximately the mid-point of the cylindrical
housing,.

Figures 5B-G illustrate operation of the ORM shown in Figure 5A.
When an electric current is applied to the coil 520 in a first direction 522, a
corresponding magnetic force 524 is generated in a direction parallel to the axis of the
cylindrical chamber, which accelerates the weight 504 in the direction of the magnetic
force 524. When the weight reaches a point at or close to the corresponding disk-like
magnet 514, as shown in Figure 5C. a magnetic force due to the repulsion of the disk-
like magnet 514 and the weight 504. 526. is generated in the opposite direction,
decelerating the weight and reversing its direction. As the weight reverses direction,
as shown in Figure 5D. current is applied in an opposite direction 530 to the coil 520.
producing a magnetic force 532 in an opposite direction from the direction of the
magnetic force shown in Figure B, which accelerates the weight 504 in a direction
opposite to the direction in which the weight is accelerated in Figure 5B. As shown in
Figure 5E, the weight then moves rightward until. as shown in Figure SF, the weight is
decelerated, stopped. and then accelerated in the opposite direction by repulsion of the
disk-like magnet 516. An electrical current is then applied to the coil 520 in the same
direction 534 as in Figure 5B, again accelerating the solid cylindrical mass in the same
direction as in Figure 5B. Thus, by a combination of a magnetic field with rapidly
reversing polarity, generated by alternating the direction of current applied to the coil.
and by the repulsive forces between the weight magnet and the disk-like magnets at
cach end of the hollow, cyiindrical chamber. the weight linearly oscillates back and
forth within the cylindrical housing 502, imparting a directional force at the ends of the

cylindrical chamber with each reversal in direction.
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Clearly. the amplitude of the vibration and other characteristics of the
vibrational forces produced within the ORM are related to the length of the hollow
chamber in which the weight oscillates, the current applied to the coil. the mass of the
weight, the acceleration of the weight produced by the coil, and the mass of the entire
ORM. All of these parameters are essentially design parameters for the ORM, and thus
the ORM can be designed to produce a wide variety of different amplitudes.

The frequency of the oscillation of the solid, vvlindrical mass is
determined by the frequency at which the direction of the current applied to the coil is
changed. Figures 6A-B illustrate an H-bridge switch that can be used. in various
ORMes, to change the direction of current applied to a coil that drives back-and-forth
oscillation within the ORM. Figures 6A-B both use the same illustration conventions,
described next with respect to Figure 6A. The H-bridge switch receives, as input, a
directional signal d 602 and direct-current ("DC") power 604. The direction-control
signal 4 602 controls four switches 606-609. shown as transistors in Figure 6A. When
the input control signal & 602 is high. or "1." as shown in Figure 6A. switches 608 and
609 are closed and switches 606 and 607 are open. and therefore current flows. as
indicated by curved arrows. such as curved arrow 610, from the power-source input
604 to ground 612 in a leftward direction through the coil 614. When the input-contral
signal d is fow. or "0," as shown in Figure 6B, the direction of the current through the
coil is reversed. The H-bridge switch, shown in Figures 6A-B, is but one example of
vatious different types of electrical and electromechanical switches that can be used to
rapidly alternate the direction of current within the coil of an ORM.

Figure 7 provides a block diagram of the ORM. illustrated in Figures
5A-G. The ORM, in addition to the cylindrical housing, coil, and internal components
shown in Figure 5A, includes a power supply, a user interface, generally comprising
electromechanical buttons or switches, the H-bridge switch, discussed above with
reference to Figures 7A-B. a central processing unit ("CPU"), generally a small, low-
powered microprocessor., and one or more electromechanical sensors. All of these
components are packaged together as an ORM within a vibration-based appliance,

device, or system.
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As shown in Figure 7, the ORM 700 is controlled by a control program
executed by the CPL' micropracessor 702. The microprocessor may contain sufficient
on-board memory to store the control program and other values needed during
execution of the control progtam. or. alternatively, may be coupled to a low-powered
memory chip 704 or flash memory for storing the control program. The CPU receives
inputs from the user controls 706 that together comprise a user interface, These
controls may include any of various dials, pushbuttons. switches. or other
electromechanical-controf devices. As one example, the user controls may include a
dial to select a strength of vibration, which corresponds to the current applied to the
coil. a switch to select one of various different operational modes. and a power button.
The user controls generate signals input to the CPU 708-710. A power supply 712
provides power. as needed. to user controls 714, to the CPU 716 and optional,
associated memory, to the H-bridge switch 718, and. when needed. to one or more
sensors 732. The voltage and current supplied by the power supply to the various
components may vary, depending on the operational characteristics and requirements
of the components. The H-bridge switch 720 receives a control-si gnal input d 722 from
the CPU. The power supply 712 receives a control input 724 from the CPU to control
the current supplied to the H-bridge switch 718 for transfer to the coil 726. The CPU
receives input 730 from one or more electromechanical sensors 732 that generate a
signal corresponding to the strength of vibration currently being produced by the
linearly oscillating mass 734, Sensors may include one or more of accelerometers,
piezoelectric devices, pressure-sensing devices, or other types of sensors that can
generate signals corresponding to the strength of desired vibrational forces.

Figures 8A-C provide control-flow diagrams that illustrate the control
program, executed by the CPUL that controls operation of an ORM. Figure 8A provides
a control-flow diagram for the high-level control program. The program begins
execution, in step 802, upon a power-on event invoked by a user through a power
button or other user control. In step 802, various local variables are set to default
values, including the variables: (1) mode, which indicates the current operational mode
of the device; (2) strength. a numerical value corresponding to the current user-selected

strength of operation. corresponding to the electrical current applied to the coil: (3)
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vl0, a previously sensed vibrational strength; (4) /v//. a currently sensed vibrational
strength; (6) freq, the current frequency at which the direction of current is alternated
in the coil: (6) d. the control output to the H-bridge switch; and (7) inc. a Boolean value
that indicates that the frequency is currently being increased. Next. in step 804. the
control program waits for a next event. The remaining steps represent a continuously
executing loop, or event handler, in which each event that occurs is appropriately
handled by the control program. In certain implementations of the control program,
events may be initiated by interrupt-like mechanisms and stacked for execution while.
in more primitive implementations. certain events that overlap in time may be ignored
or dropped. In the implementation illustrated in Figures 8A-C, two timers are used.
one for controlling the change in direction of the current applied to the coil, at a
currently established frequency. and the other for controlling a monitoring interval at
which the control program monitors the vibrational force currently produced. Rather
than using a formal timer mechanism, certain implementations may simply employ
counted loops or other simple programming techniques for periodically carrying out
tasks. When an event occurs, the control program begins a series of tasks, the first of
which is represented by the conditional step 806. to determine what event has occurred
and appropriately handle that event. When the frequency timer has expired, as
determined in step 806. the value of the output signal d is flipped. in step 808, and
output to the H-bridge switch, with the frequency timer being reset to trigger a next
frequency-related event. The frequency-timer interval is determined by the current
value of the variable freq. Otherwise, when the event is a monitor timer expiration
event, as determined in step 810, then a routine "monitor" is called in step 812.
Otherwise, when the event corresponds to a change in the user input through the user
interface, as determined in step 814. the routine "control" is called in step 816.
Otherwise, when the event is a power-down event, as determined in step 818. resulting
from deactivation of a power button by the user, then the contro] program appropriately
powers down the device, in step 820, and the control program terminates in step 822.
Any other of various types of events that may occur are handled by a default event
handler 824. These events may include various error conditions that arise during

operation of the device.
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Figure 8B provides a control-flow diagram for the routine “monitor.”
called in step 812 of Figure 8A. In step 830, the routine "monitor” converts the sensor
input to an integer representing the current vibrational force produced by the ORM and
stores the integer value in the variable /v//. Next, in step 832, the routine "monitor”
determines whether or not the ORM is currently operating in the default mode. In the
default mode, the ORM uses continuous feedback control to optimize the vibrational
force produced by the ORM by continuously seeking to operate the CRM at a
frequency as close as possible to the resonant frequency for the ORM. Other, more
complex operational modes may be handled by various more complex routines,
represented by step 834 in Figure 8B. More complex vibrational modes may
systematically and/or periodicaily aiter the frequency or produce various complex.
multi-component vibrational modes useful in certain applications, appliances, devices,
and systems. These more complex modes are application dependent. and are not
further described in the control-flow diagrams. In the case that the operational mode
is the default mode. in which the control program seeks to optimize the vibrational
force generated by the device, in step 836, the routine "monitor" determines whether
the local variable inc is set to TRUE. If so. then the control program is currently
increasing the frequency at which the device operates in order to obtain the resonance
frequency. When hi/ is greater than //0, as determined in step 838, then the
vibrational force has been recently increased by increasing the frequency. and so the
routine "monitor" increases the frequency again, in step 840. and correspondingly
resets the frequency timer. Otherwise. when /v// is less than /v/0, as determined in step
842, then the control program has increased the frequency past the resonance
frequency, and therefore, in step 844, the control program decreases the frequency, sets
the variable inc to FALSE, and cotrespondingly resets the frequency timer. In similar
fashion, when the variable inc is initially FALSE, as determined in step 836. and when
vl is greater than fv/0. as determined in step 846. the routine "monitor” decreases the
value stored in the variable freq. in step 848 and resets the frequency timer. Otherwise,
when vl is less than /v/0. as determined in step 860, then the routine "monitot"

increases the value stored in the variable freq. sets the variable inc to TRUE, and resets
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the frequency timer in step 862. Finally, the value in Mv// is transferred to /0 and the
monitor timer is reset, in step 864.

Figure 8C provides a control-flow diagram for the routine "control.”
called in step 816 in Figure 8A. This routine is invoked when a change in the user
controls has occurred. In step 860. the variables mode and strength are set to the
currently selected mode and vibrational strength, represented by the current states of
control features in the user interface. Next, in step 862, the routine "control" computes
an output value p corresponding to the currently selected strength, stored in the variable
strength, and outputs the value p to the power supply so that the power supply outputs
an appropriate current to the coil. Finally, in step 864, the routine "control" computes
a new monitor timer interval and resets the monitor timer accordingly.

The control program described with reference to Figures 8A-C is one
example of many different implementations of the control program that can be carried
out, depending on requirements of the ORM. the parameters and characteristics
inherent in a particular ORM. the types of control inputs received from a particular user
interface, the nature of the power supply, and the types of operational modes that are
implemented for the ORM.

Figure 9 represents the range of frequencies and vibrational forces that
can be achieved by different implementations of ORM and ORM control programs.
Figure 9 has the same axes as the graph shown in Figure 3. However. unlike Figure 3,
Figure 9 includes many different curves, such as curve 902, each representing the
vibrational forces and frequencies that can be obtained from a particular ORM
implementation. Again, an ORMs generally has at least one resonant frequency that is
characteristic of the geometry and weights of various components of the ORM, and
each ORM is naturally operated at a frequency close to this resonant frequency in order
to achieve maximum vibrational force. Thus, rather than being restricted. over all
possible implementations, to a relatively narrow range of frequencies and vibrational
forces, as in the case of unbalanced electrical motors. ORMs can be designed and
implemented to produce desired vibrational forces over a wide range of vibrational
frequencies, and desired vibrational frequencies over a wide range of desired

vibrational forces. The contrast is perhaps best seen in Figure 10. Figure 10 shows a
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plot of the amplitudefrequency space and regions in that space that can be
operationally achieved by unbalanced electrical motors and by linear ORM:s.
Unbalanced electric motors can be implemented to produce amplitude/frequency
combinations roughly within the cross-hatched square region 1002 within
amplitude/frequency space. By contrast, linear ORMs can be designed and
implemented to produce amplitude/frequency combinations underlying curve 1004,
Thus, linear ORMs can achieve much higher operational frequencies and much lower
operational frequencies than can be practically obtained by unbalanced electric motors,
and can produce much higher amplitudes and vibrational forces than can be achieved
by relatively low-powered unbalanced electrical motors used in hand-held appliances
and other commonly encountered devices and systems. Furthermore. when larger
vibrational forces are needed. balanced electrical motors are generally impractical or
infeasible, due to the destructive forces produced within the electrical motors. In
general, a single implemented linear ORM can access a much larger region of
amplitude/frequency space than currently available vibration modules, which generally
operate at fixed amplitudes and/or fixed frequencies, as further discussed below.

Figures 11-18 show a variety of different alternative implementations
of ORMs. Figure 11 provides a schematic illustration of an ORM similar to that
discussed above with reference to Figure 4A. Note that, in place of the end magnets
1102 and [104, mechanical springs may alternatively be used. These may be
traditional helical springs made from metal or springs made from a compressible and
durable material or mechanical device that seeks to restore its initial shape when
depressed or compressed. Note that the weight and chamber may be cylindrical, in
cross section, as discussed above with reference to Figure SA. or may have other
shapes, including rectangular or hexagonal cross-sections.

Figure 12 shows a similar implementation in which the control unit and
power supply are incorporated into the moving mass 1202. In this implementation, the
relative masses of the moving mass 1202 and remaining components of the ORM is
maximized, thus maximizing the vibrational forces produced at a given level of power

consumption.
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Figure 13 shows et an alternative ORM. In this alternative
implementation, additional coils 1302 and 1304 are incorporated in the moving mass.
and a centering magnet or coil 1306 is positioned in a fixed location on the housing so
that. when the direction of the current applied to the coils 1302 and 1304 is alternated,

3 anoscillating rotational force is generated to cause the movable weight to oscillate both
in a plane perpendicular to the axis of the chamber as well as linearly oscillating the
direction of the chamber.

Figure 14 illustrates an ORM in which multiple electromagnetic coils
are employed. In Figure 14, two coils 1402 and 1404 are placed in two different

10 positions on the housing. The first coil 1402 may be used to drive linear oscillation of
the moving mass 1406. while the second coil may be activated in order to shorten the
length of the chamber within which the moving mass linearly oscillates. essentially
serving as a second repelling magnet. In this implementation of the ORM, the moving
mass may linearly oscillate with at least two different amplitudes. depending on

15 whether or not the second coil 1404 is activated to repel the moving mass. Add itionally
more complex patterns of current reversal in the two coils can be employed to produce
complex multi-component vibrational modes of the moving mass.

When the housing is fully enclosed, air within the chamber serves to
dampen oscillation of the moving mass. This dampening may be minimized by

20 providing channels, on the sides of the moving mass, to allow air to pass from one side
of the moving mass to the other, by channels through the moving mass. or by providing
openings in the housing to allow air to be forced from the housing and drawn into the
housing. Additionally. different fluids or liquids may be employed within the chamber
to change the dampening effect produced by displacement of the fluids and gasses as

25 the moving mass linearly oscillates.

Figure 15 illustrates an alternative ORM an implementation of the
linear-resonant vibration module to which current document is directed in which a
plunger linearly oscillates to produce a vibration. The plunger 1502 is slideably
contained within a moveable-component track orthogonal to a long axis of the main

30  housing 1504 of the ORM that includes the power supply, microcontroller, and other

control components. The plunger is girdled by, or includes, a driving magnet 1506 that
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is attracted to, and seeks to be positioned in alignment with. a centering magnet 1508
mounted within the housing. Applying current to one of two driving coils 1512 and
1514 forces the driving magnet away from the equilibrium position shown in Figure
I5. By rapidly switching the direction of current applied to the driving coils, the
microcontroller can control the plunger to linearly oscillate in an up-and-down fashion.
as indicated by arrow 1320,

Figure 16 shows yet another ORM an implementation of the linear-
resonant vibration module to which current document is directed. In this an
implementation of the linear-resonant vibration module to which current document is
directed, a spring-like member 1602 is clamped at one end 1604 to the housing.
Driving magnets 1606 and 1608 are fixed to the spring-like member 1602. and when
current is rapidly reversed in a coil 1610, the spring-like member 1602 is induced to
vibrate at a relatively high frequency.

Figure 17 shows another ORM similar to the ORM shown in Figure 16.
In this ORM, the spring member 1702 is extended to provide an external massage arm
1704 that extends out from the housing to provide a linearly oscillating massage-foot
member 1706 for massaging human skin or some other substrate. depending on the
application.

Figure 18 shows a mechanical vibration adjustment feature that can be
added to either of the ORMs shown in Figures 16 and 17. An adjustment screw 1802
can be manipulated to alter the position of a movable spring clamp 1804 that acts as a
movable clamping point for the spring-like member 1806. Moving the movable spring
clamp 1804 leftward, in Figure 18, shortens the length of the spring-like member and
thus tends to increase the resonant frequency at a particular power-consumption level.
Conversely, moving the movable spring clamp rightward, in Figure 18. lengthens the
spring-like member and decreases the vibrational frequency.

Figure 19 illustrates an enhancement of an implementation of the ORM
shown in Figure 17. In this implementation, the massage foot is enhanced to include
elastomer bristles 1902-1906 to transfer the linear oscillation of the massage foot to
human skin or another substrate. The elastomeric bristles, or pad or brush comprising

numerous elastomeric bristles, allow transmission of vibration to a surface even at low
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operational powers. when a rigid or even semi-compliant massage foot would instead
simply stop moving for inability to overcome frictional forces.

Figure 20-23C illustrate a different type of ORM. This ORM comprises
a motor incorporated within a printed circuit board ("PCB"). The motor includes
moving and non-moving components that interact via electromagnetic forces to
produce motion. The non-moving components include a stator that generates a
magnetic field. A stator can be created by using one or more coils. In certain
implementations. a stator adapted to integration with a planar substrate is produced
using combinations of one or more spiral-shaped conductive traces.

Figure 20 illustrates a first coil layer. The first coil layer 2000 includes
a substrate 2002 and a spiral-shaped trace 2004 that is wound in a clockwise direction
from the outside of the spiral to the inside of the spiral. The spiral-shaped trace 2004
surrounds a central core and overlays the substrate 2002. In some implementations.
the substrate 2002 is a printed circuit board. The width and thickness of the trace
influence the conductivity of the resulting coil. In general. thicker and wider traces
have lower electrical resistance and result in coils with lower resistance and higher
current carrying capacity. Spirals with a larger core diameter and spirals having a
larger number of turns produce coils with correspondingly higher inductance. The
inductance of the spiral-shaped trace 2004 with an air core at the center of the spiral is

expressed as:

Lty - SN
C8r+ 11

where
¥ is the core radius in inches;
N is the number of turns; and
W is the total width of the windings in inches.
The inductance of the resulting coil can be adjusted by altering the above parameters,
as well as through the selection of core materials.
A first connection pad 2006 and a second connection pad 2008

terminate the ends of the spiral-shaped trace 2004. In certain implementations. the first
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connection pad 2006 and‘or the second connection pad 2008 are incorporated into one
or more conductive vias connecting the first coil layer to other coil layers or to electrical
circuits constructed on the substrate. Additional connection pads 2010. 2012, 2014,
and 2016 can provide connection points or can be incorporated into vias that connect
multiple layers of traces.

Figure 20 additionally illustrates the placement of a number of motor
elements in a particular motor implementation. At the center of the spiral-shaped trace
2004 is a circular opening 2018. The circular opening provides a space for an armature
2020. The armature 2020 can be made from a ferrous metal or a magnetic material and
moves in a direction substantially perpendicular to the surface of the substrate 2002 in
response to a drive current applied to the coil layer. A centering spring 2022 retains
the armature 2020 in the circular opening 2018 in the substrate 2002. and allows limited
maovement perpendicular to the substrate.

In certain implementations, the traces and connection pads are made
from conductive material. such as metal, copper, aluminum. or conductive alloys. The
traces and connection pads on the first coil layer 2000 can be fabricated using printed-
circuit-board manufacturing techniques. In some implementations, foil decals are
created and laminated onto the substrate 2002, The construction of multi-layer coils is
achieved using a number of techniques, including: multi-layer PCB construction;
laminated foil decals separated by insulating layers: and 2-sided PCB construction. In
some implementations, the traces and connection pads are embedded into the substrate
2002,

Figure 21 illustrates a second coil layer. The second coil layer 2100 is
constructed using techniques already described for the construction of the first coil
layer 2000. A spiral-shaped trace 2102 winds in a clockwise direction from the starting
connection pad 2104 to the ending connection pad 2106. The coil layer of Figure 20 is
positioned over the coil layer of Figure 21 and the two layers are aligned with one
another so that the second connection pad 2008 in Figure 20 overlays the starting
connection pad 2104 in Figure 21, and the connection pad 2010 in Figure 20 aligns
with the ending connection pad 2106 in Figure 21. PCB vias form eclectrical

connections between the second connection pad 2008 in Figure | and the starting
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connection pad 2104. When the first coil layer 2000 in Figure 20 and the second coil
layer 2100 in Figure 21 are connected in this way and energized, the inductance of the
layers is additive. [n one mode of operation. current flows into the coil layer of Figure
20 starting at the first connection pad 2006, clockwise around the coil to the second
connection pad 2008. through a via to the starting connection pad 2104, and clockwise
to the ending connection pad 2106. Adding additional coil layers increases the total
inductance of the resulting coil. Additional connection pads 2108, 2110. 2112. and
2114 provide connection points and support for vias that connect to additional coil
layers. In certain implementations. additional coil layers can be added to the coil using
similar methods to those described above. The additional coil layers are separated by
insulating layers or placed on opposite sides of an insulating substrate. In certain
implementations, the multi-layer coil is used as a stator in a motor.

Figure 22A illustrates a cross-section of a stator having two coil layers.
A first coil layer 2202 and a second coil layer 2204 are laminated onto an insulating
planar substrate 2206. such as a PCB. The first and second coil lavers 2202 and 2204
are separated by an insulating layer and electrically connected to each other with a via
2208. The stator is driven by a first connection pad 2210 and a second connection pad
2212. In certain implementations. the second connection pad 2212 is routed to the
front surface of the PCB using a via. An opening 2214 is provided for an armature that
moves perpendicularly to the surface of the substrate in response to energizing the
stator.  The first and second coil layers can be constructed using the coil layers
illustrated in Figures 20 and 21. or with similar trace patters arranged so that the coil
layers produce a single direction of rotation around the opening 2214. The
implementations illustrated in Figure 22A can be extended to include additional coil
layers laminated to both sides of a planar substrate.

Figure 22B illustrates a cross-section of a stator having four coil layers.
A first-front coil layer 2250 and a second-front coil layer 2252 are laminated onto a
front surface of an insulating planar substrate 2254, such as a PCB. A first-hack coil
layer 2256 and a second-back coil layer 2258 are laminated onto a back surface of the
insulating planar substrate 2254. A first via 2260 electrically connects the end of the

first-front coil layer 2250 to the beginning of second-front coil layer 2252. A second
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via 2262 electrically connects the end of the first-back coil tayer 2256 to the beginning
of second-back coil layer 2258. Cross-substrate via 2264 connects the end of first-
front coil layer 2250 to the end of firsi-back coil layer 2256. When current enters at an
entry connection pad 2266 and passes through the four coil layers. the current travels
with a single direction of rotation until the current exits at an exit connection pad 2268.
The inductance of the stator in Figure 22B is approximately double that of the stator
shown in Figure 22A,

Figure 22C illustrates a cross-section of a stator having two coil layers.
A front coil layer 2280 and a back coil layer 2282 are laminated onto opposing sides
of an insulating planar substrate 2284. such as a PCB. A via 2288 electrically connects
the front coil layer 2280 to the back coil layer 2282 forming a coil wound in a single
direction around the opening 2290. Connection pads 2292 and 2294 provide electrical
contacts for connecting the coil to a drive current.

In some implementations. the coil layers that make up the stator are not
interconnected to form a single coil. For example. cross-substrate via 2264 may be
omitted, and the two front coil layers 2250 and 2252 are electrically driven
independently from the two back coil layers 2256 and 2258. In other implementations.
the two front coil layers 2250 and 2252 are counter-wound with respect to the two back
coil layers 2256 and 2258. In this configuration, the magnetic fields generated in the
opening 2270 by the two front coil layers oppose the magnetic field generated by the
two back coil layers.

PCBs are suitable substrates for making the coils and motors described
in the current document. A PCB can be constructed using a PCB process where layers
of printed copper are separated by a hard laminate core, for example. using FR-4 glass-
reinforced epoxy. A PCB made from polyimide can support a greater density of coils
and increased mechanical flexibility. A PCB made from a ceramic. such as aluminum
oxide. provides increased hea: resistance. The stators described above can be
constructed with any of these PCB materials,

In certain implementations, the coil layers described above are arranged
to form one or more coils that overlay the front and/or back surfaces of a PCB. The

coils form a stator that drives the armature of a motor.
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Figure 23A illustrates a motor with a driving force that is perpendicular
to the surface of a substrate. The motor 2300 is constructed on a substrate 2302 . such
as a PCB. A first front coil layer 2304 and a second front coil layer 2306 ovetlay the
front surface of the substrate 2302. A first hack coil layer 2308 and a second back coil

5 layer 2310 overlay the back surface of the substrate. A first via 2312 electrically
connects the first front coil layer 2304 to the second front coil layer 2306 to form a
front coil. and a second via 2314 electrically connects the first back coil layer 2308 to
the second back coil layer 2310 to form a back coil. Front coil connections 2316 and
2318 provide electrical connectivity for driving the front coil. and back coil

10 connections 2320 and 2322 provide electrical connectivity for driving the back coil.

A magnetic armature 2324 having a north pole 2326 and a south pole
2328 is positioned in an opening in the substrate 2302 through the center of the front
and back coils. In order to drive the magnetic armature 2324 into vibration, a first
oscillating current is applied to the front coil connections 2316 and 231 8, and a second

15 oscillating current is applied to the back coil connections 2320 and 2322. When the
mator is operated, the current that flows through the front coil and the current that flows
through the back coil flow with opposite directions of rotation. In certain
implementations, this is accomplished by applying the same oscillating current to both
front and back coils provided the coils are counter-wound. In an alternative

20 implementation, where the coils are not counter-wound, the second oscillating current
is 180 degrees out of phase with the first oscillating current. The resulting oscillating
magnetic field provides a magneto-motive force to the north pole 2326 and the south
pole 2328 in synchrony, driving the magnetic armature 2324 into vibration at a
frequency proportional to the frequency at which the oscillating current is applied. In

25 analternative implementation, the second front coil layer 2306 is connected to the first
back coil layer 2308 with a third conductive via to form a single-drive counter-wound
stator that is driven with a single oscillating current to produce vibratory motion of the
armature,

The magnetic armature is constructed from an axially polarized magnet.

30 Inone implementation, the magnet is a neodymium grade N-42 disk magnet. The size
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and shape of the magnet is adapted based, in part, on the desired vibration profile of
the motor,

Figure 23B illustrates the motor with the magnetic armature in an
upward position. When a first driving current is applied to a front coil 2330. the front
coil 2330 generates a downward magnetic flux 2332. In response to the downward
magnetic flux 2332. an upward vertical force is exerted on the north pole 2336. As the
first driving current is applied, a second driving current is applied to a back coil 2338
and an upward magnetic flux 2340 is generated. In response 10 the upward magnetic
flux 2340, an upward vertical force is exerted on the south pole 2342 of the magnet. In
response to the upward forces. the magnetic armature 2334 moves upwards as
illustrated in Figure 23B.

Figure 23C illustrates the motor with the magnetic armature in a
downward position. When the direction of the first and second driving currents is
reversed, the forces on the north pole 2360 and south pole 2362 are reversed. When
the first reversed current is applied to a front coil 2364, the front coil 2364 generates
an upward magnetic flux 2366, and a downward vertical force is exerted on the north
pole 2360. When the second reversed current is applied to a back coil 2368 a
downward magnetic flux 2370 is generated. A downward vertical force is exerted on
the south pole 2362 of the magnetic armature 2372. In response to these two forces.
the magnetic armature 2372 moves downwards as illustrated in Figure 23C.

The drive currents are alternated to cause the magnetic armature to
vibrate perpendicularly to the surface of the substrate at a chosen frequency. In one
implementation, the front coil and back coil are counter-wound with respect to each
other. The front and back coils are connected with a conductive via or wire and driven
with one drive current. This arrangement causes the front and back coils to generate
simultaneous magnetic flux signals in opposing directions, which, in turn. acts on the
north and south poles of the magnetic armature to drive the magnetic armature into
vibration.

In alternative implementations, additional coil layers are employed. For
example, an 8-layer PCB can have four front coil layers and four back coil layers. The

four front coil layers are connected to form a front coil, and the four back coil layers
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are connected to form a back coil. In certain implementations, the front coil and back
coil are counter wound, and driven with a single drive current as explained above.

Next, a slightly more mathematically descriptive explanation of
oscillation, resonance, and the @ factor is provided. Figures 24A-D provide
illustrations of various physical and mathematical concepts related to oscillation. Great
insight into harmonic oscillators can be provided by considering a simple, one-
dimensional spring. Figure 24A illustrates a spring that can be extended in the x
direction. In a first diagram 2402. the spring is shown in an equilibrium. resting state
with a point or mass 2404 at the end of the spring located at the position x = 0. Ina
second diagram 2406, the spring has been pulled rightward, along the x direction, with
the mass 2404 now located at a position x. As is well known. the extended spring has
potential energy that results in a force Fx 2408 that points in the opposite direction. in
other words, were the spring released. the mass would travel leftward. oscillate back
and forth, and eventually settle back to the 0 position shown in diagram 2402. Were
the spring frictionless. however. the mass would continue to oscillate back and forth,
in a manner similar to the linear (ORM described in Figures 4A-B, indefinitely.

The frictionless spring can be mathematically modeled as follows:

F(x)=—kx.

where  F,(x) is the force exerted by the spring;

x

x 1s the position of the spring end; and

k is the force constant.
The force constant & is a property of the spring, including all of the parameters that
contribute to its elasticity, compressibility, and other physical characteristics of the
spring. In more complex, realistic situations, many different factors may contribute to
the force constants associated with harmonic oscillators, including interaction with
other harmonic-oscillation modes within a physical device or module.

The potential energy of the spring system illustrated in Figure 24A can

be modeled as:

1

U(x)==kx?,
(x)=1
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where {7 (x) is the potential energy of the spring system.

Using Newton's second law. the equation that models the force exeried by the spring
when it is extended or compressed can be modeled as a simple. second-order
differential equation:

mi=Fx=—kx,

where m == mass of oscillator; and

. d’x
X = .
dt”
This differential equation can be simplified as:
.k 5
X=— X=—-@wx,
m

where @ = \/z
m

The general solution for this simple. second-order differential equation is, in one

form:
x(t)=Ce"" +Ce™'.
In this equation, €| and (> are arbitrary constants that are determined by the initial
conditions of a particular spring system. This solution can be recast as:
x(t)= B, cos(wr)+ B,sin(at).
where B, = C, +C,; and
B, = 1'(C, - Cz).
A final, perhaps most elegant form of the solution is:

x(r)= Re[4e'“ )],

where de™” = B, - iB, =C.

In this equation, 4 is the amplitude of the oscillation, w is an angular velocity of the
oscillation, as discussed above with reference to Figure 24B. and d is an initial phase
offset. This final expression describes the mapping of a rotation to linear harmonic

oscillation, as discussed above with reference to Figure 4B. shown again. in Figure
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24B, with annotations taken tron: final expression for the solution to the differential
equation.

As mentioned above. a frictionless spring would continue to oscillate
indefinitely after being released from an extended position. However. in actual
systems, there are always resistive forces. such as friction, that dampen the oscillation
50 that, over time, the amplitude of the oscillation decreases and the oscillation finally
stops. This more complex and more realistic scenario can be modeled by including a
resistive-force term in the second-order differential equation:

mX+bx+kx=0,

where — bx is a resistive force: and

X B

dt

Defining several new constants as follows:

b .
B = = damping constant. and
Zh

e

ik
@,*=,{— = natural frequency
' \’nt

and solving the above modified second-order ordinary differential equation. the

following result is obtained:

x(t) = de® cos(w - 5)

< a,
when, as indicated above, the damping constant £ has a value less than the value of
the natural frequency @,. the system in under-damped and the amplitude of the
oscillations decrease non-linearly. as shown in Figure 24C. When S is greater than
@), the system is over-damped. in which case only a single oscillation may occur, as

shown in Figure 24D.
Most physical systems have one or more natural frequencies at which

they oscillate. when mechanically perturbed from their equilibrium states. In ORMs,

89



Dacket No, 35099.008

a motor is used to continuously perturb the system in order to drive the ORM to

oscillate and generate vibration. A device in which an ORM is incorporated vibrates

in response to a driving vibration generated by the ORM. In this case. an external

driving force F () is applied by the ORM to drive continuous oscillation of the device
5 inwhich it is included. An external-force-driven linear oscillator can be modeled by

the following expression: '

mx + b + kx = F (1),
where F (¢} is an external driving force.

With the definition:

10 IGE F(t).

H{]

the mathematical model becomes:
¥+28%+w x = f(t),
A solution for this expression is:
x(t)= Acos(wt - &)
where f (1) = £, cos(ex):

2

15 AP =— f‘ — ;and
(0 -~} +45%0"
~
{ 28m
O = arctan | ——’é’l—;
Wy @

In this expression, the constant e is the driving frequency of the driving force. which
is somewhat less than the natural frequency . As can be seen in the expression for
the square of the amplitude. which is proportional to the energy of the vibration, the
amplitude is maximized when the denominator of this expression is a value
20 approaching 0. Maximizing the expressiou can be carried out either by varying the
physical device in order to vary the natural frequency we. while the external-driving-
force frequency remains fixed . or by varying the driving frequency o when the

natural frequency cio is fixed. When e varies and o is fixed. 4 is maximum when e
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—_—
. . . i 2 2 .
= w; and when o varies and wq, 4 is maximum when @ = \/@,” — 2" . This is where

the term "resonance” arises. The resonant frequency is the frequency at which the
amplitude .4 is maximized. As can be seen, this occurs, in general. when the driving
frequency of the motor or other mechanical-force-input mechanism has a frequency
close to or equal to the natural frequency e of the physical system. A quality factor

¢ can be expressed. in terms of the natural frequency and damping factor. as:
0= ;_")‘_ ‘
24
This is the reciprocal of the rutio of the width of the amplitude peak at half its maximum
value to the natural frequency @, .

An ORM Controller

Figure 25 shows a block diagram of a generic device. appliance, or
system that employs ORMs to generate vibration. The vibration may be generated for
application to people, animals. or objects for various purposes, including therapeutic
purposes, or may instead be generated to provide haptic feedback. such as vibration in
mobile phones, vibration-based notification, or vibration-based communications.
Thus, the current document is directed to particular features of a generic ORM-
containing device or system that may be used in a wide variety of different types of
applications or included in larger devices and systems. In Figure 25. the device.
appliance, or system is represented by an outer rectangle 2502. The device includes
four ORMs 2504-2507. The {3RMs may be of any of many different types, including
the types of ORM discussed above. In general, the ORMs convert input energy. such
as an electrical current, to mechanical vibration. The device also includes several
vibration sensor 2510-2511. There are a variety of different types of vibration sensors.
including piezoelectric accelerometers that measure acceleration in one. two. or three
different orthogonal directions. Other types of sensors may include membranes
attached to moving coils that generate electronic signals when the membrane vibrates,
similar to a reverse audio speaker. In addition, the device or system contains a
controller 2516. The controller includes ORM control logic 2418 that transmits control

signals, in certain cases electrical signals that also serve to power the ORMs. The ORM
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control logic may be implemented as a sequence of processor instructions. when the
controller 2516 is a processor or processor-controlled controller subsystem. In many
of the ORM devices and systems. the controller accesses some type of electronic
memory 2520, which stores processor instructions and other types of data for
implementing ORM control logic 2518. Not shown in Figure 25 are various standard
components and signal lines. including a power supply and power-transmitting
circuitry, display screens, push buttons, other user-interface-related components, and
other types of logic and logic-controlled subcomponents particular to particular types
of devices, such as transceivers and communications subsystems within mobile phones.
A set of double-headed arrows, such as double-headed arrow 2522, represent the fact
that the controller may control many other subcomponents and features of the device
or system in addition to the QRMs.

In the previous discussion of oscillation, vibration. and resonance,
simple mathematical models for one-dimensional harmonic oscillation were
developed. However, in the generic ORM-containing device or system, there may be
multiple ORMs, activation of which produce very complex three-dimensional spatial
vibration. Vibration modes of individual ORMs suay couple to produce a large number
of complex spatial-vibration modes. The physical characteristics of these vibration
modes may be highly dependent on the exact geometry, weight and balance, and the
material type of the housing and internal components of a particular device or system.
As aresult, there may be numerous different natural resonant frequencies for the device
ot system.

Figures 26A-B illustrate multiple resonant frequencies within a device
or system. In Figure 26A. the vibrational energy. or square of the amplitude of the
vibration. is plotted with respect to frequency. The vertical axis represents the energy
and vibration 2602 and the horizontal axis represents the frequency of vibration 2604.
The plotted curve 2606 shovs numerous different vibration-energy peaks 2610-2615.
The heights and positions of these peaks along the frequency axis 2604 may vary
considerably with slight changes to the physical characteristics of a device or system

that is vibrated by ORM components.
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Figure 26B shows a more complex type of vibration-response plot. The
vibration response is represented by a surface 2620 in the plot shown in Figure 26B.
Measured amplitudes or vibration energies produce a surface 2620 in a three-
dimensional Cartesian coordinate system that includes an x-direction vibration
frequency axis 2522, a y-direction frequency axis 2624, and a vibration-energy axis
2626. The device or system for which the vibration-response surface 2620 is obtained
includes two ORMs, one of which generates vibrations in the x direction and one of
which generates vibrations in the y direction. The two ORMs can be independently
controlled to generate vibrations in their respective directions at different frequencies.
The x. y plane 2628 below the plotted vibration-energy surface 2620 represents all
possible x-direction vibration frequencies and y-direction vibration frequencies that can
be generated by the two ORMs within the device or system. As shown in Figure 26B,
the surface includes three local vibration-energy maxima 2630-2632. These three local
maxima are each associated with x-direction frequency and jy-direction frequency
components 2634. Thus. in the case shown in Figure 26B, two ORMs which generate
vibrations in two different directions within the device or system may generate a
complex vibration-response surface with respect to the frequencies at which the two
ORMs are operated. Depending on the types and numbers of ORMs, the vibration
response may be a hyper-dimensional surface in a much higher dimensional frequency
space. In all cases, however, the device or system generally has some number of
characteristic resonant frequencies that represent maximal vibration energy or
amplitude with respect to the frequencies at which individual ORMs are driven with
the device or system. In general. the number of resonant frequencies is equal to the
number of vibrational degrees of freedom in the device, appliance. or system.

A vibration-response obtained for a device or system by measuring
sensor output can be used to identify and tabulate the natural resonant frequencies for
the device or system. Figure 27 provides an example resonant-frequency table for the
generic ORM-containing device discussed above with reference to Figure 25. Each
row in the resonant-frequency table 2702, such as row 2704, represents a local maxima.
or peak, in the vibration response for the generic device. In the example table shown

in Figure 27, each peak is characterized by an amplitude in the x 2706, 1 2707, and =
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2708 directions as well as by the frequency of vibration represented by the peak @ 2710
and by the frequency at which each of the four ORMs are driven &y the ORM control
logic 2712-2715. Thus, to achieve maximum vibration energy of the vibration of the
generic device at any of the resonant frequencies for the device. the ORMs are driven
at the control frequencies for that resonant frequency.

Figures 28A-C illustrate how an ORM control scheme combines with a
resonant frequency to produce a vibration response. Figure 28A shows the vibration-
response for a simple device. vibration of which is stimulated by a single ORM. There
is a single natural frequency 2802 corresponding to the vibration-energy peak 2804
in the vibration-response plot of vibration energy with response to frequency. Figure
28B shows a plot of the frequency of vibration generated by an ORM with respect to
time over a time interval that represents an ORM control scheme. In F igure 28B, the
vertical axis 2810 represents the frequency at which the ORM is driven by ORM-
control input and the horizontal axis 2812 represents time. The control curve 2814
indicates that the ORM is non-linearly driven over an initial time period 2816 to the
natural frequency w 2818 for the device in which the ORM is included. At a final
point in time #2820, input to the ORM is discontinued. Figure 28C shows a vibration-
response curve for the device containing the ORM when the ORM is operated
according to the control curve 2814 discussed above with reference to Figure 28B. As
shown in the vibration-response curve 2822, there is an initial lag time 2824 following
initiation of the control scheme before a perceptible device vibration occurs, at time #;
2826. The vibrational energy, or amplitude of vibration, very steeply increases from
this point on as the ORM is controlled to approach and equal the natural frequency
for the device. At time 7r 2820, the vibrational energy of the device relatively steeply
falls, since the ORM is no longer being driven. However, the vibrational energy does
not immediately fall to 0. as in the control curve, but over a short period of time 2828
after the ORM ceases to be driven.

The generic device. as discussed above. contains a memory that may
store various types of control schemes. or control patterns. for the QORMs that are
controlled by the ORM control logic. Figure 29 shows a few examples of control

patterns that may be applied to ORMSs by the control logic within the generic device.
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The example patterns include a linear ramp-up and ramp-down pattern 2802, a constant
control over a specified duration of time 2904, and an oscillating control 2906. The
patterns may be parameterized by the duration of the pattern 2908 and the maximum
input to the ORM 2910. The input may be specified as the current or voltage. for
certain types of ORMs. Other ORMs may be controlled by digital control signals in
which numerically encoded commands are transmitted to the QRM. The control
patterns can be scaled in both time and frequency in order to generate a variety of
equivalent vibration responses for the ORM with similar forms. but different maximum
amplitudes and over different periods of time.

A set of scalable control patterns, such as those shown in Figure 29, and
a table of resonant frequencies, such as that shown in Figure 27, can be used to generate
a table of different types of vibration that can be generated in the generic device by
controlling the ORMSs within the device according to scaled control patierns. Figure
30 shows an example vibration-type table that may be prepared for the generic device
shown in Figure 25. Each row in the table, such as row 3004, represents a different
vibration type that can be produced in the generic device by controlling the ORMSs
within the device. For example. a cell phone may use a variety of different haptic
vibration signals to alert the cell phone user of many different types of events. Each
different vibration signal corresponds to a different vibration- type. Lach vibration
type is characterized by a vibration-type identifier 3006, an amplitude range for the
vibration 3008. a reference duration for the vibration 3010, and the control pattern and
scaling parameters for the pattern for each of the ORMs 3012-3015. Each vibration
type can be scaled within the amplitude range and may also be scaled for a desired
duration.

By using either external or internal sensors to characterize the natural
resonant frequencies for a physical device or system that contains ORMs. a large
number of different vibration responses for the physical device or system can be
compiled based on the resonant frequencies as well as a set of ORM control paiterns.
In alternative vibration-control approaches, the different types of vibration responses
may be computed, on the fly. rather than tabulated based on a set of control patterns.

However, in all cases, characterization of the resonant frequencies of the device or
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system that is vibrated by the ORMs contained within the device or system is a
necessary step in producing predictable vibration responses via ORM control.

Figures 31-36 provide control-flow diagrams to illustrate control logic
used in the generic device. discussed above with reference to Figure 25, to produce
well-defined vibration modes or vibration responses in the physical device or system.
Figure 31 illustrates the inner control loop of the control logic within the physical
device shown in Figure 25. The inner control loop waits, in step 3102. for a next event
and then handles the event that occurs. When the event is a characterize-vibration
event. as determined in step 3104. the routine characterize vibration is called to handle
the event in step 3106. When the event is a generate-vibration event, as determined in
step 3108, a generate-vibration routine is called in step 3110 to generate a vibration in
response to the generate-vibration event. When the next event is a user-input event. as
determined in step 3112, a process-input routine is called, in step 3114. to handle the
input from the user. Ellipses 3116 are used in Figure 31 to indicate that many other
types of events are handled by the inner event loop of the control logic. When, after
handling the most recently occurring event. there are other events that are queued for
handling which arose while handling the most recently handled event, as determined
in step 3118, then a next event is dequeued in step 3120 with control flowing back to
step 3104. Otherwise, control flows back to step 3102 where the inner event loop waits
for a next event to occur.

The characterize-vibration event 3104 is an event that is raised by
control-logic routines, timer-expiration handlers, and by other control logic in order to
control the ORMs and sensors within the generic device to carry out a re-
characterization of the vibration-response for the physical device. as discussed above
with reference to Figures 26A-B. in order to update the resonant-frequency table, such
as the resonant-frequency table discussed above with reference to Figure 27. In devices
that employ a vibration-type table, such as the vibration-type table discussed with
reference to Figure 30. the vibration-type table is also updated following update of the
resonant-frequency table.

A generate-vibration event is raised by control logic in order to vibrate

the generic device for a variety of different reasons. As one example. the device may
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be vibrated in response to user input. As another example, the device mauy be vibrated
when the control logic determines that any of various alert conditions have arisen. As
yet another example, generate-vibration events may be raised in order to communicate
information to a device user.

Figure 32 provides a control-flow diagram for the characterize-vibration
event handler. called in step 3106 of Figurer 31. In step 3202. the routine calls a
subroutine sweep in order to generate a sampling of a vibration-response curve. surface,
or hyper-dimensional surface. In step 3204, the routine calls a store-vibration-maxima
subroutine in order to identify the resonant frequencies from the curve or surface
sampled in step 3202. Finally, in step 3206, the routine calls a compute-and-store-
vibration-type-controls subroutine in order to update the vibration-type table based on
the new resonant-frequency determination made in steps 3202 and 3204.

Figure 33 provides a control-flow diagram for the subroutine sweep,
calied in step 3202 of Figurer 32, In step 3302, the subroutine sweep initializes a data
structure for storing a vibration response. As discussed above, the vibration response
may be a sampled curve, sampled surface, or sampled hyper-dimensional surface. In
the for-loop of steps 3304-3306, a frequency sweep of each ORM is initiated. A
frequency sweep is a control pattern that continuously sweeps each ORM over a wide
range of driving frequencies. Each ORM repeats a single frequency sweep over a
different time interval. so that following a number of iterations, the multi-dimensional
ORM-driving-frequency space can be sampled. Then. in the for-loop of steps 3308-
3312, the sweep routine continuously samples the vibration amplitude or vibrational
energy produced in the device, using sensor output, while the driving-frequency sweeps
take place. There are, of course, many alternative methods for sampling the multi-
dimensional driving-frequency space in order to generate a sampled vibration-response
curve, surface, or hyper-surface.

Figure 34 provides a control-flow diagram for the store-variation-
maxima subroutine called in step 3204 of Figure 32. In step 3402, the routine identifies
local maxima in the vibration-response curve or surface produced by the sweep routine.
There are many well-known mathematical techniques for identifying local maxima

within a curve, surface, or hyper-surface. Then, in the for-loop of steps 3404-3406,
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data that characterizes each of the local maxima are tabulated in the resonant-frequency
table.

Figure 35 provides a control-flow diagram for the compute-and-store-
vibration-type-control subroutine called in step 3206 of Figure 32. In a for-loop of
steps 3503-3509, each possible set of ORM/control-pattern/resonant-frequency triples
is considered. The currently considered triple is used to estimate the vibration mode
and intensity of the resulting device vibration, in step 3504. 1n step 3505. the nearest
vibration-type to the estimated vibration mode is identified, if there is one. 1fa nearest
vibration type is found, as detesmiined in step 3506, and when the current ORM - control-
pattern/resonant-frequency triple provides a device response closer to the vibration
type than the control parameters currently associated with the vibration-type, as
determined in step 3507. then, in step 3508, the vibration-type table entry for the found
vibration type is updated with the current control parameters represented by the
currently considered ORM/control-pattern/resonant-frequency triple. Of course, in
certain cases, there may be too many possible ORM/control-pattern/resonant-
frequency triples to consider in a reasonable amount of time, in which case the
resonant-frequency data may be used in other ways to find the best control parameters
for the vibration types in the vibration-type table.

Figure 36 provides a control-flow diagram for the generate-vibration
handler called in step 3110 of Figure 31. In step 3602, the handler receives a vibration
type, duration. and amplitude associated with the generate-vibration event that is being
handled. In step 3604. the appropriate ORM control parameters and patterns are
selected from the vibration-type table. In step 3606, the ORM control parameters are
scaled according to the received duration and amptitude. In step 3608, a stop time at
which the vibration will finish is determined from the received duration. Then, in the
Jor-loop of steps 3610-3613. the generate-vibration handler continuously adjusts inputs

to each ORM according to the scaled ORM control parameters produced in step 3606.

Precise and Accurate Conirol of ORMs
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The current document is directed to various approaches used within the
control logic of an ORM-containing device, appliance. or system. to accurately and
precisely control the ORMs to produce time-dependent driving oscillations in
conformance with desired control patterns. As discussed above, the combination of
controlting ORMs in accordance with control patterns and the accurate characterization
of the resonant frequencies of the device, appliance, or system together allow for
reproducible generation of many different types of vibration responses of the device,
appliance. or system to the driving oscillations of control-pattern-controlled ORM:s.

As further discussed below. many current contral regimes fail to
accurately reproduce the desired driving time-dependent oscillations in each ORM
within a device, appliance, or system. As a result, the vibration response of the device,
appliance, or system may vary significantly from a desired vibration response and,
perhaps more importantly, may not be accurately reproduced at different points in time.
due to the inability to accurately and deterministically control the ORM:s to produce
driving oscillations in conformance with desired control patterns.

A first approach to more accurately controlling ORMs is to use pulse-
width modulation control signals rather than conventional constant-duration control
pulses. Figures 37A-D illustrate pulse-width modulation control of an ORM. Figure
37A shows a desired vibration response for an ORM that represents a desired time-
dependent driving oscillation for inducing at least a portion of the vibration response
ofa device, appliance, or system in which the ORM is included. The desired vibration
response of the ORM is a sine-wave-like 3702 oscillation that is plotted. in Figure 37A.,
on an amplitude versus time coordinate system 3704. Figure 37B illustrate a
hypothetical control regime that attempts to produce the desired driving oscillation
discussed above with reference to Figure 37A in a hypothetical ORM. Constant-width
voltage pulses, such as voltage pulse 3706, are input to the ORM to drive the weight
or mass in forward and backward directions along the oscillation path. These pulses
are piotted in Figure 37B in a voltage versus time coordinate system 3708. Because
the constant-width pulses are a rather crude approximation of the desired sine-wave-
like vibration response. the vontrol regime shown in Figure 37B comprises a series of

positive-voltage, O-voltage. and negative-voltage constant-width pulses 3706 and
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3710-3713 that produce a vibration response, superimposed in Figure 37B over the
control pulses, as curve 3716. In general, the pulse widths are controlled by an
oscillating clock or clock-based timing signal. The vibration-response curve 3716
differs significantly from the desired driving oscillation shown in Figure 37A. Figure
37C shows the desired vibration response 3702 plotted together with the vibration
response produced by the constant-width voltage-pulse control 3716. In fact. this is
actually a relatively favorable case, because the sequence of positive. 0O-voltage, and
negative voltage pulses shown in Figure 37B has a period close to the period of the
desired sine-wave-like vibration response. Otherwise, the actual vibration response
would differ even more greatly from the desired vibration response. often having
irregularly shaped wave forms.

Figure 37D illustrates pulse-width-modulation control of the ORM. In
pulse-width-modulation centrol. rather than using constant-width voltage pulses to
control the ORM, the controller instead uses variable-width pulses. Moreover, much
shorter pulses can be used to more precisely control the vibration response of the ORM.
In essence, pulse-width modulation allows a variable-frequency control signal to be
used, rather than a constant-frequency control signal. Because a variable-frequency
control stgnal can contain a much greater amount of information than a constant-
frequency control signal. the pulse-width-modulation control signals can be used to
much more precisely steer the vibration response of the ORM towards a desired wave
form. As shown in Figure 37D, many more voltage pulses are used in order to achieve
the sine-wave-like vibration response of the ORM. For example, in the constant-width-
pulse control shown in Figure 37B. a positive-voltage pulse 3706. a 0-voltage pulse,
and a negative-voltage pulse 3710 are used to attempt to approximate the first period
of the desired vibration response. By contrast. as shown in Figure 37D, four positive-
voltage pulses 3720-3722 and 3726 and three negative-voltage pulses 3723-3725 are
employed to produce the first period of the desired vibration response. Moreover, these
seven pulses have varying pulse widths and are irregularly spaced afong the time axis.

Another problem associated with conventional control of QRM:s is that
the vibration response produced by a control pattern is often very different from the

vibration response that might be predicted from the control pattern or desired. For
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example, in Figure 38A, a control pattern is shown that involves a constant-voltage
signal 3802 from an initial time £ 3804 to a final, end time 1 3806. Of course. this
control pattern may correspond to a large number of positive-voltage pulses in the time
interval #; to fn. The vibration response of the ORM is shown in Figure 38B. In this
figisre. the horizontal time axis 3808 has been rescaled to show more detail. The control
pattern 3802 shown in Figure 38A might be initially assumed to produce a pulse of
constant-amplitude vibrations over the time interval #. to ¢~ However. as shown in
Figure 38B, the actual vibration response of the ORM. shown as curve 3810, includes
an initial ramp-up interval 3812 in which the amplitude of the vibration response
steadily increases to the desired amplitude. a middle period 3814 in which the ORM is
oscillating at the desired amplitude, a short period 3816 at the end of the time interval
f; to ¢ during which, in anticipation of the sharp control-pattern edge at time ¢ the
control voltage is dropped to 0 so that the vibration will fall to a low level at time 1.
and a fourth undesired ramp-down interval 3818, extending well past the time ¢~ during
which vibration of the ORM continues at increasingly smaller amplitudes.

Figure 39 illustrates modification of the naive control pattern. shown in
Figure 38A, in order to achieve a better approximation of the desired constant-
amplitude oscillation in the time interval 7, to ¢ In a first plot 3902. the naive contro!
pattern is shown. In a second plot 3904, the naive control pattern is modified in order
to produce the constant-amplitude osciilation that is desired. First. a large-voltage
input 3906 occurs prior to time 1 in order to quickly force the ORM to begin vibrating.
From time # to a time prior to time 1. a lower-voltage input 3908 is provided in order
to control the ORM to oscillate at the desired amplitude. Prior to time 7. a negative-
voltage control signal 3910 is input to the ORM in order to sharply drive the ORM
towards oscillation out of phase with the desired driving oscillation during the time
interval ¢ to #n. This negative-voltage control signal is then relaxed linearly 3912 in
order to stop ORM vibration in a relatively short period of time. As shown in plot 3914
in Figure 39, the vibration response of the ORM much more closely approximates a
desired constant-amplitude vibration between time intervals £ and #.

Many different types of control inputs can be used to shape the vibration

response of an ORM. For example, short control pulses can push the vibration to a
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different phase, resulting in cancellation of the previously established oscillation. The
various types of inputs depend on the type and form of control signals that can be
transmitted to the ORM, which, in turn. depends on the type of ROM, the driving force
used to induce oscillation of the moving mass within the ORM, and the type of logic
circuitry that receives input signals and translates them into oscillations.

Thus, in addition to pulse-width modulation. a wide variety of different
types of complex control signals may be devised in order to achieve the vibration
response desired from the simple control patterns discussed above. including control
pattern 3802 shown in Figure 38A. Many different control-signal parameters may be
varied in order to control an ORM to provide a desired vibration response, including
varying the voltage of the control signal, using pulse-width modulation to finely tailor
the control signal to produce a desired vibration response, and adjusting the control
signal to include pre-response and post-response signals to remove undesired ramp-up
and ramp-down periods in the vibration response.

In addition to varying the input control to an ORM, an ORM may be
designed to include a variety of different mechanical controls to further increase the
range of vibration responses of the ORM. Figures 40A-40F illustrate movable
mechanical stops and mechanical latches, two types of mechanical control features that
may be included in various types of ORMs. Equivalent electromagnetic features may
be included in other types of ORMs. Figure 40A illustrates a first type of ORM. Ina
first diagram 4002, the ORM is shown in an equilibrium. non-vibrating position. The
ORM includes a moveable weight or mass 4002 that is connected to two ends of the
ORM 4004 and 4006 by springs 4008 and 4010. Diagram 4012 shows the ORM when
the movable mass 4002 has been moved, by application of a translational force. such
as an electromagnetic force. to the furthest position in the leftward direction along the
oscillation path. In this position. spring 4010 is compressed and spring 4008 is
extended. In both cases, the springs have potential energy that produces forces that
force the movable mass 4002 back in the rightward direction towards stop 4012,
Diagram 4014 shows the ORM with the movable mass in the furthest rightward

direction.
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Figure 40B shows the equilibrium and largest-amplitude positions of a
movable mass in a different type of ORM. In a first diagram 4016. the ORM is shown
in an equilibrium position. The ORM features an arc-like oscillation path 4018 along
which the moving mass 4020. attached to a rotor 4022, oscillates. The moving mass
4020 is attached to the rotor 4022 by a flexible support 4024. Diagram 4026 shows the
ORM with the movable mass in the furthest leftward position and diagram 4028 shows
the ORM with the movable mass in the furthest rightward direction. similar to the
positions shown for the ORM of Figure 40A in diagrams 4012 and 4014.

Figure 40C illustrates movable mechanical stops included in the ORM
discussed above with reference to Figure 40A. The movable stops are depicted by
features 4030 and 4032 in a first diagram 4034, Of course, the depictions do not
necessarily reflect the shape, size. and structure of mechanical stops needed to stop
motion of the moveable mass in the various different types of ORMs. but are instead
used to illustrate positioning of the moveable stops and their deployment. In a second
diagram 4036, the movable stops have been repositioned 4038 and 4040 in order to
limit the length of travel of the moving mass 4002. The second diagram 4036 shows
the leftward extent of motion of the moving mass 4002 with the movable stops
deployed and diagram 4042 shows the rightward extent of travel of the maoving mass
when the movable stops are depioyed. Similar illustration conventions are used. in
Figure 40D, to illustrate deployment of movable stops in the ORM discussed above
with reference to Figure 40B. Use of movable stops can significantly alter the vibration
response of the ORM o a given control input. This may include changing the
amplitude of the vibration response. the frequency of the vibration response, and
changing the force imparted by the moving mass to the ORM when the moving mass
strikes the stops versus the original end stops 4002 and 4004, n general. the vibration-
response alterations are complex functions of the geometry, material composition, and
driving forces used in the ORM.

Figures 40E-F illustrate use of the movable stops, discussed above with
reference to Figures 40C and 40D, as latches. As shown in a first diagram 4048 in
Figure 40E, the movable stops have been repositioned 4050 and 4052 closer to the

center of the oscillation path. As shown in diagram 4054, the lefi-hand movable stop
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4056 has been deployed when the moving mass 4002 has just reached its lefiward,
stopped position. As a result, motion of the moving mass is stopped. resulting in an
immediate cessation of the driving oscillation produced by the ORM and a higher force
exerted in the last oscillation on the left-end stop 4004 of the ORM. Diagram 4058
shows the right-hand movable stop 4052 deployed to latch the moving mass 4002 at its
furthest right-hand position. Figure 40F shows similar deployment of the movable
stops, in the ORM discussed above with reference to Figure 40B, to latch the moving
mass al its leftward and rightward extents. Latching of the moveable mass may trap
the moveable mass in a high-potential-energy state, so that immediate. rapid oscillation
may ensue when the latch is released. Latching may also significantly alter the
relaxation of the oscillation at the end of control-pattern execution.

The current document is directed to employing the various different
types of alternative control of {3R)\s to more accurately generate desired vibration
responses. This involves use of a much greater amount of information about the QRM
than used in the vibration response table discussed above. Figure 41 shows example
information that may be stored in order to more accurately control ORMs according to
the methods and considerations disclosed in the current document. The information is
stored in five different tables. An ORM table 4102 stores control information for each
different ORM in a device. appliance, or system. This information includes an
identifier for the ORM 4104, an indication of the ORM type 4105, an indication of the
minimum pulse width that can be input in a control signal 4106. an indication of the
minimum amplitude 4107 and maximum amplitude 4108 of an input control signal,
indications of whether or not mechanical or electromagnetic latches are available in the
ORM 4110 and 4112, the oscillation path length within the ORM 4114. the number of
movable stops, or path blocks included in the ORM 4115, and the positioning range
for each moveabie stop 4116-4117. An event-types table 4120
includes various different types of control events. These may include deployment of
latches. movement of movable stops. and output of control pulses of various different
widths and amplitudes. An events table 4122 includes ordered pairs of event types and
relative times that each represents one of the many different types of control events that

can be input to ORMs. Each control event includes an event ID 4123, an event type
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4124, and a relative time that specifies a time point within a control pattern 4126 at
which the event occurs. Table 4128 includes the actual control actions that a logic
controller employs to initiate each type of event in each type of ORM. For each type
of control. the table includes an indication of the event type 4130. the ORM type 4131.
a control 1D 4132, a signal type 4133. a signal strength 4134, and any of many different
other characterizations of the type of control 4135 executed by the control logic in order
to control an ORM to produce a particular type of event. Finally, table 4140 lists all of
the different types of control patterns that can be used to control ORMs. These are
equivalent to the previously discussed control patterns. Each control pattern includes
a control-pattern identifier 4142. an indication of the number of events in the control
pattern 4144, and the event identifiers for those events 4146-4149,

Figure 42 provides an alternative implementation of the routine
"generate vibration," discussed above with reference to Figure 36. The alternative
information incorporates more accurate control of ORMs using the information and
techniques discussed above with reference to Figures 37A-41. In step 4202. the routine
receives a vibration type, duration. amplitude, and start time for a desired device.
appliance, or system vibration response. Then, in the for-loop of steps 4204-4212. the
routine prepares for controlling each of the ORMs in the device, appliance. or system.
In step 4205, a control-pattern ID is selected from the vibration-type table for the ORM,
modified with respect to the previously described vibration-type table to include the
identifiers of control patterns that are tabulated in the control-patterns table 4149. In
step 4206. the identified control pattern is selected from the control-patterns table. In
the inner for-loop of steps 4207-4212, each event is selected from the control pattern
selected in step 4206. For each event, a corresponding event control entry is selected
from the event-control table. in step 4208. The controls are scaled, in step 4209,
according to the desired duration and amplitude for the vibration response. In step
4210, the time associated with the event. selected from the events table, is also scaled.
In step 4211, the scaled controls and times are added to a list of time-ordered events.
the controls for which are issued to the ORM during generation of the desired vibration
response. In step 4214. the routine waits until the desired start time for the vibration

response. Note that the desired start time takes into consideration any pre-vibration-
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response controls needed to produce the desired vibration response. Then. in the while-
loop of steps 4216-4222. the routine carries out ORM control over a set of time points
spanning the desired vibration-response duration. In the inner for-loop of steps 4217-
4220. the routine initiates a control sequence for each of the time-ordered events for
each of the ORMs at the points in time in which the contrel sequence is specified for
issuance. Then. in step 4221, the routine waits for a next update-control time point.

The above-discussed methods for more accurate and reliable control of
ORMs provide increased opportunities for generating increasingly complex vibration
responses in devices, appliances. and systems that contain ORMs. However, with
increasing complexity. attention is needed to simplifying and increasing the efficiency
of driving-oscillation sensing in order to provide feedback-based control tc ORMs. In
addition, with more accurate control. it is possible to increase the complexity of ORM
time-dependent driving oscillations. significantly increasing the types of time-
dependent driving oscillations that can be encoded in control patterns and thus
increasing the device. appliance. and system vibration responses to controlled ORM
driving oscillations.

Figure 43 illustrates both methods fir increasing the complexity of
ORM time-dependent driving oscillations as well as increasing and simplifying
feedback control. Figure 43 provides a simplified ORM-containing device architecture
similar to that provided by Figure 25, discussed above. However, as shown in Figure
43, each of the ORMSs, such as ORM 2504, is coupled to an additional passive
oscillator, such as passive oscillator 4302. In various different implementations, a
given ORM may be coupled to one. two. or more passive oscillators. When an ORM
is mechanically coupled to one or more additional passive oscillators. the passive
oscillators greatly increase the number of degrees of freedom for vibration of the
combined ORM and one or more passive oscillators. The mathematical models for the
vibration modes and resonant frequencies become far more complex, involving
eigenvalue problems arising from coupled differential equations. As discussed above,
the number of resonant frequencies for a system is generally proportional to the number
of vibrational degrees ot freedom. Furthermore, coupling passive oscillators to ORMs

may provide new. complex vibrational modes with different frequencies and
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amplitudes. Thus. vibration components comprising an ORM and one or more passive
oscillators can significantly increase the complexity of the time-dependent driving
oscillations produced by these vibration components, and therefore greatly expand the
types. frequencies, and modes of vibration responses produced in a device, appliance,
or system containing the complex vibration components.

In the simpler system shown in Figure 25, two vibration sensors 2510
and 2511 were included. These vibration sensors detected vibration in one. two, or
three orthogonal directions of the device. appliance, or system 2502 in which multiple
ORMs are included. However, as shown in Figure 43, sensors that provide information
regarding the driving oscillations produced by ORMs and passive oscillators. such as
sensors 4304 and 4305 in ORM 2504 and passive oscillator 4302, respectively, may
also provide information to local control logic, such as control logic 4306, within
ORMs as well as the controller 2316 that controls one or more ORMs within the device,
appliance, or system 2502. The sensors local to ORMs and passive oscillators may be
designed to sense driving-oscillation characteristics while vibration sensors 2510 and
2511 are designed to sense the vibration response of the entire device. appliance, or
system 2502,

By including a variety of different types of sensors within different
positions and components of an ORM-containing device. appliance. or system, an
opportunity is provided for hierarchical sensing and corresponding feedback control
within a device. appliance. or system. In many cases, the output from a vibration sensor
may be difficult to translate into accurate feedback information and corresponding
control signals. For example. the vibration sensed by the vibration sensors 2510-251 |
may be rather indirectly related to the individual driving oscillations produced by the
ORM-based vibration components. such as the vibration component comprising ORM
2504 and mechanically coupled passive oscillator 4302. In such cases. a significant
amount of inference may be necessary to logically infer the driving oscillations of the
vibration components producing the vibration-sensor signals and to compute
corresponding adjustments to ORM control. Furthermore. there may be significant
temporal lags between sensor vibration and the driving oscillations that produce the

sensor vibration. Many of the common techniques for sensing ORM driving
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oscillations in order to provide local feedback to ORMs may suffer similar problems.
Furthermore, there may be many different types of interferences and couplings between
clectromechanical driving forces. electromagnetic sensors, and other device
components that mask or entirely prevent accurate inference of the real-time
characteristics of ORMs and the vibration-response of the entire device. appliance, or
system. For this reason, simpler and more direct types of sensing and control can
provide enormous benefits in achieving desired vibration responses of the entire
device. appliance. or system, particularly in devices, appliances. and systems that
include multiple vibration components. each consisting of an ORM and one or more
passive oscillators as well as various types of vibration sensors external to ORMs and
passive oscillators as well as sensors within, or coupled to. ORMs and passive
oscillators.

Figure 44 illustrates one type of ORM driving-oscitlation sensor that
can be employed to provide feedback information for ORM control. In Figure 44, a
linear ORM 4402, used in previous examples, is again shown as an example ORM.
The linear ORM includes a mass or weight 4404 that is driven electromagnetically by
a drive coil 4406 to oscillate along a linear tube 4408. In this ORM, two sensor coils
4410 and 4412 are additionally included in order to detect motion of the weight or mass
4404 within the ORM as it is driven to oscillate. The sensor information may be
provided to an internal ORM control logic 4414 or to the controller 2516 within the
device, appliance, or system that includes the ORM. In certain cases, both the internal
ORM control logic as well as the device controller may receive sensor information, for
various different types of feedback-based control purposes. In the lower portion 4420
of Figure 44, a small control-flow diagram is provided to indicate how the sensor
information is used. When a controller receives a target frequency o, at which the
ORM is to oscillate, in step 4422, the control logic or controlier initiates oscillation of
the weight or mass, in step 4424, and then, in the while-loop of steps 4426-4430.
continues to monitor the sensor output and modify control input to the ORM in order
that the ORM oscillates at the target frequency w,. This involves reading the sensor
data to determine the actual frequency of oscillation ey, in step 4427, then determining

a difference between the target and actual frequencies in step 4428, using the
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determined difference to compute modifications to the current control of the ORM and
modify the control in a way estimated to result in the ORM achieving the target
frequency o, in step 4429. and executing the modified control in step 4430, In many
cases, the computations are sufficiently complex that the feedback-based control needs
to be implemented by control routines running on a processor. Furthermore, because
the sensors 4410 and 4412 are essentially external to the actual oscillating mass or
weight and oscillation path. the data that they output does not directly correspond to
position and velocity data for the moving mass or weight, but is instead a signal
proportional to the current induced in the sensor coils by the moving mass. A fair
amount of interpretation is required to convert the sensor information into velocity and
position information, or even into information related to the actual frequency wa of
oscillation. Moreover, there may be significant electromagnetic interference between
the drive coil 4406 and the sensor coils 4410 and 4412, limiting the accuracy at which
the actual frequency m, or mass position and velocity can be determined. Sensor-coil-
based inferences may also suffer from significant lag times between passing of the
moving weight through the sensor coil and generation of a corresponding signal. Ina
complex system in which many different sensors are being monitored for many
different ORMs, as well as sensors that detect the vibration response for a device,
appliance. or system containing the ORMs, use of inferential feedback information,
such as that provided by the sensor coils shown in Figure 44, may be problematic, at
best.

Figure 45 illustrates an alternative approach to sensing the driving
oscillations produced by an ORM. In this approach. rather than inferential sensing. as
described above with reference to Figure 44, the ORM 4502 includes a direct sensor
4504 that directly determines the position and velocity of the moving weight or mass
4506. This direct position and velocity information is output to an internal ORM
control logic 4508 that can directly use the position and velocity information to update
ORM control in order to achieve a target frequency ey, The lower portien of Figure 45
4510, includes a small control-flow diagram, similar to that included in Figure 44, to
illustrate internal contro! using the direct sensor data. When a target frequency o, is

received in step 4512, the control initiates oscillation of the mass in step 4514. In
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addition, in step 4616, the control logic initiates sensor output. Then. in the while-loop
of steps 4518-4521. the control logic continuously receives position and velocity data
from the sensor and executes immediate control based on that position and velocity
data. In step 4519, the control logic reads the position and velocity data from the
sensor. This may involve a certain amount of computation. such as computing the
difference and position with time over several readings, but because of the direct nature
of the position sensing. is generally far less inferential and computationally intensive
than in the case of indirect sensing. Then, in step 4520, the appropriate control is
computed based on the target frequency . and the current position and velocity of the
moving mass p and v. This computation may be made based on a predetermined
function, based on tables with values. or computed as another of the initiation steps,
including initiation steps 4514 and 4516. Finally, in step 4521, the computed control
is executed by the controller. In many cases. the determination of the appropriate
control corresponding to sensed velocity and position data can be made by logic
circuitry, rather than a programmed processor. In many cases, the position and velocity
data is more accurate and far more timely provided than position and velocity data
derived from indirect sensing and inference.

There are many different approaches to direct sensing of the position
and velocity of a moving mass within an ORM. Figures 46A-B illusirate several
possible direct-sensing approaches. As shown in Figure 46A, the ORM may contain a
series of apertures, such as aperture 4602, through which an illumination source shines
light. Across the tubular channel containing the oscillation path, there is a photodicde
sensor for each aperture, such as photodiode sensor 4604 corresponding to aperture
4602. The current position of the moving mass can be determined from the pattern of
high and low photodiode-sensor outputs, shown above the ORM in Figure 46A 4606.
A series of captured photadiode-sensor outputs at consecutive points in time provides
the information needed to accurately compute the velocity of the moving mass. As
shown in Figure 46B, another approach to computing the position and velocity of the
moving mass involves a series of regularly spaced pressure or presence sensors. such
as pressure or presence sensor 4610. Similar to the photodiode-sensor output. the

output from the pressure or positions sensors provides a pattern in which the position
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of the moving mass can be recognized. Various types of Hall-effect electronic sensors,
reflection-path sensors, and other types of sensors may be employed to directly
determine the position and velocity of a moving mass within an ORM.

Although the present invention has been described in terms of particular
embodiments, it is not intended that the invention be limited to these embodiments.
Modifications will be apparent to those skilled in the art. For example. any of many
different design and implementation parameters may be varied in order to provide
different implementations of the ORM control logic discussed above. including choice
of type of logic control, programming language, in the case of a processor-controlled
controller, modular organization, data structures, control structures. logic circuitry.
processor type. and many other such design and implementation parameters. Many
different types of direct sensors that relatively directly determine the velocity and
position of the oscillating mass within an ORM can be used in different types of ORMs.
Various types of electromagnetic sensors that sense position, precious-metal brush-
contact sensors, and Reed switches are examples of the many types of sensors that can
be used to directly determine oscillating-mass position and velocity and induce direct,
correspending control of the ORM.

The foregoing description. for purposes of explanation. used specific
nomenclature to provide a thorough understanding of the invention. However, it will
be apparent to one skilled in the art that the specific details are not required in order to
practice the invention. The foregoing descriptions of specific embodiments of the
present invention are presented for purpose of illustration and description. They are
not intended to be exhaustive or to limit the invention to the precise forms disclosed.
Many modifications and variations are possible in view of the above teachings. The
embodiments are shown and described in order to best explain the principles of the
invention and its practical applications, to thereby enable others skilled in the art to
best utilize the invention and various embodiments with various modifications as are
suited to the particular use contemplated. It is intended that the scope of the invention

be defined by the following claims and their equivalents:
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Determination of Patent Term Adjustment under 35 U.S.C. 154 (b)
(Applications filed on or after May 29, 2000)

The Office has discontinued providing a Patent Term Adjustment (PTA) calculation with the Notice of Allowance.

Section 1(h)(2) of the AIA Technical Corrections Act amended 35 U.S.C. 154(b)(3)(B)(i) to eliminate the requirement
that the Office provide a patent term adjustment determination with the notice of allowance. See Revisions to Patent
Term Adjustment, 78 Fed. Reg. 19416, 19417 (Apr. 1, 2013). Therefore, the Office is no longer providing an initial
patent term adjustment determination with the notice of allowance. The Office will continue to provide a patent term
adjustment determination with the Issue Notification Letter that is mailed to applicant approximately three weeks prior
to the issue date of the patent, and will include the patent term adjustment on the patent. Any request for reconsideration
of the patent term adjustment determination (or reinstatement of patent term adjustment) should follow the process
outlined in 37 CFR 1.705.

Any questions regarding the Patent Term Extension or Adjustment determination should be directed to the Office of
Patent Legal Administration at (571)-272-7702. Questions relating to issue and publication fee payments should be
directed to the Customer Service Center of the Office of Patent Publication at 1-(888)-786-0101 or (571)-272-4200.
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OMB Clearance and PRA Burden Statement for PTOL-85 Part B

The Paperwork Reduction Act (PRA) of 1995 requires Federal agencies to obtain Office of Management and Budget
approval before requesting most types of information from the public. When OMB approves an agency request to
collect information from the public, OMB (i) provides a valid OMB Control Number and expiration date for the
agency to display on the instrument that will be used to collect the information and (ii) requires the agency to inform
the public about the OMB Control Number’s legal significance in accordance with 5 CFR 1320.5(b).

The information collected by PTOL-85 Part B is required by 37 CFR 1.311. The information is required to obtain
or retain a benefit by the public which is to file (and by the USPTO to process) an application. Confidentiality is
governed by 35 U.S.C. 122 and 37 CFR 1.14. This collection is estimated to take 30 minutes to complete, including
gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon
the individual case. Any comments on the amount of time you require to complete this form and/or suggestions
for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and Trademark Office,
U.S. Department of Commerce, P.O. Box 1450, Alexandria, Virginia 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria,
Virginia 22313-1450. Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection
of information unless it displays a valid OMB control number.

Privacy Act Statement

The Privacy Act of 1974 (P.L. 93-579) requires that you be given certain information in connection with your
submission of the attached form related to a patent application or patent. Accordingly, pursuant to the requirements
of the Act, please be advised that: (1) the general authority for the collection of this information is 35 U.S.C. 2(b)
(2); (2) furnishing of the information solicited is voluntary; and (3) the principal purpose for which the information
is used by the U.S. Patent and Trademark Office is to process and/or examine your submission related to a patent
application or patent. If you do not furnish the requested information, the U.S. Patent and Trademark Office may not
be able to process and/or examine your submission, which may result in termination of proceedings or abandonment
of the application or expiration of the patent.

The information provided by you in this form will be subject to the following routine uses:

1. The information on this form will be treated confidentially to the extent allowed under the Freedom of
Information Act (5 U.S.C. 552) and the Privacy Act (5 U.S.C 552a). Records from this system of records may
be disclosed to the Department of Justice to determine whether disclosure of these records is required by the
Freedom of Information Act.

2. A record from this system of records may be disclosed, as a routine use, in the course of presenting evidence
to a court, magistrate, or administrative tribunal, including disclosures to opposing counsel in the course of
settlement negotiations.

3. A record in this system of records may be disclosed, as a routine use, to a Member of Congress submitting
a request involving an individual, to whom the record pertains, when the individual has requested assistance
from the Member with respect to the subject matter of the record.

4. A record in this system of records may be disclosed, as a routine use, to a contractor of the Agency having
need for the information in order to perform a contract. Recipients of information shall be required to comply
with the requirements of the Privacy Act of 1974, as amended, pursuant to 5 U.S.C. 552a(m).

5. A record related to an International Application filed under the Patent Cooperation Treaty in this system of
records may be disclosed, as a routine use, to the International Bureau of the World Intellectual Property
Organization, pursuant to the Patent Cooperation Treaty.

6. A record in this system of records may be disclosed, as a routine use, to another federal agency for purposes of
National Security review (35 U.S.C. 181) and for review pursuant to the Atomic Energy Act (42 U.S.C. 218(c)).

7. Arecord from this system of records may be disclosed, as a routine use, to the Administrator, General Services,
or his/her designee, during an inspection of records conducted by GSA as part of that agency's responsibility
to recommend improvements in records management practices and programs, under authority of 44 U.S.C.
2904 and 2906. Such disclosure shall be made in accordance with the GSA regulations governing inspection
of records for this purpose, and any other relevant (i.e., GSA or Commerce) directive. Such disclosure shall
not be used to make determinations about individuals.

8. A record from this system of records may be disclosed, as a routine use, to the public after either publication of
the application pursuant to 35 U.S.C. 122(b) or issuance of a patent pursuant to 35 U.S.C. 151. Further, a record
may be disclosed, subject to the limitations of 37 CFR 1.14, as a routine use, to the public if the record was filed
in an application which became abandoned or in which the proceedings were terminated and which application
is referenced by either a published application, an application open to public inspection or an issued patent.

9. A record from this system of records may be disclosed, as a routine use, to a Federal, State, or local law
enforcement agency, if the USPTO becomes aware of a violation or potential violation of law or regulation.
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Notice of Allowability Examiner ArtUnit | AIA (FITF) Status
ZOHEB S IMTIAZ 2846 Yes

-- The MAILING DATE of this communication appears on the cover sheet with the correspondence address--
All claims being allowable, PROSECUTION ON THE MERITS IS (OR REMAINS) CLOSED in this application. If not included
herewith (or previously mailed), a Notice of Allowance (PTOL-85) or other appropriate communication will be mailed in due course. THIS
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Applicants: Robin Elenga et 1.
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Filed: March 2, 2020
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Conf. No.: 7971

Examiner: Zoheb S. Imtiaz
Art Unit: 2846

Docket No.: 35099.008C1

MAIL STOP AMENDMENT
Commissioner for Patents
P.O. Box 1450

Alexandria, VA 22313-1450

AMENDMENT

INIROBUCTORY COMMENTS

Sir:

In response to the Office Action dated October 29, 2020, please extend the
period of time for response three months. to expire on April 29, 2021. Please amend the

application as follows:
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(e

AMENDMENTS TO THE CLAIMS

1. (currently amended) An oscillating resonant module comprising:

an oscillation path, which represents a segment of a space curve, along which a

point within a mass moves;

a mass that is driven by energy supplied to the oscillating resonant module to travel
oscillate back and forth along a# the oscillation path that represents a segment of a space
curve;

one or more sensors that output indications direetlycorrelated-with of the positien
positions of the mass within the oscillation path at specific points in time; and

a control component that

receives control signals input to the oscillating resonant module,

receives ewtput outputs from the one or more sensors, and

controls oscillation of the mass to produce a predetermined vibration
response according to the received control sigaat signals by repeatedly zenerating a-control

reeently generating, using one or more of the received sensor euwtputs: outputs, control

outputs to an actuator that drives the mass to oscillate.

2. {original) The oscillating resonant module of claim | wherein the one or more sensors
are selected from among one or more:

mechanical sensors;

clectromagnetic sensors; and

optical sensors.

3. (current amended) The oscillating resonant module of claim 1 wherein the control
component determines, from the received sensor eutput outputs, the velocity of the mass

from the positions of the mass at two or more points in time.
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4. {current amended) The oscillating resonant module of claim 3 wherein the control ewtput

value of a function that takes. as input, the current position of the mass.

5. (currently amendment) The oscillating resonant module of claim 3 wherein the control
eutput outputs, output by the control component to the actuator, is are computed as the
output value of a function that takes, as input, the current position of the mass and the

current velocity of the mass.

6. (currently amendment) The oscillating resonant module of claim 3 wherein the control
eutput outputs, output by the control component to the actuator, is are computed from pre-
computed values indexed by the current position of the mass and the current velocity of

the mass.

7. {currently amendment) The oscillating resonant module of claim 3 wherein the control
ettput outputs, output by the control component to the actuator, #s are computed from pre-

computed values indexed by the current position of the mass and the current velocity of

the mass.

8. (original) The oscillating resonant module of claim 1 mechanically coupled to one or
more passive oscillating resonant modules to provide a wider range of vibration responses
for the combination of the oscillating resonant module and the one or more passive

oscillating resonant modules.

9. (original) The oscillating resonant module of claim 8 wherein the-passive-eseillating
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10. (currently amended) A physical device that exhibits a vibration response when

mechanical driven by one or more oscillating resonant modules included in the physical

device, the physical device comprising:

a controller; and

the one or more oscillating resonant modules, each oscillating resonant including

an_oscillation path, which represents a segment of a space curve, along

which a point within 2 mass moves;

a mass that is driven by energy supplied to the oscillating resonant module
to_oscillate back and forth along the oscillation path that represents a segment of a space

curve;

one or more sensors that output indications of the positions of the mass

a control component that
recejves control signals input to the oscillating resonant module by

the controller,

receives outputs from the one or more sensors, and

controls oscillation of the mass to produce a vibration response

according to the received control signals by generating, using one or more of the received

sensor outputs. control outputs to an actuator that drives the mass to oscillate.
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11. (currently amended) The physical device of claim 10 whereineach-of the-one-or-mote

asciiating-resonant-medales-sonprises: further comprising:

one or more vibration sensors:

a stored characterization of the natural vibration frequencies of the physical device:

and

a controller that uses accesses the stored characterization of the natural vibration

frequencies of the physical device to control the one or more oscillating resonant modules

to drive the physical device to exhibit a predetermined vibration response.

12. (original) The physical device of claim 10 wherein the characterization of the natural
vibration frequencies of the physical device is determined by simultancously sweeping the
driving oscillations of the one or more oscillating resonant modules over driving-
oscillation ranges and monitoring the physical device vibration response using output from

the one or more vibration sensors to identify the maximum-amplitude frequencies.

13, (original} The physical device of claim 12 wherein the characterization of the natural

vibration frequencies of the physical device is determined periodically by the controller,
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14. (original) The physical device of claim 10 further including stored control information
for the one or more oscillating resonant modules for each of one or more predetermined
vibration responses that is based on the stored characterization of the natural vibration

frequencies of the physical device.

15. (original) The physical device of claim 10 wherein at least one of the euch of the one
or more oscillating resonant modules is mechanically coupled to one or more passive
oscillating resonant modules to provide a wider range of vibration responses for the
combination of the oscillating resonant module and the one or more passive oscillating

resonant modules.

16. (original) The physical device of claim 15 wherein the passive oscillating resonant
modules are driven by the oscillating resonant module to which they are mechanically

coupled.

Cancel 17-20.

21. {new) The physical device of claim 1 further comprising:
a controller, within the physical device, that
receives control signals input to the physical device. and
outputs control signals to one or more of the one or more oscillating
resonant modules to controls the vibration response produced by the one or more oscillating

resonant modules.

22, (new) The physical device of claim 21 wherein, when the controller outputs
control signals to a selected oscillating resonant module, other of the oscillating resonant
modules passively respond to the vibration response produced by the selected oscillating

resonant module.
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23, (new) The physical device of claim 21 wherein the controller passes at least a
portion of the received control signals input to the physical device to one or more of the

one or more oscillating resonant module.

24, (new) The physical device of claim 21 wherein the controller controls the one or
more oscillating resonant modules to each produce a vibration response. the vibration
responses produced by the oscillating resonant modules together producing a resonant-

frequency vibration mode in the physical device.
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REMARKS

Claims 1-20 are pending in the current application. In an Office Action
dated October 29, 2020, the Examiner rejected claims 1-2 under 35 U.S. C. §102 as being
anticipated by Elenga et al., U.S. Patent Application Publication No. 2012:0133308
("Elenga"), rejected claims 3-7 under 35 U.S.C. §103 as being unpatentabie over Elenga in
view of Alexander, U.S. Patent Application Publication No. 2013/0237751 ("Alexander"),
rejected claims 8-9 and 15-17. and 20 under 35 U.S.C. §103 as being unpatentable over
Elenga in view of Zicgler et al., EP2410641 ("Ziegler™), rejected clajims 10-14 under 35
U.S.C. §103 as being unpatentable over Elenga in view of Unger et al., 11.S. Patent
Application Publication No. 20070256428 ("Unger"), rejected claim 18 under 35 1:.8.C.
§103 as being unpatentable over Elenga in view of Ziegler and Alexander, and rejected
claim 19 under 35 U.S.C. §103 as being unpatentable over Elenga in view of Ziegler and
in further view of Kraus, U.S. Patent Application Publication No. 20060145547 ("Kraus").
Applicants disagree with all of these claim rejections and do not believe that the Examiner
has stated a prima facie rejection of any of the current claims. Specific traversals of certain
of the claim rejections are provided below. Please note that claim 1 has been amended,
above, to more particularly point out and specifically claim the invention which claim 1 is
directed.

The current application provides, beginning in the middle of page 47, a
discussion of direct sensing of the position of an oscillator within an oscillating resonant

module by direct-position-sensing sensors within the oscillating resonant module:

Figure 45 illustrates an alternative approach to sensing the driving
oscillations produced by an ORM. In this approach, rather than inferential
sensing, as described above with reference to Figure 44. the ORM 4502
includes a direct sensor 4504 that directly determines the position and
velocity of the moving weight or mass 4506. This direct position and
velocity information is output to an internal ORM control logic 4508 that
can directly use the position and velocity information to update ORM
control in order to achieve a target frequency w, The lower portion of
Figure 45 4510. includes a small control-flow diagram, similar to that
included in Figure 44, to illustrate internal contro! using the direct sensor
data. When a target frequency oy is received in step 4512, the control
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initiates oscillation of the mass in step 4314, In addition. in step 4616, the
control logic initiates sensor output. Then, in the while-loop of steps 4518-
4521, the control logic continuously receives position and velocity data
from the sensor and executes immediate control based on that position and
velocity data. In step 4519, the control logic reads the position and velocity
data from the sensor. This may involve a certain amount of computation,
such as computing the difference and position with time over several
readings, but because of the direct nature of the position sensing. is
generally far less inferential and computationally intensive than in the case
of indirect sensing. Then, in step 4520, the appropriate control is computed
based on the target frequency w; and the current position and velocity of the
moving mass p and v. This computation may be made based on a
predetermined function, based on tables with values, or computed as
another of the initiation steps, including initiation steps 4514 and 4516.
Finally, in step 4521, the computed control is executed by the controller. In
many cases, the determination of the appropriate control corresponding to
sensed velocity and position data can be made by logic circuitry, rather than
a programmed processor. In many cases, the position and velocity data is
more accurate and far more timely provided than position and velocity data
derived from indirect sensing and inference.

There are many different approaches to direct sensing of the position
and velocity of a moving mass within an ORM. Figures 46A-B illustrate
several possible direct-sensing approaches. As shown in Figure 46A, the
ORM may contain a series of apertures, such as aperture 4602, through
which an illumination source shines light. Across the tubular channel
containing the oscillation path, there is a photodiode sensor for each
aperture, such as photodioile sensor 4604 corresponding to aperture 4602,
The current position of the moving mass can be determined from the pattern
of high and low photodiode-sensor outputs, shown above the ORM in
Figure 46A 4606. A series of captured photodiode-sensor outputs at
consecutive points in time provides the information needed to accurately
compute the velocity of the moving mass. As shown in Figure 46B. another
approach to computing the position and velocity of the moving mass
involves a series of regularly spaced pressure or presence sensors, such as
pressure or presence sensor 4610. Similar to the photodiode-sensor output,
the output from the pressure or positions sensors provides a pattern in which
the position of the moving mass can be recognized. Various types ot Hall-
effect electronic sensors, reflection-path sensors, and other types of sensors
may be employed to directly determine the position and velocity of a
moving mass within an ORM.

This passage clearly discusses the fact that, in the vibration-inducing motors and
mechanisms known at the time of filing of the current application, no attempt was made to

determine the positions of an oscillator with respect to an oscillation path within the

146



10

vibration-inducing motors and mechanisms. The current application discloses, in the
above-quoted paragraphs, an oscillating resonant module that includes one or more sensors
that provide direct indications of the positions of an oscillator along a path within the
oscillating resonant module within which the oscillator moves back and forward. The
Examiner appears not to have read and understood the above-quoted paragraphs. does not
appear to understand certain terms and phrases used in the current claims and in the current
application, and appears to fail to understand basic operation of various types of sensors.

Claim 1, as currently amended, is provided below:

1. An oscillating resonant module comprising:
an oscillation path, which represents a segment of a space curve,
along which a point within a2 mass moves;
a mass that is driven by energy supplied to the oscillating resonant
module to oscillate back and forth along the oscillation path:
one or more sensors that output indications of the positions of the
mass within the oscillation path at specific points in time; and
a control component that
receives control signals input to the oscillating resonant
module,
receives outputs from the one or more sensors, and
controls oscillation of the mass to produce a vibration
response according to the received control signals by generating, using one
or more of the received sensor outputs, control outputs to an actuator that
drives the mass to oscillate.

The first element of claim 1, "an oscillation path, which represents a segment of a space
curve, along which a point within a mass moves,” refers to a "space curve." The phrase
"space curve" refers to the most general type of three-dimensional curve. Space curves
represent the largest set of three-dimensional curves. Plane curves are a relatively small
subset of the larger set of space curves. Most elementary discussions of curves, in
secondary-education mathematics and even in initial undergraduate courses in
mathematics, are generally directed to plane curves, because plane curves can be
represented by relatively simple single-variable functions. Examples include the well-

known plane curves, including lines. circles, ellipses. parabolas, and hyperbolas. By
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contrast, the vast majority of space curves can only be represented parametrically, by a set

of equations.

The third element of claim 1, "one or more sensors that output indications
of the positions of the mass within the oscillation path at specific points in time." is
discussed 1n the above-quoted paragraphs, beginning with a reference to "direct sensor
4504," that occurs in the second sentence of the first of the above-quoted paragraphs from
the current application. The final paragraph of the above-quoted paragraphs discusses
"many different approaches to direct sensing of the position and velocity of a moving mass
within an ORM," where the acronym "ORM" is defined to mean oscillating resonant
module. One described implementation uses a photodiode sensor. The final sentence in
the final paragraph of the above-quoted paragraphs states that "[v]arious types of Hall-
effect electronic sensors. reflection-path sensors, and other types of sensors may be

employed to directly determine the position and velocity of a moving mass within an
ORM."

Beginning on page 2 of the Office Action, the Examiner rejects claim 1 of

the current application of follows:

Regarding claim 1, Elenga et al. teach, An oscillating resonant
module (linear-resident vibration modules 400, figure 4A-4G)
comprising: a mass {mass 404, figures 4a-4g) that is driven by energy
(current application, paragraph 28) supplied to the oscillating resonant
module to travel back and forth ("'extreme left and extreme right",
paragraph 28) along an oscillation path that represents a segment of the
space curve (cylindrically shaped chamber 406, figure 4a-4g); one or
more sensors {electromechanical sensors 632, figure 6; see paragraph
32-33, where there are one or more electromechanical sensors, such as
accelerometers, which is directly correlated to the position of the mass)
that output indications directly correlated with position of the mass within
the oscillation path at specific points in time; and a control component
{CPU 602, figure 6) that receives control signals input (user controls 606,
figure 6) to the oscillating resonant module, receives output from the one
or more sensors (see paragraph 33, where the CPU receives input 630
from one or more electromechanical sensors), and controls oscillation of
the mass (as explained in paragraph 33, the CPU controls the amount
of current applied to the coils depicted in figures 4a-4g, to move the
mass back and forth) to produce a predetermined vibration response
according to the received control signal by repeatedly generating a control
output, to an actuator (see driving component, claim 1) that drives the
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mass to oscillate, corresponding to one or more most recently received
sensor outputs (see paragraphs 32-33, where the control is performed
based on the output from the sensors).

The use, by the Examiner, of the phrase "current application”" in the
statement of rejection is confusing. Normally, the phrase "current application" refers to
the application that is currently under examination. It would make no sense to attempt to
reject a patent application under 35 U.S.C. §102 based on statements contained in the
application itself. so Applicants' representative assumes that, by the phrase "current
application,” the Examiner is referring to the cited reference Elenga.

The Examiner's assertions with respect to the second element of claim 1, "a
mass that is driven by energy supplied to the oscillating resonant module to oscillate back
and forth along the oscillation path,” reveal that the Examiner has not properly interpreted
the language of claim 1 of the current application. The Examiner attempts to read the
"cylindrical chamber 406" mentioned iy paragraph [0028] of Elenga onto the language "an
oscillation path that represents a segment of a space curve" in the first element of claim 1
of the current application. This makes no sense. A space curve is an essentially one-
dimensional mathematical object, in the sense that every point in a space curve can be
represented by a single scalar distance, or coordinate, representing the distance along the
curve from an arbitrary reference point. A cylindrical chamber is a fully three-dimensional
mathematical object that requires three spatial coordinates to represent each point on and
within the cylindrical chamber. The cylindrical chamber is not, and cannot possibly be, a
segment of a space curve.

The Examiner asserts that paragraph [0028] of Elenga teaches the language
of the second element of claim 1 of the current application "that is driven by energy." There
is no mention of energy anywhere in paragraph [0028] of Elenga.

Thus, from a purely legal standpoint, the Examiner has failed to point to a
teaching or suggestion of the first two elements of claim 1 in the cited reference Elenga.
However, in fact, the cited reference Elenga does teach an oscillating resonant module that
includes a mass, as claimed in the preamble and first two elements of claim 1. The fact
that the Examiner does not understand the language of the first element of claim 1 and the

fact that the Examiner and has apparently also misinterpreted the cited reference Elenga
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are relevant to the current traversal because the Examiner also apparently fails to
understand the language of the third element of claim | and has completely misinterpreted
the cited reference Elenga with respect to the third element of claim 1 of the current

application.

The third element of claim 1, as currently amended, recites "one or more
sensors that output indications of the positicus of the mass within the oscillation path at
specific points in time." For this element, the Examiner cites electromechanical sensors
632 shown in Figure 6 and discussed in paragraphs [0032-0033] of the cited reference
Elenga, asserting that this figure and these paragraphs show and discuss "one or more
electromechanical sensors, such as accelerometers, which is directly correlated to the
position of the mass." The cited paragraphs are provided below:

Figure 6 provides a block diagram of the LRVM, illustrated
in Figures 4A-G, that represents one implementation of the linear-resonant
vibration module to which current application is directed. The LRVM, in
addition to the cylindrical housing, coil, and internal components shown in
Figure 4.4, includes a power supply, a user interface, generally comprising
electromechanical buttons or switches, the H-bridge switch, discussed
above with reference to Figures 5A-B, a central processing unit ("CPU"),
generally a small, low-powered microprocessor, and one or more
electromechanical sensors. All of these components are packaged together
as an LRVM within a vibration-based appliance, device, or system.

As shown in Figure 6, the LRVM 600 is controlled by a
control program executed by the CPU microprocessor 602. The
microprocessor may contain sufficient on-board memory to store the
contro] program and other values needed during execution of the control
program, or, alternatively, may be coupled to a low-powered memory chip
604 or flash memory for storing the control program. The CPU receives
inputs from the user controls 606 that together comprise a user interface.
These controls may include any of various dials, pushbuttons, switches, or
other electromechanical-control devices. As one example, the user controls
may include a dial to select a strength of vibration, which corresponds to
the current applied to the coil, a switch to select one of various different
operational modes, and a power button. The user controls generate signals
input to the CPU 608-610. A power supply 612 provides power, as needed,
to user controls 614, to the CPU 616 and optional, associated memory, to
the H-bridge switch 618, and, when needed, to one or more sensors 632.
The voltage and current supplied by the power supply to the various
components may vary. depending on the operational characteristics and
requirements of the components. The H-bridge switch 620 receives a
control-signal input 4 622 from the CPU. The power supply 612 receives a
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control input 624 from the CPL! to control the current supplied to the H-
bridge switch 618 for transfer to the coil 626. The CPU receives input 630
from one or more electromechanical sensors 632 that generate a signal
corresponding to the strength of vibration currently being produced by
the linearly oscillating mass 634. Sensors may include one or more of
accelerometers, piezoelectric devices, pressure-sensing devices, or
other types of sensors that can generate signals corresponding to the
strength of desired vibrational forces. (emphasis added)

As can be readily appreciated by perusing these paragraphs, there is nothing in the
paragraphs that even remotely supports the Examiner's assertion that the "one or more
electrical mechanical sensors, such as accelerometers," are "directly correlated to the
position of the mass." The only mention in these paragraphs of the capabilities of the
sensors occurs in the final two sentences in the second of the cited paragraphs, paragraph
[0033]. emphasized by bolding in the quotations above. The sensors generate a signal
corresponding to the strength of vibration currently being produced by the linearly
oscillating mass and signals corresponding to the strength of desired vibrational forces.
Thus, the Examiner has failed to point to a teaching or suggestion of the second element of
claim 1 of the current application in the cited reference Elenga. This is not surprising. As
explained in the two paragraphs of the current application that discuss direct sensing of the
position of an oscillator within an oscillating resonant module by direct-position-sensing
sensors within the oscillating resonant module, quoted above, directed position sensing of
an oscillator within an ORM was unknown at the time of filing of the current application.
The Examiner's attempt to read the second element of claim 1 onto an
accelerometer makes no sense from a technical, scientific, and/or mathematical standpoint,
just as the Examiner's attempt to read a segment of the space curve onto a three-dimensional
cylindrical chamber makes no sense from a mathematical standpoint. Accelerometers
measure acceleration, not position, as would be well known to anyone familiar with physics
and electronics. Acceleration is described mathematically as the second differential of a
function that returns the position of a point in space at a point in time supplied as an
argument to the function. The first differential of the function is the velocity of the point
in space. A point moving through space can have the same acceleration at different points

in space. There is not, in general, a one-to-one mapping between acceleration and position.

151



15

It is possible, mathematically, to solve a second-order differential equation for acceleration
by two integrations, the first integration producing an expression for the velocity and a first
arbitrary constant and the second integration producing a final expression for position
along with the first arbitrary constant and a second arbitrary constant. The final expression
has no value in determining position with respect to time unless precise values can be
assigned to the two arbitrary constants. This requires additional information. In general,
to solve the second-order differential equation to produce a function of position with
respect to time, it is necessary to know both the initial position of the point and the initial
velocity of the point. Without that knowledge, it is mathematically and physically
mmpossible to determine the position of an object using an accelerometer. In the case of an
oscillating mass within an ORM, both the ORM and the oscillating mass are associated
with positions in space. Were the accelerometer mounted on the oscillating mass, which
18 not the case in the cited reference Elenga, it might be theoretically possible to determine
the position of the oscillating mass with respect to the ORM that contains the oscillating
mass from the accelerometer data, but only in the case that the initial positions the ORM
and the initial position of the oscillating mass were known and only in the case that the
initial velocities of the oscillating mass and the ORM were known. No one familiar with
electromechanical devices and basic physics would assert that this knowledge could be
obtained from an accelerometer. However, if the accelerometer is not mounted on, or
within, the oscillating mass, as in the case of the ORM disclosed in the cited reference
Elenga, then it is impossible to determine the position of the oscillator within the ORM
from the accelerometer data, since there is no direct correlation between accelerations
experienced by the ORM, which would be detected by the accelerometer, and the
accelerations experienced by the oscillating mass.

Thus, the Examiner's attempt to read the second element of claim 1 onto the
cited reference Elenga is not supported by anything in the cited reference Elenga, is
contradicted by clear statements in the current application, and makes no sense technically,
scientifically, or mathematically. Claim 1 is not anticipated by the cited reference Elenga,
and the Examiner has provided no support for the second element of claim 1 being taught

by the cited reference Elenga other than a conclusery and incorrect assertion that the
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accelerometers mentioned in the cited reference Elenga are capable of determining the
position of an oscillating mass along an oscillation path within an ORM, which they are
not.

The third control-component element of claim 1 of the current application
is also not taught by the cited reference Elenga, because, in claim 1, the control component
is explicitly claimed to receive output from the one or more sensors to which the second
element of claim 1 is directed, and Elenga does not disclose such sensors. Claim 1 of the
current application is not anticipated by Elenga and Elenga fails to suggest direct sensing
of the positions of an oscillator within an ORM.

In the rejection of independent claim 3, the Examiner cites Alexander for
teaching "the oscillating resonant module of claim 1 wherein the control component
determines, from the received sensor output, the velocity of the mass in the positions of the
message two or more points in time." However, Alexander does not provide an enabling
description of anything related to determining either the positions or the velocities of an
oscillating mass within an ORM. Alexander does mention, in paragraph [0036], that flux
sensors might be mounted to an oscillating mass, in Alexander's device, to determine the
position and velocity of the oscillating mass within the ORM. However. Alexander fails
to disclose a workable or feasible implementation. For one thing, the flux sensors are stated
to be mounted on the oscillating mass, but there no indication. in Alexander, of how the
sensors could possibly communicate with a stationary control unit within the ORM.
Furthermore, there is no indication of how sensors could be mounted to the oscillating mass
without interfering with motion of the oscillating mass within the ORM. Sensors require
electrical power, but, here again, not means for providing electrical power to sensors
mounted on the oscillating mass are shown or discussed. The sensors are not described or
illustrated in Alexander. The sensors are not even described to be magnetic-flux sensors.
There is no discussion of how the sensors can discriminate between the magnetic field
generated by the permanent magnets attached to the oscillating mass and the magnetic
fields generated by the stater coils. Alexander appears to be a type of hypothetical
discussion without even a threshold level of detail or explanation that would indicate any

type of workable or feasible implementation. Perhaps it is for this reason that Alexander
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did not issue as a patent.

Thus, the cited references do not teach, disclose, mention, or suggest either
independent claim 1 of the current application or claims 2-9 that depend from claim 1 of
the current application. Furthermore, as discussed above, it does not appear that the
Examiner has properly interpreted the claim language and it does not appear that the
Examiner understands space curves, accelerometers, and other subject matter recited in the
current claims and discussed in the current application and/or the cited references.

Independent claim 10 has been amended to incorporate the limitations of
independent claim 1 that are neither taught nor suggested by any of the cited references.
Therefore, claim 10 is now unanticipated and nonobvious over cited references.
Independent claim 17 independent claims 18-20 have been canceled to provide for four
additional dependent claims depending from independent claim 10.

In Applicants’ representative's opinion, all of the claims remaining in the
current application are clearly allowable. Favorable consideration and a Notice of

Allowance are earnestly solicited.

Respectfully submiited,
Robin Elenga et 1.
OLYMPIC PATENT WORKS TLLC

Robert W. Bergstrom/

Robert W, Bergstrom
Registration No. 39.90a

Olympic Patent Works PLLC
497% Admiral Street

Gig Harbor, WA 98332
206.621.1933 telephone
206.621.5302 fax
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Notice of Pre-AlA or AIA Status
The present application, filed on or after March 16, 2013, is being examined under the first

inventor to file provisions of the AlA.

Claim Rejections - 35 USC § 102
The following is a quotation of the appropriate paragraphsof 35 U.S.C. 102 that form the basis
for the rejections under this section made in this Office action:

A personshall be entitled to a patentunless —

(a)(2) the claimedinventionwasdescribedin a patentissued under section 151, orinanapplication
for patent published or deemed published under section 122(b}, in which the patent orapplication, as
the case maybe, names another inventor and was effectively filed before the e ffective filing date of
the claimed invention.

Claims 1-2 rejected under 35 U.S.C. 102(a)(2) as being anticipated by Elenga et al. US publication

no.: 2012/0133308 Al.

Regarding claim 1, Elenga et al. teach, An oscillating resonant module (linear-
resonant vibration modules 400, figure 4A-4G) comprising: a mass (mass 404,
figures 4a-4qg) that is driven by energy (current application, paragraph 28) supplied
to the oscillating resonant module to travel back and forth (“extreme left and extreme
right”, paragraph 28) along an oscillation path that represents a segment of a space
curve (cylindrically shaped chamber 406, figure 4a-4g); one or more sensors
(electromechanical sensors 632, figure 6; see paragraphs 32-33, where there are
one or more electromechanical sensors, such as accelerometers, which is
directly correlated to the position of the mass) that output indications directly

correlated with the position of the mass within the oscillation path at specific points in
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time; and a control component (CPU 602, figure 6) that receives control signals input
(user controls 606, figure 6) to the oscillating resonant module, receives output from
the one or more sensors (see paragraph 33, where the CPU receives input 630 from
one or more electromechanical sensors),and controls oscillation of the mass (as
explained in paragraph 33, the CPU controls the amount of current applied to the
coils depicted in figures 4a-4¢g, to move the mass back and forth) to produce a
predetermined vibration response according to the received control signal by repeatedly
generating a control output, to an actuator (see driving component, claim 1) that
drives the mass to oscillate, corresponding to one or more most recently received
sensor outputs (see paragraphs 32-33, where the control is performed based on

the output from the sensors).

Regarding claim 2, Elenga et al. teach, the oscillating resonant module of claim
1 wherein the one or more sensors are selected from among one or more: mechanical
sensors (see electromechanical sensors 632, paragraphs 32-33); electromagnetic

sensors; and optical sensors.

Claim Rejections - 35 USC § 103
The following is a quotation of 35 U.S.C. 103 which forms the basis for all obviousness rejections
set forth in this Office action:

A patentfora claimedinvention maynotbe obtained, notwithstanding that the claimedinventionis
notidentically disclosed as set forth insection 102, if the differences between the claimed invention
and thepriorartare suchthat the claimed invention as a whole would have been obvious before the
effective filingdate ofthe claimed inventionto a person having ordinaryskillinthe art to which the
claimed inve ntion pertains. Pa tentability shall not be negated by the mannerin which the invention
was made.
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Claims 3-5 and 6-7 are rejected under 35 U.S.C. 103 as being unpatentable over Elenga et al. US

publication no.: 2012/0133308 A1 in view of Alexander US publication no.: 2013/0237751.

Regarding claim 3, Elenga et al. is silent on specifically teaching, the
oscillating resonant module of claim 1 wherein the control component determines, from

the received sensor output, the velocity of the mass from the positions of the mass at

two or more points in time.

Alexander teaches: the oscillating resonant module of claim 1 wherein the control
component determines, from the received sensor output (flux sensors in figure 3a,
paragraph 36), the velocity of the mass from the positions of the mass at two or more

points in time (see paragraph 37, where the speed is obtained from the sensor).

In view of Alexander, it would've been obvious to one with the ordinary skills in
the art, before the effective filing date of the application, with the apparatus as taught by
Elenga et al. to include; the oscillating resonant module of claim 1 wherein the control
component determines, from the received sensor output, the velocity of the mass from
the positions of the mass at two or more points in time, for the purpose of improving the

control of the apparatus by providing more relevant data.

Regarding claim 4, Elenga et al. is silent on specifically teaching, the

oscillating resonant module of claim 3 wherein the control output, output by the control
component to the actuator, is computed as the output value of a function that takes, as

input, the current position of the mass.
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Alexander teaches: the oscillating resonant module of claim 3 wherein the control

output (see paragraphs 36-39 where the control outputs are based on the position
detected by the flux sensor), output by the control component to the actuator, is
computed as the output value of a function that takes, as input, the current position of

the mass.

In view of Alexander, it would've been obvious to one with the ordinary skills in
the art, before the effective filing date of the application, with the apparatus as taught by
Elenga et al. to include; the oscillating resonant module of claim 3 wherein the control
output, output by the control component to the actuator, is computed as the output value
of a function that takes, as input, the current position of the mass, for the purpose of

improving the control of the apparatus by providing more relevant data.

Regarding claim 5, Elenga et al. is silent on specifically teaching: the
oscillating resonant module of claim 3 wherein the control output, output by the control
component to the actuator, is computed as the output value of a function that takes, as

input, the current position of the mass and the current velocity of the mass.

Alexander teaches: the oscillating resonant module of claim 3 wherein the control
output (see paragraphs 36-39 where the control outputs are based on the position
detected by the flux sensor and speed calculated and stored in a look-up table),
output by the control component to the actuator, is computed as the output value of a

function that takes, as input, the current position of the mass.
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In view of Alexander, it would've been obvious to one with the ordinary skills in
the art, before the effective filing date of the application, with the apparatus as taught by
Elenga et al. to include; the oscillating resonant module of claim 3 wherein the control
output, output by the control component to the actuator, is computed as the output value
of a function that takes, as input, the current position of the mass and the current
velocity of the mass, for the purpose of improving the control of the apparatus by

providing an efficient method of accessing data.

Regarding claims 6-7, Elenga et al. is silent on specifically teaching, the
oscillating resonant module of claim 3 wherein the control output, output by the control
component to the actuator, is computed from pre-computed values indexed by the

current position of the mass and the current velocity of the mass.

Alexander teaches: the oscillating resonant module of claim 3 wherein the control
output, output by the control component to the actuator, is computed from pre-computed
values indexed by the current position of the mass and the current velocity of the mass
(as explained in paragraph 39, there is a look-up table that includes parameters

such as speed and speed).

In view of Alexander, it would've been obvious to one with the ordinary skills in
the art, before the effective filing date of the application, with the apparatus as taught by
Elenga et al. to include; the oscillating resonant module of claim 3 wherein the control
output, output by the control component to the actuator, is computed as the output value

of a function that takes, as input, the current position of the mass and the current

168



Application/Control Number: 16/806,925 Page7
Art Unit: 2846

velocity of the mass, for the purpose of improving the control of the apparatus by

providing an efficient method of accessing data.

Claims 8-9 and 15-16, 17 and 20 are rejected under 35 U.S.C. 103 as being unpatentable over

Elenga et al. US publication no.: 2012/0133308 A1l in view of Ziegler etal. EP2410641.

Regarding claims 8 and 15, Elenga et al. is silent on specifically teaching,
the oscillating resonant module of claim 1 mechanically coupled to one or more passive
oscillating resonant modules to provide a wider range of vibration responses for the
combination of the oscillating resonant module and the one or more passive oscillating

resonant modules.

Ziegler et al. teach: the oscillating resonant module of claim 1 mechanically
coupled to one or more passive oscillating resonant modules (second armature 4,
figure 1) to provide a wider range of vibration responses for the combination of the
oscillating resonant module and the one or more passive oscillating resonant modules
(as explained in paragraph 33 and figure 1 that the first armature and second

armature are coupled to provide a wide range of vibration responses).

In view of Ziegler et al.’s teachings, it would’ve been obvious to one with the
ordinary skills in the art, before the effective filing date of the application, with the
apparatus as taught by Elenga et al. to include; the oscillating resonant module of claim
1 mechanically coupled to one or more passive oscillating resonant modules to provide
a wider range of vibration responses for the combination of the oscillating resonant
module and the one or more passive oscillating resonant modules, for the purpose

providing vibration control for a larger module.
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Regarding claims 9 and 16, Ziegler et al. teach, The oscillating resonant
module of claim 8 wherein the passive oscillating resonant modules are driven by the
oscillating resonant module to which they are mechanically coupled (as explained in
paragraphs 35-36, currentis applied to the coil 10 through which the second

armature oscillates).

Regarding claim 17, Elenga et al. teach, An oscillating resonant module
comprising: a first mass (mass 404, figures 4a-4g) that is driven by energy supplied to
the oscillating resonant module to travel back and forth (extreme left and extreme
right”, paragraph 28) along a first oscillation path that represents a segment of a
space curve (cylindrically shaped chamber 406, figure 4a-4g); and a control
component (CPU 602, figure 6) that receives control signals input (user controls 606,
figure 6) to the oscillating resonant module, and controls oscillation of the first mass (as
explained in paragraph 33, the CPU controls the amount of current applied to the
coils depicted in figures 4a-4¢g, to move the mass back and forth) to produce a
predetermined vibration response according to the received control signals by

generating a control output to an actuator that drives the first mass to oscillate.

Elenga et al. is silent on specifically teaching: a second mass that is driven by
oscillations of the first mass to travel back and forth along a second oscillation path that

represents a segment of a space curve.

ZJiegler et al. teach: a second mass (second armature 4, figure 1) that is driven by
oscillations of the first mass to travel back and forth along a second oscillation path that

represents a segment of a space curve (as explained in paragraph 33 and figure 1
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that the first armature and second armature are coupled to provide a wide range

of vibration responses).

In view of Ziegler et al.’s teachings, it would've been obvious to one with the
ordinary skills in the art, before the effective filing date of the application, with the
apparatus as taught by Elenga et al. to include; a second mass that is driven by
oscillations of the first mass to travel back and forth along a second oscillation path that
represents a segment of a space curve, for the purpose of reducing a transfer of

vibrations.

Regarding claim 20, Elenga et al. teach, the oscillating resonant module of
claim 17 included within a physical device to drive a vibration response in the physical
device (see paragraphs 3-4, where the invention disclosed in figures 4a-4g and 6

is applied in a physical device such as a toothbrush).

Claims 10-14 arerejected under 35 U.S.C. 103 as being unpatentable over Elenga et al. US

publication no.: 2012/0133308 A1 in view of Unger et al. US publication.: 2007/0256428 A1.

Regarding claim 10, Elenga et al. teach, a physical device that exhibits a
vibration response when mechanical driven by one or more oscillating resonant
modules included in the physical device, the physical device comprising: the one or
more oscillating resonant modules (linear-resonant vibration modules, figures 4a-
4¢g; LRVM 600, figure 6), each of which responds to control inputs to produce driving
oscillations (see paragraph 33, where the LRVM 600 is controlled by a CPU
602)includes a sensor (sensor 632, figure 6; paragraph 32) that provides sensor data

to a control component (CPU processor 632, figure 6) within the oscillating resonant
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module; one or more vibration sensors (see paragraph 33, where there are one or
more sensors and include sensors that generate signals corresponding to the

strength of desired “vibrational forces”).

Elenga et al. is silent on specifically teaching: stored characterization of the
natural vibration frequencies of the physical device; and a controller that uses accesses
the stored characterization of the natural vibration frequencies of the physical device to
control the one or more oscillating resonant modules to drive the physical device to

exhibit a predetermined vibration response.

Unger et al. teach: stored characterization (see paragraph 46, where the
frequency is stored) of the natural vibration frequencies of the physical device; and a
controller (as explained in paragraphs 45-46, there is a controller that uses lookup
table to access the stored frequency) that uses accesses the stored characterization
of the natural vibration frequencies of the physical device to control the one or more
oscillating resonant modules to drive the physical device to exhibit a predetermined

vibration response

In view of Unger et al.’s teachings, it would’'ve been obvious to one with the
ordinary skills in the art, before the effective filing date of the application, with the
apparatus as taught by Elenga et al. to include; stored characterization of the natural
vibration frequencies of the physical device; and a controller that uses accesses the
stored characterization of the natural vibration frequencies of the physical device to

control the one or more oscillating resonant modules to drive the physical device to
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exhibit a predetermined vibration response, for the purpose of improving the control of

the system by providing easier and efficient methods of storing data.

Regarding claim 11, Elenga et al. teach, The physical device of claim 10
wherein each of the one or more oscillating resonant modules comprises: a mass
(mass 404, figures 4a-4g) that is driven by energy (“current application”, paragraph
28) supplied to the oscillating resonant module to travel back and forth (“extreme left
and extreme right”, paragraph 28) along an oscillation path that represents a segment
of a space curve (cylindrically shaped chamber 406, figure 4a-4g); one or more
sensors (electromechanical sensors 632, figure 6; see paragraphs 32-33, where
there are one or more electromechanical sensors, such as accelerometers, which
is directly correlated to the position of the mass) that output indications directly
correlated with the position of the mass within the oscillation path at specific points in
time; and a control component (CPU 602, figure 6) that receives control signals input
(user controls 606, figure 6) to the oscillating resonant module, receives output from
the one or more sensors (see paragraph 33, where the CPU receives input 630 from
one or more electromechanical sensors), and controls oscillation of the mass (as
explained in paragraph 33, the CPU controls the amount of current applied to the
coils depicted in figures 4a-4¢g, to move the mass back and forth) to produce a
predetermined vibration response according to the received control signal by repeatedly
generating a control output, to an actuator (see driving component, claim 1) that
drives the mass to oscillate, corresponding to one or more most recently received
sensor outputs (see paragraphs 32-33, where the control is performed based on

the output from the sensors).
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Regarding claim 12, Unger et al. teach, The physical device of claim 10
wherein the characterization of the natural vibration frequencies of the physical device is
determined by simultaneously sweeping the driving oscillations of the one or more
oscillating resonant modules (see paragraph 44, where “sweeping the frequency is
disclosed which takes place continuously or in incremental steps, therefore
implying that it sweeps simultaneously) over driving-oscillation ranges and
monitoring the physical device vibration response using output from the one or more

vibration sensors to identify the maximum-amplitude frequencies.

Regarding claim 13, Unger et al. teach, the physical device of claim 12 wherein
the characterization of the natural vibration frequencies (see paragraph 45, where the
“testing of frequency” is performed) of the physical device is determined periodically

by the controller.

Regarding claim 14, Elenga et al. is silent on specifically teaching: the
physical device of claim 10 further including stored control information for the one or
more oscillating resonant modules for each of one or more predetermined vibration
responses that is based on the stored characterization of the natural vibration

frequencies of the physical device.

Unger et al. teach: the physical device of claim 10 further including stored control
information for the one or more oscillating resonant modules for each of one or more
predetermined vibration responses (see paragraphs 45-46, where the frequency is

stored) that is based on the stored characterization of the natural vibration frequencies

of the physical device.
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In view of Unger et al.’s teachings, it would’'ve been obvious to one with the
ordinary skills in the art, before the effective filing date of the application, with the
apparatus as taught by Elenga et al. to include; the physical device of claim 10 further
including stored control information for the one or more oscillating resonant modules for
each of one or more predetermined vibration responses that is based on the stored
characterization of the natural vibration frequencies of the physical device, for the
purpose of improving the control of the system by providing easier and efficient methods

of storing data.

Claim 18 is rejected under 35 U.S.C. 103 as being unpatentable over Elenga etal. US publication
no.: 2012/0133308 A1 in view of Ziegleretal. EP2410641 and furtherin view of Alexander US

publication no.: 2013/0237751.

Regarding claim 18, Elenga et al. as modified is silent on specifically teaching: the
oscillating resonant module of claim 17 further comprising: one or more sensors that output
indications directly correlated with the position of the first mass within the first oscillation path at
specific points in time that are used by the control component to generate corresponding control
outputs to the actuator that drives the first mass to oscillate.

Alexander teaches: the oscillating resonant module of claim 17 further comprising: one
or more sensors that output indications directly correlated with the position (flux sensors in
figure 3a, paragraph 36) of the first mass within the first oscillation path at specific points in
time that are used by the control component to generate corresponding control outputs to the
actuator that drives the first mass to oscillate.

In view of Alexander’s teachings, it would’ve been obvious to one with the ordinary skills

in the art, before the effective filing date of the application, with the apparatus as taught by
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Elenga et al. and Ziegler et al. to include; one or more sensors that output indications directly
correlated with the position of the first mass within the first oscillation path at specific points in
time that are used by the control component to generate corresponding control outputs to the
actuator that drives the first mass to oscillate, for the purpose of improving the control by
providing essential data.

Claim 19 is rejected under 35 U.S.C. 103 as being unpatentable over Elenga et al. US publication
no.: 2012/0133308 A1l in view of Ziegler et al. EP2410641 and further in view of Kraus US publication

no.: US 2006/0145547.

Regarding claim 19, Elenga as modified is silent on specifically teaching: the
oscillating resonant module of claim 17 further comprising: one or more sensors that
output indications directly correlated with the position of the second mass within the
second oscillation path at specific points in time that are used by the control component
to generate corresponding control outputs to the actuator that drives the first mass to

oscillate.

Kraus teaches: the oscillating resonant module of claim 17 further comprising:
one or more sensors (three sensors 12, figure 4; paragraph 33) that output
indications directly correlated with the position of the second mass (as explained in
paragraph 33, the sensors detect positions of multiple oscillation elements) within
the second oscillation path at specific points in time that are used by the control
component to generate corresponding control outputs to the actuator that drives the first

mass to oscillate.

In view of Kraus’s teachings, it would’ve been obvious to one with the ordinary skills in

the art, before the effective filing date of the application, with the apparatus as taughtby Elenga
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etal. and Ziegler et al. to include; the oscillating resonant module of claim 17 further comprising:
one or more sensors that output indications directly correlated with the position of the second
mass within the second oscillation path at specific points in time that are used by the control
component to generate corresponding control outputs to the actuator that drives the first mass

to oscillate, for the purpose of improving the control by providing essential data.

Conclusion

Any inquiry concerning this communication or earlier communications from the examiner
should be directedto ZOHEB S IMTIAZ whose telephone number is (571)272-4308. The examiner can
normally be reached on Mon-Friday 11am-7pm.

Examiner interviews are available via telephone, in-person, and video conferencing using a
USPTO supplied web-based collaboration tool. To schedule an interview, applicant is encouraged to use
the USPTO Automated Interview Request (AIR) at http://www.uspto.gov/interviewpractice.

If attemptsto reachthe examiner by telephone are unsuccessful, the examiner’s supervisor,
Eduardo-Colon-Santana, can be reached on 571-272-2060. The fax phone number for the organization
where this application or proceeding is assigned is 571-273-8300.

Information regarding the status of an application may be obtained from the Patent Application
Information Retrieval (PAIR) system. Status information for published applications may be obtained
from either Private PAIR or Public PAIR. Status information for unpublished applications is available
through Private PAIR only. For more information about the PAIR system, see http://pair-
direct.uspto.gov. Should you have questions on access to the Private PAIR system, contact the Electronic

Business Center (EBC) at 866-217-9197 (toll-free). If you would like assistance from a USPTO Customer
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Service Representative or access to the automated information system, call 800-786-9199 (IN USA OR

CANADA) or 571-272-1000.
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Examiner, Art Unit 2846
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The United States represents the largest, most dynamic marketplace in the world and is an unparalleled location for
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+1-202-482-6800.
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Box Missing Parts
Commissioner for Patents
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Alexandria, VA 22313-1450

RESPONSE TQ NOTICE TO FILE MISSING PARTS OF APPLICATION

Sir:

In response to the Notice to File Missing Parts dated March 18, 2020, please
find enclosed the following documents and fees to complete the filing requirements of the
above-identified application.

X Executed Declarations

X_ Statutory basic filing; search and examination fee:

i

_ X Utility - Small entity
_X_ General Authorization Under 37 C.F.R. § 1.136{a){(3}
_X_ Fifty-three sheets of Replacement Drawings: Figs. 1-46B
_X_ Substitute Specification
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Please charge to Deposit Account 50-2976 the sum of § _863

>>>>> Atany time
during the pendency of this application, please charge any fees required or credit any
overpayment to Deposit Account No. 50-2976 pursuant to 37 CFR 1.25. Additionally, please
charge any fees to Deposit Account No. 50-2976 under 37 CFR 1.16 through 1.21 inclusive,

and any other sections in Title 37 of the Code of Federal Regulations that may regulate fees.

Respectfully submitted,
Robin Elenga et al.
OLYMPIC PATENT WORKS FLLC

{Robert W. Bergstrom/
Robert W. Bergstrom
Registration No. 39.906

Ol mpic Patent Works PLLC
P.O. Box 4277

Seattle, WA 98194-0277
206.621.1933 telephone
206.621.3302 fax
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Commissioner for Patents

P.O. Box 1450

Alexandria, VA 22313-1450

CGENERAL AUTHORZATION UNDER 37 CFR. & LI36iadd

Sir:

With respect to the above-identified application, the Commissioner is
authorized to treat any concurrent or future reply requiring a petition for an extension of
time under 37 C.F.R. § 1.136(a)(3) for its timely submission as incorporating a petition
therefor for the appropriate length of time. The Commissioner is also authorized to
charge any fees which may be required or credit any overpayment to Deposit Account

No. 50-2976.

Respectfully submitted,
Robin Elenga et al.
Olympic Patent Works PLLC

/Robert W. Bergstrony/
Robert W. Bergstrom
Registration No. 39,906

Olsmpic Patent Works PLLC
PAL Box 4277

Seattle, WA 98194-0277
2(6.621.1933 telephone
206.621.5302 fax
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DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN

APPLICATION DATA SHEET {37 CFR 1.76)

Tite of | OSCILLATING-RESONANT-MOOULE CONTROLLER

Invention

As the below named inventor, | hereby declare that:

This declaration [ | -
is directed fo: i_j The attached application, or

§ 15/043,584

United States application or PCT international application number

March 2, 2020

filed on

The above-identified application was made or authorized to be made by me.

| belizve that | am the original inventor or an original joint inventor of a claimed invention in the application.

! heraby acknowledge that any willful false statement made i this declaration is pumishable under 18 U.5.C. 1001
by fine or imprisonment of not more than five (5} years. or both,

WARNING:

Petitionerfapplicant is cautioned to avoid submiiling personal information in documents filed in a patent application that may
contribute lo identity theft. Personal information such as social security numbers, bank account nurnbers, or credit card numbers
{sther than a check or credit card authorizaticn form PTO-2038 submitted for payment purposes} is never required by the USPTO
to support a petition o an application. If this type of personal information is included in documents submitted to the USPTO,
petitionersiapplicants should consider redacting such persenal information from the documents before submitting them to the
USPTO. Petitionerfapplicant is advised that the record of a palent application is available io the public after pubtication of the
application {uniess a non-publication request in compliance with 37 CFR 1.213(=) is made in the application} or issuance of a
patent. Furthermore, the record from an abandoned appiication may also be available to the public if the application is
referenced ir a published application or an issued patent {see 37 CFR 1.14). Checks and credi card authorization farms
PTO-2038 submitted for payment purposes are net retained in the application file and therefare are not publicly available.

LEGAL NAME OF INVENTOR

Invenior:

Robin Elenga

o

Date {Optional} : 3/ f{/ 020

Signature: -

Note: An application data sheet (PTQ/SB/ 14 or eguivaisnt), inchuging naming tha ertire inventive entity. must accompary this form or must have
 heen previously fled. Use an additional PTOIAIAIGY form for each additonal inventor,

b
3

537 OFR 1,83, The information is required o 2013in o (etan a Lex ublic whith 1s to B jand
ity 5 goversed by 35150 122 5nd 37 CFR 1.11 and 1.14. Thys coliection ed 1¢ ke ¢ minule to
enmplete, including gathsnsg, preparing. and subastiing e complan? apphration form e the USETO. d vary depanding vuon ine individual case. Any
ommems on the amount of time you requirs & Ipie Bus form andior suggestions for reducing this b A, shouls be sent o thy Shiaf Informaton Ofheer, LS.
Patsnt and Yrademark Office, U.8. Depariment of { .. P.01. Box 1453, Alaxandria, VA 22313-1450. DO NOT SEND FEES OR CSOMPLETED FORMS TO
THis ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 272313-1450,

{f you negd assistance i compicting the form, cail 1-800-PTO-3198 ard select opten 2.

“Tris sollectan of inforration is required by 38
Sy the USPTY {o process) an application. Conf

> W
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DocuSign Envelope 1D: 24C1B596-43FE-45F6-A094-34300CF64325

PTO/AIADT {08125

Approved for use thoegh 31312014, OMB 0651-0032

U.S, Patent and Trademerk Office; U8, DEPARTMENT CF COMMERCE

Linder the Faparwerk Reduction Act of 1995, no parsens are requived to respond to a collection of infarmation untess i displays a valid QMB controt number.

DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN
APPLICATION DATA SHEET (37 CFR 1.76)

Titieof | OSCILLATING-RESONANT-MODULE CONTROLLER

invention

As the below named inventor, | hereby declara that:

This declaration D

T h icati
is directed to: he attached application, or

= I . . /
Wi United States application ar PCT international application number 15/043,584
March 2, 2020

SRy

filed on

The above-identified application was made or authorized to be made by me.

! believe that i am the original inventor or an original joint invanter of a claimed invention in the application.

i hereby acknowiedge that any willfu! false statement made in this declaration is punishable under 18 U.8.8. 1001
by fine or imprisonment of not more than five {3} years, or both.

WARNING:

Petitionerfapplicant is cautioned to avoid submiiting personal information in documents filed in a patent application that may
sontribute 1o identity theft. Personal information such as social security numbers, bank account numbers, or credit card numbers
{other than a chack or credit card authorization form PTO-2038 submitted for payment purposes} is never required by the USPTO
to support a petition or an application. If this type of personal information is included in documents submifted to the USPTO,
patitioners/applicants should consider redacting such personal information from the documents before submilting them to the
USPTO. Petitionerfapplicant is advised that the record of a patent sppiina:on is available to the pubtic after publication of the
application {uniess a non-publication request in compliance with 37 CFR 1,213(a) is made in the applicativn) or issuance ofa
patent. Furthermors, the record from an abandonad appiication may also be available to the public if the application is
referenced in a published application or an issued patent {see 37 CFR 1.14). Checks and credit card authorization forms
PT0-203B submitied for payment purposes are not retained in the applisstion file and therefare are not publicly available.

LEGAL NAME OF INVENTOR

. . 3/9/2020
invantor: B{»i-g-nnsgs"? ldrgy " Date {Opticnal}

Brian Pf—fwh

Signature: ;

Note: An application data sheet (PTO/SB/14 or equivalent, including raming the entire inventive entity, must ascarmpany this form or must have
been previously fled. Use an additional #1{:8AD1 form for each: additional inventor,

Thi rolted o5y FRguned by 35 U.5.C. 115 and 37 CFR 1.83. The information is required to obtain of retain a benefit by the dadion i b e e
oy the USPY wation. Confidentiality is governed by 35 14.6.0. 122 and 37 CFR 1.31 and 1.14. Thiz collgaiite v ¢ 16 take 1 minute to
complete, induding gathering, preparing, and submitting the complated application form 1o the USPTQ. Time will vary depanding upon the individual case. Any
somments on the amount of fime you require o somplle this form amior suggesticss for reducing this burden, should be sent to the Chisf infarmation Officer, 1.8
Fatast and Trademerk Offics, U.S. Department of Cammarce, P.C. Box 1457, Alaxandria, VA 223713-1450, ©0 NOT SEND FEES OR COMPLETED FORME 10O
THis ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1 450,

If you need assiztance i completing the form. calf 1 -300.PT0O-0188 and selec! opbon &
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DocuSign Envelape [D: 24C1B596-43FE-45FB-A994-3A300CF64325

PTTIAIAOY {0612
12014 OMB 0651-0032
RYMENT OF CUMMERGE
s 3 vafid OMB contro! number.

Approved for use i
US Patent and Trademar DU
Under the Paperwork Reduction Act of 1885, no persans are required to respond to a eoliection of information unisss i oty

-~ _
{ DECLARATION (37 CFR 1.63) FOR UTILITY OR DESIGN APPLICATION USING AN \\
\\ APPLICATION DATA SHEET (37 CFR 1.76) §

ST e

S St

PR ttoacencocacaoen

Tileof | OSCILLATING-RESONANT-MODULE CONTROLLER

tnvention

As the below named inventor, | hereby declare that

I This declaration

= directed {o: The attached applicatior:, or

....... 15/043,584

§ United States application or PCT international application number

‘ March 2, 2020

filed on

The above-identified application was made or avthorized to be made by me.

| believe that | am the original inventar or an otigina! joint inventor of & claimed inventicn in the applcation.

i hereby acknowledge that any willful false statement made in this declaration is purishable under 18 L.S.C. 1001
by fine or imprisonment of not more than five {5} years, or toth.

WARNING:

Petitionesfapplicant is cautioned to avoid submitting personal information in documents filed in a patent appiication that may
coniribute to identily theft. Personal information such as social security numbers, benk account numbers, o credit card numbers
{other than a check or credit card authorization form PT{-2038 submitted for payment purposas) is never required by the USPTO
{o support a petition or an application. If this type of personal information is included in documents submitied to the USPTO,
petitioners/applicanis should consider redacting such personal information from the documents befare submitling them lo the
USPTQ. Petitioner/applicant is advised that the record of a patent application is available to the public after publication of the
application {unless a non-publication request in compliance with 37 CFR 1.213(a) 1s made In the application) or issuance of a
patent, Furthermore, the record from an abandoned application may also be available to the public if the application is
referenced in a published application or an issued patent {sea 37 CFR 1.14). Checks and credit card authorization forms
PTO-2038 submitted for payment purposes are not retained in the application file and therefere are not publicly available.

LEGAL NAME OF INVENTOR

inventor: Dan%nc’dle

F Date {Optional} ; 3’6‘-/—; z p‘ Q.20
Signature: K/}w[ w ‘ {

Note: An appiication data shest (PTO/SB/14 or equivaient], induding naming the entire inventive entity, must accampany this form or musi have
been previously filed. Lise an additional PTO/AIA% form for each additional inventor.

This collection of information is required by 35 U.S.C. 115 ard 3F JFR L8 Thainis fequires; 3 s or retain A benetit by the publis which is to file (and
by the USPTO to process) an applicatiorn. Confidentiaity = govarnad by 3% UAC 1 CFR 1.11 and 1.14. This vdection is sstimated & lake 1 minute to
complele, intluding gathering, preparing, and submitting the campleted application form to the USPTO. Time: will vary dupanding ugnon fw individual case. Any
corments on e amount of bme you requira to completa this form andlor suggestions for reducing this burden, should be sent (o the Theaf informayon Officer, WS
Patent and Trademark Office, U.S. Department of Commarce, P.O. Box 1450, Alsxandria, VA 22313-1450. DO kOT SEND FEES OR QOUMPLETED FORME TG
THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 223131450,

If you need assistance in camplating the form, cai ¥-800-PTC-918€ and seiect ophon 2.
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: PTO/AIA/4 (11-15)
Approved for use through 04/30/2017. OMB 0851-G032

U.8. Patent and Trademark Office; U.5. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of information unless it contains a valid OMB contrel humber.

i} . Attorney Docket Number | 35099.008C1
Application Data Sheet 37 CFR 1.76

Application Number

Title of Invention { OSCILLATING-RESONANT-MODULE CONTROLLER

The application data sheet is part of the provisional or nonprovisional application for which it is being submitted. The following form centains the
bibliographic data arranged in a format specified by the United States Patent and Trademark Office as outlined in 37 CFR 1.76.

i This document may be completed electronically and submitted to the Office in electronic format using the Electronic Filing System (EFS) or the
¢ dosument may be grinted and included in a pager filed application.

Secrecy Order 37 CFR 5.2:

‘Portions or all of the application associated with this Appiication Data Shaet may fall undar a Secrecy'Order pursuant to |
q 37 CFR 5.2 (Paper filers only. Applications that fall under Secrecy Order may not be filest slectronically.)

Inventor Information:

Inventor 1

Legal Name

Prefix. Given Name o Middle Name { Family Name Suffix
Robin Elenga

Residence Information {Select One} (s 13 Residercy <Y Non US Residency ) Active US Military Service

City Seattle State/Province WA Country of Residen,:;ei l_".i...

PMailing Address of inventor:

Address 1 3420 - ‘idt!’s Avenue West

Address 2

City | Seattle ' | State/Province | WA

Postal Code ' | 88139, ' Countryi | US_

inventor 2
: Legal Nams

Prefix Given Name Middle Name T Family Name - Suffix
{ Dan ' Knodle _

Residence Information (Select One) (s: US Residency ¢ 3 Non US Residency {3 Active US Miltary Service

City |_Seattle | State/Province | WA Country of Residencé | US_

Mailing Address of Inventor:

Address 1 #&M&mﬁ,

Address 2
City Seaite State/Province | WA _
i Postal Code Lﬁ@lliw A | Countryi L US

‘ Inventor 3
Legal Name

Prefix. Given Name Middle Name Family Name Suffix
' Brian i Pepin_

Residence Information (Select One) {®: US Residency Ty Non US Réé.idené:y {3y Active US Mititary Service

EFS Web 2.2,12
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: PTO/AIAM4 (11-15)

Appraved for use through 04/30/2017. OMB 0651-0032

U.S. Patent and Trademark Office; U.5. DEPARTMENT OF CCMMERCE

Under the Paperwork Reduction Act of 1995, na persons are required to respond to a collection of information unless it contains a valid OMB control number,

Attorney Docket Number | 35099.008C1
Application Number

Application Data Sheet 37 CFR 1.76

Title of Invention | OSCILLATING-RESONANT-MODULE CONTROLLER

City | Oakland | State/Province | CA_ | Country of Residencd | uS

Mailing Address of Inventor:

Address 1 2355 Broadway

Address 2

City “Qg&;:ggm . State/Province L WA
Postal Code 94612 ' | Countryi lus

All Inventors Must Be Listed - Additional Inventor Information blocks may be
generated within this form by selecting the Add button.

Correspondence Information:

Enter either Customer Number or complete the Correspoﬁdence Information section below.
For further information see 37 CFR 1.33(a).

{_) An Address is being provided for the correspondence Information of this application.

Customer Number 34395
Email Address jsanne@ciympicpatentworks.com

Application Information:

Title of the Invention OSCILLATING-RESONANT—MODULE CONIB_Q&&ER
Attorney Docket Number| 35099.008C1 t Sﬁall Entity; Status Claimed ,_X__
l Application Type Nonprovisional :
Subject Matter Utility
Total Number of Drawing Sheets (if any) 53 Suggested Figure for Publication (if any) 45

Filing By Reference:

Only complete this section when filing an application by reference under 35 US.C, 111(c) and 37 CFR 1.57{2). Do hot complete this section if
application papers including a specification and any drawings are being filed. Any domestic benefit or foreign priority information must be
provided in the appropriate section(s) below (i.e., “Domestic Benefit/National Stage Information” and “Foreign Priority Information”).

For the purposes of a filing date under 37 CFR 1.53(b), the description and any drawings of the present application are replaced by this
reference to the previously filed application, subject to conditions and requirements of 37 CFR 1.57(a). :

o o
Application number of the previously Filing date {Y¥YY-MM-DL) i Intellectual Property Authority or Country
filed application :

Publication Information:

[} Request Early Publication (Fee required at time of Request 37 CFR 1.219)

Request Not to Publish. I hereby requsst that the attached application not be published under

1 35 U.S.C. 122(b) and certify that the invention disclosed in the attached application has not and will not be the
subject of an application filed in ancther country, or under a multilateral international agreement, that requires
publication at eighteen manths after filing.

EFS Web 2.2.12
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i PTO/AIA/4 {11-15)
~uptoved for use through 04/30/2047. OMB 0653-0032

U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, no persans are requirsd fo respand to a collection of information unless it contains a valid OME control nember.

Attorney Docket Number | 35099.008C1
Application Number [

Application Data Sheet 37 CFR 1.76

Title of Invention | OSCILLATING-RESONANT-MODULE CONTROLLER

Representative Information:

Representative information should be provided for all practitioners having a power of attorney in the application. Providing
this information in the Application Data Sheet does not constitute a power of attorney in the application {see 37 CFR 1.32).

Either enter Customer Number or complete the Representative Name section below. If both sections are completed the customer
Number will be used for the Representative Information during processing.

Please Select One: (8 Customer Number i {7 US Patent Practitioner i {0 Limited Recognition (37 CFR 11.9)
Customer Number 34395

Domestic Benefit/National Stage Information:

This section allows for the applicant to either claim benefit under 35 U.S.C. 118(e}, 120, 121, 365(c}, or 386(c) or indicate

National Stage entry from a PCT application. Providing benefit claim information in the Application Data Sheet constitutes
the specific reference required by 35 U.S.C. 119(e) or 120, and 37 CFR 1.78.

When referring to the current application, please leave the “Application Number" field blank.

Prior Application Status | Pending

Refmove |
Filing or 371(c) Date
Application Number Continuity Type Prior Application Number (YYYY-MM-DD)
Continuation in part of 15/043584 2016-02-14

Prior Application Status | ,Expired

Fling or 371ic bate

Application Number Continuity Type Prior Application Numbet (YYYY-MM-DD)
45043584, Claims benefit of provisional 62/116144 7 2015-02-13

Additional Domestic Benefit/National Stage Data may be generated within this form
i by selecting the Add button.

Foreign Priority Information:

§This section allows for the applicant to claim priority to a foreign application. Providing this information in the application data sheet
§constitutes the claim for priority as required by 35 U.S.C. 119(b} and 37 CFR 1.55. When priority is claimed to a foreign application
éthai is eligible for retrieval under the priority document exchange program (F‘D)()E the information will be used by the Office to
Eautomatfcally attempt retrieval pursuant to 37 CFR 1.55(i}{1} and {2). Under the PDX program, applicant bears the ultimate
éresponsibility for ensuring that a copy of the foreign application is received by the Office from the participating foreign intellectual
gproperty office, or a certified copy of the foreign pricrity application is filed, within the time period specified in 37 CFR 1.85{g)(1).

EFS Web 2,212
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PTOIAIA/4 (11-15)

Approved for use through 04/30/2017. OMB 0651-0032

.8, Patent and Trademark Office; 1.5, DEPARTMENT OF COMMERCE
Under the Paperwork Retiuction Act of 1995, no persons are re:i=4 to respond to a eallection of information unless it contains a valid OMB control number.

L. Attorney Docket Number | 35099.008C1
Application Data Sheet 37 CFR 1.76 p—
Application Number
Title of Invention | OSCILLATING-RESONANT-MODULE CONTROLLER
Application Number Country’ . Filing Date (YYYY-MM-DD) Access Code (if applicable)

i Add button.

i Additional Fbreign Priority Data may be generated within this form by selecting the

Statement under 37 CFR 1.55 or 1.78 for AlA (First Inventor to File) Transition

Applications

This application (1) claims priority to or the benefit of an application filed before March 16, 2013 and (2) also
contains, or contained at any time, a claim to a claimed invention that has an effective filing date on or after March

1 16, 2013,

NOTE: By providing this statement under 37 CFR 1,55 or 1.78, this application, with a filing date on or after March

16, 2013, will be examined under the first inventor to file provisions of the AlA.

EFS Web 2.2.12
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i -+ PTO/AIA/14 (11-15)

Agpproved for use through 04/30/20%7. OMB 0651-0032

U.8. Patent and Trademark Office; U.S. DEPARTMENT OF SCMMERCE

Under the Paperwork Reduction Act of 1995, na persons are required to respond to a collection of infarmation unfess it contains s vaiid OMB contral number.

Attorney Docket Number | 35099.008C1
Application Number '

Application Data Sheet 37 CFR 1.76

Title of Invention OSCILLATING-RESONANT-MODULE CONTROLLER

Authorization or Opt-Out of Authorization to Permit Access:

When this Application Data Sheet is properly signed and fited with the appiication, appiicant has provided writien
authority to permit a participating foreign intellectual property (IP) office access to the instant application-as-filed (see
paragraph A in subsection 1 below) and the European Patent Office (EPO) access to any search results from the instant
application (see paragraph B in subsection 1 below).

Should applicant choose not to provide an authorization identified in subsection 1 below, applicant must opt-out of the
authorization by checking the corresponding box A or B or both in subsection 2 below.

NOTE: This section of the Application Data Sheet is ONLY reviewed and processed with the INITIAL filing of an
application. After the initial filing of an application, an Application Data Sheet cannot be used to provide or rescind
authorization for access by a foreign IP office(s). Instead, Form PTO/SB/39 or PTO/SB/E9 must be used as appropriate.

1. Authorization to Permit Access by a Foreign Intellectual Property Office(s)

A. Priority Document Exchange (PDX) - Unless box A in subsection 2 (opt-out of authorization) iz checked, the
undersigned hereby grants the USPTO authority to provide the European Patent Office (EPO), the Japan Patent Office
{JPO), the Korean Intellectual Property Office (KIPO), the State Intellectual Property Office of the People’s Republic of
China (SIPO), the World Intellectual Property Organization (WIPO), and any other foreign intellectual property office
participating with the USPTQ in a bilateral or multilateral priority document exchange agreement in which a foreign
application claiming priority to the instant patent application is filed, access to: (1) the instant patent application-as-filed
and its related bibliographic data, (2) any foreign or domestic application to which priority or benefit is claimed by the
instant application and its related bibliographic data, and (3} the date of filing of this Authorization. See 37 CFR 1.14(h)
{1).

B. Search Results from U.S. Application to EPQ - Unless box B in subsection 2 (opt-out of authorization) is checked,
the undersigned hereby grants the USPTO authority to provide the EPO access to the bibliographic data and search

results from the instant patent application when a European patent application claiming priority to the instant patent
application is filed, See 37 CFR 1.14(h)(2).

The applicant is reminded that the EPO’s Rule 141(1) EPC (European Patent Convention) requires applicants to submit &
copy of search results from the instant application without delay in a European patent application that claims priority to
the instant application.

2, Opt-Out of Authorizations to Permit Access by a Foreign Intellectual Property Office(s)

A. Applicant DOES NOT authorize the USPTO to permit a participating foreign IP office access to the instant
X! application-as-filed. if this box is checked, the USPTO will not be providing a participating foreign 1P office with
any documents and information identified in subsection 1A above.

B. Applicant DOES NOT authorize the USPTO to transmit to the EPO any search results from the instant patent
2 application. If this box is checked, the USPTO will not be providing the EPO with search results from the instant
application.
INOTE: Once the application has published or is otherwise publicly available, the USPTO may provide access to the
:application in accordance with 37 CFR 1.14.

EFSWeb2.2.12
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PTQ/AIA/4 (11-15)

Approved for use through 04/30/2017, QMB 0551-0032

U.S. Patent and Trademark Office; U.5. DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1995, no persons are required to respond to a collection of infarmation unless it contains a valid OMB control number.

Attorney Docket Number | 35099.008C1
Application Number '

Application Data Sheet 37 CFR 1.76

Title of Invention OSCILLATING-RESONANT-MODULE CONTROLLER

Applicant Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Title 37 of CFR
to have an assignment recorded by the Office.

Applicant 1

If the applicant is the inventor (or the remaining joint inventor or inventors under 37 GER 1.45), this section shouid not be completed.
The information to be provided in this section is the name and address of the legal representative who is the appiicant under 37 CFR
1.43; or the name and address of the assignee, person to whom the inventor is under an abligation to assign the invention, or person
who otherwise shows sufficient proprietary interest in the matter who is the applicant under 37 CFR 1.46. If the applicant is an
applicant under 37 CFR 1.46 (assignee, person to whom the inventor is obligated to assign, or person who otherwise shows sufficient
proprietary interest) together with one or more joint inventors, then the joint inventor or inventors who are also the applicant should be
identified in this section.

i Assignee (O Legal Representative under 35 U.S.C. 117 "y Jaint Inventor
eon. ~
("% Person to whom the inventor is obligated to assign, Q Person who shows sufficient proprietary interest

if applicant is the iegal representative, indicate the authority to file the patent application, the invenisr is:

Name of the Deceased or Legally Incapacitated Inventor;

If the Applicant ié én Organization check here.

5
e,

Organization Name | pegoNANT SYSTEMS, ING.

Maziling Address Information For Applicant:

Address 1 1406 NW 53rd

Address 2 i _Suite 2a
| City | Seattle | StatefProvince | WA
Country' us Postal Code :.98107
¢ Phone Number Fax Number '

Email Address

Additional Applicant Data may be generated within this form by selecting the Add button.

Assignee Information including Non-Applicant Assignee Information:

Providing assignment information in this section does not substitute for compliance with any requirement of part 3 of Titie
37 of CFR to have an assignment recorded by the Office.

EFS Web 2.2.12
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PTO/AIA/ 4 (11-15)

Approved for use through 04/30/2017. OMB 0651-0032

U.8. Patent and Trademark Office; U.S, DEPARTMENT OF COMMERCE

Under the Paperwork Reduction Act of 1895, no persons are required to respand to a ¢ollection of information unless it contains a valid OMB control number.

Attorney Docket Number | 35099.008C1
Application Number

Application Data Sheet 37 CFR 1.76

Title of Invention OSCILLATING-RESONANT-MODULE CONTROLLER

Assignee 1

Compilete this seclion # assignee information, including non-applicant assignee information, is desired to be meluded on he patent
application publication. An assignee-applicant identified in the "Applicant Information” section will appear on the patent application
publication as an applicant. For an assignee-applicant, complete this section only if identification as an assignee is also desired on the
patent application publication. ‘

If the Assignee or Non—AppIicant Assignee is an Orgéhi'zation check here.

Organization Name RESONANT SYSTEMS, INC.

Mailing Address Information For Assignee including Non-Applicant Assignes:

Address 1 1406NWSIO_
Address 2 Suite 22
City J Seattle State/Province VA
Countryi us - " Postal Code | 88107
. Phone Number o Fax Number N

Email Address

Additional Assignee or Non-Applicant Assignee Data may be generated within this form by
selecting the Add button,

Signature:

NOTE: This Application Data Sheet must be signed in accordance with 37 GFR 1.33{b}. However, if this Application
Data Sheet is submitted with the INITIAL filing of the application and either box A or B is not checked in
subsection 2 of the “Authorization or Opt-Out of Authorization to Permit Access” section, then this form must
also be signed in accordance with 37 CFR 1.14(c).

This Application Data Sheet must be signed by a patent practitioner if one or more of the applicants is a juristic
entity (e.g., corporation or association). If the applicant is two or more joint inventors, this form must be signed by a
ipatent practitioner, all joint inventors who are the applicant, or one or more joint inventor-applicants who have been giver: i
‘power of attorney (e.g., see USPTO Form PTO/AIA/81) on behalf of all joint inventor-applicants. :
' See 37 CFR 1.4(d) for the manner of making signatures and certifications.

Signature {Robert W. Bergstrom/ Date (YYYY-MM-DD)! 2020-03-02
First Name | _Robert W, _ . LastName | Bergstrom . Registration Number | 39506

Additional Signature may be generated within this form by selecting the Add button.

EFS Web 2.2.12
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PTO/AIAM4 (11-15)
Approved for use through 04/30/2017. OMB 0651-0032

U.S. Patent and Trademark Office; 1J.5. DEPARTMENT OF COMMERCE
Under the Paperwork Reduction Act of 1995, na persons are required to respond to a collection of information unless it containe a valid OMB control number,

Application Data Sheet 37 CFR 1.76

Aftorney Docket Number

35099.008C1

\ Application Number

Title of Invention

.

OSCILLATING-RESONANT-MODULE CONTROLLER

This collection of information is reguired by 37 GFR 1.76. The information is required to obtain or retain a benefit by the public which
is to file (and by the USPTO to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.14. This
collection is estimated 1o take 23 minutes to complete. including gathering, preparing, and submitting the completed application data
sheet fom to the USPTO. Time will vary depending upon the individual case. Any comments on the amount of time you require to
complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Gommerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR
COMPLETED FORMS TO THIS ADDRESS. SEND TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

EFS Web 2.2.12
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OSCILLATING-RESONANT-MODULE CONTROLLER

CROSS-REFERENCE TO RELATED APPLICATIONS

This application is a continuation-in-part of Application No.
15/043.584, filed February 14, 2016, which claims the benefit of Provisional Patent
Application No. 62/116,144, filed February 13, 2015.

TECHNICAL FIELD

The current document is related to vibration-generating devices and. in
particular, to vibration modules that can be incorporated into a wide variety of different
types of electromechanical devices and systems to produce predetermined vibration

responses.

BACKGROUND

Vibration-inducing motors and mechanisms have been used for many
years in a wide variety of different consumer appliances, toys, and other devices and
systems. Examples include vibration signals generated by pagers, smart phones,
vibration-driven appliances, such as hair-trimming appliances, electric toothbrushes,
electric toy football games, and many other appliances, devices, and systems. The most
common electromechanical system used for generating vibrations is an intentionally
unbalanced electric motor.

Figures 1 A-B illustrate an unbalanced electric motor typically used for
generating vibrations in a wide variety of different devices. As shown in Figure 1A, a
small, relatively low-power electric motor 102 rotates a cylindrical shaft 104 onto
which a weight 106 is asymmetrically or mounted. Figure 1B shows the weight
asymmetrically mounted to the shaft, looking down at the weight and shaft in the
direction of the axis of the shaft. As shown in Figure 1B, the weight 106 is mounted
off-center on the electric-motor shaft 104. Figures 2A-B illustrate the vibrational
motion produced by the unbatanced electric motor shown in Figures 1A-B. Asshown
in Figures 2A-B, the asymmetrically-mounted weight creates an elliptical oscillation
of the end of the shaft, normal to the shaft axis, when the shaft is rotated at relatively

high speed by the electric motor. Figure 2A shows displacement of the weight and
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shaft from the stationary shaft axis as the shaft is rotated, looking down on the weight
and shaft along the shaft axis, as in Figure 1B. In Figure 2A, a small mark 202 is
provided at the periphery of the disk-shaped end the of electric-motor shaft to illustrate
rotation of the shaft. When the shaft rotates at high speed, a point 204 on the edge of
the weight traces an ellipsoid 206 and the center of the shaft 208 traces a narrower and
smaller ellipsoid 210. Were the shaft balanced, the center of the shaft would remain at
a position 212 in the center of the diagram during rotation, but the presence of the
asymmetrically-mounted weight attached to the shaft, as well as other geometric and
weight-distribution characteristics of the electric motor, shaft, and unbalanced weight
together create forces that move the end of the shaft along the elliptical path 210 when
the shaft is rotated at relatively high speed. The movement can be characterized, as
shown in Figure 2B, by a major axis 220 and minor axis 222 of vibration, with the
direction of the major axis of vibration equal to the direction of the major axis of the
ellipsoids, shown in Figure 2A, and the length of the major axis corresponding to the
amplitude of vibration in this direction. In many applications, in which oscillation back
and forth along a defined path is desired, designers seek to force the major-axis-
amplitude/minor-axis-amplitude ratio to be as large as possible, to approach a linear
path, but, because the vibration is produced by a rotational force, it is generally not
possible to achieve oscillation back and forth along a defined path. In many cases, the
path traced by the shaft center may be close to circular. The frequency of vibration of
the unbalanced electric motor is equal to the rotational frequency of the electric-motor
shaft, and is therefore constrained by the rate at which the motor can rotate the shaft.
At low rotational speeds, little vibration is produced.

While effective in producing vibrations, there are many problems
associated with the unbalanced-electric-motor vibration-generating units, such as that
shown in Figure 1A, commonly used in the various devices, systems, and applications
discussed above. Unbalancing the shaft of an electric motor not only produces useful
vibrations that can be harnessed for various applications, but also produces destructive,
unbalanced forces within the motor that contribute to rapid deterioration of motor parts.
Enormous care and effort is undertaken to precisely balance rotating parts of motors,

vehicles, and other types of machinery, and the consequences of unbalanced rotating
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parts are well known to anyone familiar with automobiles, machine tools, and other
such devices and systems. The useful lifetimes of many devices and appliances,
particularly hand-held devices and appliances, that employ unbalanced electric motors
for generating vibrations may range from a few tens of hours to a few thousands of
hours of use, after which the vibrational amplitude produced by the devices declines
precipitously as the electric motor and other parts deteriorate. Unbalanced electric
motors are relatively inefficient at producing vibrational motion. A far greater amount
of power is consumed by an unbalanced electrical motor to produce a given vibrational
force than the theoretical minimum power required to produce the given vibrational
force. As aresult, many hand-held devices that employ unbalanced electric motors for
generating vibrations quickly consume batteries during use. Unbalanced electric
motors. as discussed above, oscillating motion back and forth along a predefined path,
or space curve, cannot generally be produced by unbalanced electric motors.
Unbalanced electric motors generate vibrations in only a very limited portion of the
total vibrational-force/frequency space. Figure 3 shows a graph of vibrational force
with respect to frequency for various types of unbalanced electric motors. The graph
is shown as a continuous hypothetical curve, although, of course, actual data would be
discrete. As shown in Figure 3, for relatively low-power electric motors used in hand-
held appliances, only a fairly narrow range of frequencies centered about 80 Hz (302
in Figure 3) generate a significant vibrational force. Moreover, the vibrational force is
relatively modest. The bulk of energy consumed by an unbalanced electric motor is
used to spin the shaft and unbalanced weight and to overcome frictional and inertial
forces within the motor. Only a relatively small portion of the consumed energy is
translated into desired vibrational forces.

Because of the above-discussed disadvantages with the commonly
employed  unbalanced-electric-motor vibration-generation  units,  designers,
manufacturers, and, ultimately, users of a wide variety of different vibration-based
devices, appliances, and systems continue to seek more efficient and capable vibration-
generating units for incorporation into many consumer appliances, devices, and

systems.
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SUMMARY

The current document is directed to various types of oscillating resonant
modules ("ORMs"), including linear-resonant vibration modules, that can be
incorporated in a wide variety of appliances, devices, and systems to provide
vibrational forces. The vibrational forces are produced by back-and-forth oscillation
of a weight or member along a path, generally a segment of a space curve. A controller
controls each of one or more ORMs to produce driving oscillations according to a
control curve or control pattern for the ORM that specifies the frequency of the driving
oscillations with respect to time. The driving oscillations, in turn, elicit a desired
vibration response in the device, appliance, or system in which the one or more ORMs
are included. The desired vibration response is achieved by selecting and scaling
control patterns in view of known resonance frequencies of the device, appliance, or

system.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1A-B illustrate an unbalanced electric motor typically used for
generating vibrations in a wide variety of different devices.

Figures 2A-B illustrate the vibrational motion produced by the
unbalanced electric motor shown in Figures 1A-B.

Figure 3 shows a graph of vibrational force with respect to frequency
for various types of unbalanced electric motors.

Figures 4A-D illustrate, in part, what is meant by the phrase "oscillating
resonant module” in the current document.

Figures 5A-G illustrate one particular type of ORM.

Figures 6A-B illustrate an H-bridge switch that can be used, in various
ORMs, to change the direction of current applied to a coil that drives back-and-forth
oscillation within the ORM.

Figure 7 provides a block diagram of the ORM, illustrated in Figures
5A-G.

Figures 8A-C provide control-flow diagrams that illustrate the control

program, executed by the CPU, that controls operation of an ORM.
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Figure 9 represents the range of frequencies and vibrational forces that
can be achieved by different implementations of ORM and ORM control programs.

Figure 10 shows a plot of the amplitude/frequency space and regions in
that space that can be operationally achieved by unbalanced electrical motors and by
ORMs.

Figures 11-18 show a variety of different alternative implementations
of ORMs.

Figure 19 illustrates an enhancement of an implementation of the ORM
shown in Figure 17.

Figure 20 illustrates a first coil layer.

Figure 21 illustrates a second coil layer.

Figure 22A illustrates a cross-section of a stator having two coil layers.

Figure 22B illustrates a cross-section of a stator having four coil layers.

Figure 22C illustrates a cross-section of a stator having two coil layers.

Figure 23 A iliustrates a motor with a driving force that is perpendicular
to the surface of a substrate.

Figure 23B illustrates the motor with a magnetic armature in an upward
position.

Figure 23C illustrates the motor with a magnetic armature in a
downward position.

Figures 24A-D provide illustrations of various physical and
mathematical concepts related to oscillation.

Figure 25 shows a block diagram of a generic device, appliance, or
system that employs ORMs to generate vibration.

Figures 26A-B illustrate multiple resonant frequencies within a device
or systemi.

Tigure 27 provides an example resonant-frequency table for the generic
ORM-containing device discussed above with reference to Figure 25.

Figures 28 A-C illustrate how an ORM control scheme combines with a

resonant frequency to produce a vibration response.
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Figure 29 shows a few examples of control patterns that may be applied
to ORMs by the control logic within the generic device.

Figure 30 shows an example vibration-type table that may be prepared
for the generic device shown in Figure 25.

Figures 31-36 provide control-flow diagrams to illustrate control logic
used in the genetic device, discussed above with reference to Figure 25, to produce
well-defined vibration modes or vibration responses in the physical device or system.

Figures 37A-D illustrate pulse-width modulation control of an ORM.

Figure 38A illustrates a control pattern that involves a constant-voltage
signal 3802 from an initial time # 3804 to a final, end time #r3806.

Figure 38B illustrates the actual vibration response of the ORM,

Figure 39 illustrates modification of the naive control pattern, shown in
Figure 38A, in order to achieve a better approximation of the desired constant-
amplitude oscillation in the time interval 7 to ¢

Figures 40A-40F illustrate movable mechanical stops and mechanical
latches, two types of mechanical control features that may be included in various types
of ORMs.

Figure 41 shows example information that may be stored in order to
more accurately control ORMs according to the methods and considerations disclosed
in the current document.

Figure 42 provides an alternative implementation of the routine
"generate vibration," discussed above with reference to Figure 36.

Figure 43 illustrates both methods for increasing the complexity of
ORM time-dependent driving osciilations as well as increasing and simplifying
feedback control.

Figure 44 illustrates one type of ORM driving-oscillation sensor that
can be employed to provide feedback information for ORM control.

Figure 45 illustrates an alternative approach to sensing the driving
oscillations produced by an ORM.

Figures 46A-B illustrate several possible direct-sensing approaches.
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DETAILED DESCRIPTION

The current document is directed to various oscillating resonant
modules ("ORMSs"), including various types of linear oscillating resonant modulies
("linear ORMs"), that can be used within a wide variety of different types of appliances,
devices, and systems, to generate vibrational forces. ORMs produce vibrational forces
by oscillation of a weight or component within the ORM along a segment of a space
curve, rather than as a by-product of an unbalanced rotation, as in the case of
unbalanced electric motors. The oscillatory nature of the ORM vibration-inducing
motion effectively addresses many problems associated with unbalanced electric
mofors. Combining an ORM with feedback control, so that the driving frequency
produced by the ORM falls close to the resonant frequency of a device in which the
ORM is included, results in optimal power consumption with respect to the amplitude
and frequency of vibration produced by the ORM as well as maximal vibration energy
of the device. Oscillation within a ORM may translate into highly directional driving
forces produced by the ORM to drive a vibration response in an appliance or device
that incorporates the ORM. The current document includes a first subsection, in which
various types of ORMs are described, a second subsection on which an ORM controller
is discussed, and a third subsection in which accurate methods for ORM control, to
which the current document is directed, are described in detail.

ORMs

Figures 4A-D iilustrate, in part, what is meant by the phrase "oscillating
resonant module" in the current document. In contrast to the above-discussed
unbalanced electric motors often used to generate vibrations in vibration-driven
appliances, an oscillating resonant module contains a weight, or mass, that oscillates
back and forth along a path. The path may be a linear path, or line segment, but, in the
general case, can be potentially any particular segment of a space curve. Figure 4A
illustrates operation of a linear oscillating resonant module. ir a first diagram 402,
labeled with the time "0," the linear ORM is depicted at time 0 (404 in Figure 4A), with
the mass or weight 406 centered within a linear path 408 bounded by two stops 410
and 412. When the linear ORM is activated, the weight begins moving to the left, as

shown in diagram 414. The small arrow 415 within the disk-like mass 406 indicates
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the direction of movement. The mass continues to move, as shown in diagram 416,
until the mass strikes the lefi-hand stop 410, at which point the direction of travel of
the mass reverses and the mass begins moving back in the opposite direction, as shown
in diagram 418. In diagrams 419 and 420, the mass continues in its rightward direction
of travel during time intervals 4 and 5. At time 6, as shown in diagram 421, the mass
strikes the right-hand stop 404 and reverses direction, traveling back in the lefiward
direction, as shown in diagram 422. Ellipses 424 indicate that this process continues
indefinitely during operation of the linear ORM. The mass oscillates back and forward
along the linear path. The period of oscillation and the maximum amplitude of
oscillation can generally be controlled by control signals input to an ORM.

Figure 4B illustrates a mapping of a continuous logical movement of
the weight along a circle to the actual linear motion of the weight within a linear ORM,
as discussed above with reference to Figure 4A. In Figure 4B, the position of the
weight is plotted along a circle 430. At time 0, represented by point 432, the weight
position is vertically mapped, as indicated by dotted line 434 as well as by the solid
line 436 within the circle 430, to a central point 438 on the linear path 440 shown below
the circle. The position of the weight travels along the circle, in a counter-clockwise
direction, as long as the linear ORM operates, as indicated by the dashed circular arrow
442. Attime 1, indicated by point 444 on circle 430, the position of the mass is mapped,
by vertical dashed line 446, to point 448 on linear path 440. At time 2, represented by
point 450, the position of the mass on the linear path 440 is point 452. At time 3.
represented by point 454 along the circle, the position of the mass is again point 448.
Thus, as the position of the mass plotted along the circle has moved from point 444 to
point 454, the direction of movement of the mass has reversed and the mass is now
continuing in the opposite direction from the direction in which it originally moved.
Small horizontal arrows, such as arrow 456, shown below the linear path 344, illustrate
the linear motion of the mass of the linear ORM between each pair of adjacent time
points. Thus, the back-and-forth oscillation of the mass in a linear ORM can be
described by a logical revolution of a mass about a circle, If the circle has a radius of
1, then the position x at time ¢ of the mass along the actual path of travel can be

expressed as:
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£(1) =c05(an‘—%],

where o is the angular velocity at which the point representing the mass moves around
the circle.

Figure 4C illustrates a general space-curve segment path. In Figure 4C,
a short space-curve segment 460 is shown plotted in a three-dimensional Cartesian
coordinate system 462. The weight or mass of an oscillating resonant module ("ORM")
may oscillate back and forth along such a space-curve-segment path. In the first plot
in Figure 4C 458, the weight or mass moves from left to right along the path, as
indicated by the small curved arrows, such as curved arrow 460. As shown in the
second plot 462 in Figure 4C, once the weight or mass reaches the lefi-hand end of the
space-curve segment, it reverses directions and move to the left. As shown in the third
plot 464 in Figure 4C, once the weight or mass reaches the left-hand end of the space-
curve segment, it again reverses direction and moves to the right. Ellipses 466 indicate
that this back-and-forth oscillation continues while the ORM operates. The space-
curve-segment path of the weight in an ORM is defined by the physical implementation
and operation of the ORM.

Figure 4D illustrates two additional example paths along which the
weight or mass of an ORM may oscillate. The first path is a circular arc 470 and the
second path is a partially elliptical arc-like path 472. As mentioned above, many
additional different types of space-curve-segment paths for ORMs are possibie.

Figures 5A-G illustrate one particular type of ORM. Figures SA-G all
use the same illustration conventions, next discussed with reference to Figure 5A. The
ORM includes a cylindrical housing 502 within which a solid, cylindrical mass 504, or
weight, can move linearly along the inner, hollow, ¢ylindrically shaped chamber 506
within the cylindrical housing or tube 502. The weight is a magnet, in the described
an implementation, with polarity indicated by the "+" sign 510 on the right-hand end
and the "-" sign 512 on the left-hand end of the weight 504. The cylindrical chamber
506 is capped by two magnetic disks 514 and 516 with polarities indicated by the "+"
sign 518 and the "-" sign 519. The disk-like magnets 514 and 518 are magnetically

oriented opposite from the magnetic orientation of the weight 504, so that when the
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weight moves to either the extreme left or extreme right sides of the cylindrical
chamber, the weight is repeiled by one of the disk-like magnets at the left or right ends
ofthe cylindrical chamber. In other words, the disk-like magnets act much like springs,
to facilitate deceleration and reversal of direction of motion of the weight and to
minimize or prevent mechanical-impact forces of the weight and the end caps that close
off the cylindrical chamber. Finally, a coil of conductive wire 520 girdles the
cyiindrical housing, or tube 502 at approximately the mid-point of the cylindrical
housing.

Figures 5B-G illustrate operation of the ORM shown in Figure 5A.
When an electric current is applied to the coil 520 in a first direction 522, a
corresponding magnetic force 524 is generated in a direction parallel to the axis of the
cylindrical chamber, which accelerates the weight 504 in the direction of the magnetic
force 524, When the weight reaches a point at or close to the corresponding disk-like
magnet 514, as shown in Figure 5C, a magnetic force due to the repulsion of the disk-
like magnet 514 and the weight 504, 526, is generated in the opposite direction,
decelerating the weight and reversing its direction. As the weight reverses direction,
as shown in Figure 5D, current is applied in an opposite direction 530 to the coil 520,
producing a magnetic force 532 in an opposite direction from the direction of the
magnetic force shown in Figure 5B, which accelerates the weight 504 in a direction
opposite to the direction in which the weight is accelerated in Figure 5B. As shown in
Figure SE, the weight then moves rightward until, as shown in Figure 5F. the weight is
decelerated, stopped, and then accelerated in the opposite direction by repulsion of the
disk-like magnet 516. An electrical current is then applied to the coil 520 in the same
direction 534 as in Figure 5B, again accelerating the solid cylindrical mass in the same
direction as in Figure 5B. Thus, by a combination of a magnetic field with rapidly
reversing polarity, generated by alternating the direction of current applied to the coil,
and by the repulsive forces between the weight magnet and the disk-like magnets at
each end of the hollow, cylindrical chamber, the weight linearly oscillates back and
forth within the cylindrical housing 502, imparting a directional force at the ends of the

cylindrical chamber with each reversal in direction.
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Clearly, the amplitude of the vibration and other characteristics of the
vibrational forces produced within the ORM are related to the length of the hollow
chamber in which the weight oscillates, the current applied to the coil, the mass of the
weight, the acceleration of the weight produced by the coil, and the mass of the entire
ORM. All of these parameters are essentially design parameters for the ORM, and thus
the ORM can be designed to produce a wide variety of different amplitudes.

The frequency of the oscillation of the solid, cylindrical mass is
determined by the frequency at which the direction of the current applied to the coil is
changed. Figures 6A-B illustrate an H-bridge switch that can be used, in various
ORMs, to change the direction of current applied to a coil that drives back-and-forth
oscillation within the ORM. Figures 6A-B both use the same illustration conventions,
described next with respect to Figure 6A. The H-bridge switch receives, as input, a
directional signal & 602 and direct-current ("DC") power 604. The direction-control
signal d 602 conirols four switches 606-609, shown as transistors in Figure 6A. When
the input control signal & 602 is high, or "1," as shown in Figure 6A, switches 608 and
609 are closed and switches 606 and 607 are open, and therefore current flows, as
indicated by curved arrows, such as curved arrow 610, from the power-source input
604 to ground 612 in a leftward direction through the coil 614. When the input-control
signal d is low, or "0," as shown in Figure 6B, the direction of the current through the
coil is reversed. The H-bridge switch, shown in Figures 6A-B, is but one example of
various different types of electrical and electromechanical switches that can be used to
rapidly alternate the direction of current within the coil of an ORM.

Figure 7 provides a block diagram of the ORM, illustrated in Figures
5A-G. The ORM, in addition to the cylindrical housing, coil, and internal components
shown in Figure 5A, includes a power supply. a user interface, generally comprising
electromechanical buttons or switches, the H-bridge switch, discussed above with
reference to Figures 7A-B, a central processing unit ("CPU"), generally a small. low-
powered microprocessor, and one or more electromechanical sensors. All of these
components are packaged together as an ORM within a vibration-based appliance,

device, or system.
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As shown in Figure 7, the ORM 700 is controlled by a conirol program
executed by the CPU microprocessor 702. The microprocessor may contain sufficient
on-board memory to store the control program and other values needed during
execution of the control program, or. alternatively, may be coupled to a low-powered
memory chip 704 or flash memory for storing the control program. The CPU recéives
inputs from the user controls 706 that together comprise a user interface. These
controls may include any of various dials, pushbuttons, switches, or other
electromechanical-control devices. As one example, the user controls may include a
dial to select a strength of vibration, which corresponds to the current applied to the
coil, a switch to select one of various different operational modes, and a power button.
The user controls generate signals input to the CPU 708-710. A power supply 712
provides power, as needed, to user controls 714, to the CPL 716 and optional,
associated memory, to the H-bridge switch 718, and, when needed, to one or more
sensors 732. The voltage and current supplied by the power supply to the various
components may vary, depending on the operational characteristics and requirements
of the components. The H-bridge switch 720 receives a control-signal input d 722 from
the CPU. The power supply 712 receives a control input 724 from the CPU to control
the current supplied to the H-bridge switch 718 for transfer to the coil 726. The CPU
receives input 730 from one or more electromechanical sensors 732 that generate a
signal cotresponding to the strength of vibration currently being produced by the
linearly oscillating mass 734. Sensors may include one or more of accelerometers,
piezoelectric devices, pressure-sensing devices, or other types of sensors that can
generate signals corresponding to the strength of desired vibrational forces.

Figures 8A-C provide control-flow diagrams that illustrate the control
program, executed by the CPU, that controls operation of an ORM. Figure 8A provides
a control-flow diagram for the high-level control program. The program begins
execution, in step 802, upon a power-on event invoked by a user through a power
button or other user control. In step 802, various local variables are set to default
values, including the variables: (1) mode, which indicates the current operational mode
of the device: (2) strength, anumerical value corresponding to the current user-selected

strength of operation, corresponding to the electrical current applied to the coil; (3)
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Ivi0, a previously sensed vibrational strength; (4) /vl/, a currently sensed vibrational
strength; (6) freq. the current frequency at which the direction of current is alternated
in the enil: (6) d. the control output to the H-bridge switch; and (7) inc, a Boolean value
that indicates that the frequency is currently being increased. Next, in step 804. the
control program waits for a next event. The remaining steps represent a continuously
executing loop, or event handler, in which each event that occurs is appropriately
handled by the control program. In certain implementations of the control program,
events may be initiated by interrupt-like mechanisms and stacked for execution while,
in more primitive implementations, certain events that overlap in time may be ignored
or dropped. In the implementation illustrated in Figures 8A-C, two timers are used,
one for controlling the change in direction of the current applied to the coil, at a
currently established frequency, and the other for controlling a menitoring interval at
which the control program monitors the vibrational force currently produced. Rather
than using a formal timer mechanism, certain implementations may simply employ
counted loops or other sisupie programming techniques for periodically carrying out
tasks. When an event occurs, the control program begins a series of tasks, the first of
which is represented by the conditional step 806, to determine what event has occurred
and appropriately handle that event. When the frequency timer has expired, as
determined in step 806, the value of the output signal d is flipped, in step 808, and
output to the H-bridge switch, with the frequency timer being reset to frigger a next
frequency-related event. The frequency-timer interval is determined by the current
value of the variable freg. Otherwise, when the event is a monitor timer expiration
event, as determined in step 810, then a routine "monitor” is called in step 812.
Otherwise, when the event corresponds to a change in the user input through the user
interface, as determined in step 814, the routine "control” is called in step 816.
Otherwise, when the event is a power-down event, as determined in step 818, resulting
from deactivation of a power button by the user. then the control program appropriately
powers down the device. in step 820, and the control program terminates in step 822.
Any other of various types of events that may occur are handled by a default event
handler 824. These events may include various error conditions that arise during

operation of the device.
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Figure 8B provides a control-flow diagram for the routine "monitor,”
called in step 812 of Figure 8A. In step 830, the routine "monitor" converts the sensor
input to an integer representing the current vibrational force produced by the ORM and
stores the integer value in the variable lv/7. Next, in step 832, the routine "monitor”
determines whether or not the ORM is currently operating in the default mode. In the
defanlt mode, the ORM uses continuous feedback control to optimize the vibrational
force produced by the ORM by continuously seeking to operate the ORM at a
frequency as close as possible to the resonant frequency for the ORM. Other, more
complex operational modes may be handled by various more complex routines,
represented by step 834 in Figure 8B. More complex vibrational modes may
systematically and/or periodically alter the frequency or produce various complex,
multi-component vibrational modes useful in certain applicatioms, appliances, devices,
and systems. These more complex modes are application dependent, and are not
further described in the control-flow diagrams. In the case that the operational mode
is the default mode, in which the control program seeks to optimize the vibrational
force generated by the device, in step 836, the routine "monitor" determines whether
the local variable inc is set to TRUE. If so, then the control program is currently
increasing the frequency at which the device operates in order to obtain the resonance
frequency. When [/vl] is greater than [vi0, as determined in step 838, then the
vibrational force has been recently increased by increasing the frequency, and so the
routine "monitor" increases the frequency again, in step 840, and correspondingly
resets the frequency timer. Otherwise, when Jvi{ is less than /v/0, as determined in step
842, then the control program has increased the frequency past the resonance
frequency, and therefore, in step 844, the control program decreases the frequency, sets
the variable inc to FALSE, and correspondingly resets the frequency timer. In similar
fashion, when the variable inc is initially FALSE, as determined in step 836, and when
il is greater than [v/0, as determined in step 846, the routine "monitor” decreases the
value stored in the variable freq, in step 848 and resets the frequency timer. Otherwise,
when Wi is less than /IO, as determined in step 860, then the routine "minitor"

increases the value stored in the variable freg, sets the variable inc to TRUE, and resets
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the frequency timer in step 862. Finally, the value in /v// is transferred to /v/0 and the
monitor timer is resst, in step 864.

Figure 8C provides a control.-ﬂow diagram for the routine "control,"
called in step 816 in Figure 8A. This routine is invoked when a change in the user
controls has occurred. In step 860, the variables mode and strength are set to the
currently selected mode and vibrational strength, represented by the current states of
control features in the user interface. Next, in step 862, the routine "control” computes
an output value p corresponding to the currently selected strength, stored in the variable
strength, and outputs the value p to the power supply so that the power supply outputs
an appropriate current 1o the coil. Finally, in step 864, the routine "control” computes
a new monitor timer interval and resets the monitor timer accordingly.

The control program described with reference to Figures 8A-C is one
example of many different implementations of the control program that can be carried
out, depending on requirements of the ORM, the parameters and characteristics
inherent in a particular ORM, the types of control inputs received from a particular user
interface, the nature of the power supply, and the types of operational modes that are
implemented for the ORM.

Figure 9 represents the range of frequencies and vibrational forces that
can be achieved by different implementations of ORM and ORM control programs.
Figure 9 has the same axes as the graph shown in Figure 3. However, unlike Figure 3,
Figure 9 includes many different curves, such as curve 902, each representing the
vibrational forces and frequencies that can be obtained from a particular ORM
implementation. Again, an ORMs generally has at least one resonant frequency that is
charactetistic of the geometry and weights of various components of the ORM, and
each ORM is naturally operated at a frequency close to this resonant frequency in order
to achieve maximum vibrational force. Thus, rather than being restricted, over all
possible implementations, to a relatively narrow range of frequencies and vibrational
forces, as in the case of unbalanced electrical motors, ORMs can be designed and
implemented to produce desired vibrational forces over a wide range of vibrational
frequencies, and desired vibrational frequencies over a wide range of desired

vibrational forces. The contrast is perhaps best seen in Figure 10. Figure 10 shows a
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plot of the amplitude/frequency space and regions in that space that can be
operationally achieved by unbalanced electrical motors and by linear ORMs.
Unbalanced electric motors can be implemented to produce amplitude/frequency
combinations roughly within the cross-hatched square region 1002 within
amplitude/frequency space. By contrast, linear ORMs can be designed -and
implemented to produce amplitude/frequency combinations undetlying curve 1004.
Thus, linear ORMs can achieve much higher operational frequencies and much lower
operational frequencies than can be practically obtained by unbalanced electric motors,
and can produce much higher amplitudes and vibrational forces than can be achieved
by relatively low-powered unbalanced electrical motors used in hand-held appliances
and other commonly encountered devices and systems. Furthermore, when larger
vibrational forces are needed, balanced electrical motors are generally impractical or
infeasible, due to the destructive forces produced within the electrical motors. In
general, a single implemented linear ORM can access a much larger region of
amplitude/frequency space than currently available vibration modules, which generally
operate at fixed amplitudes and/or fixed frequencies, as further discussed below.

Figures 11-18 show a variety of different alternative implementations
of ORMs. Figure 11 provides a schematic illustration of an ORM similar to that
discussed above with reference to Figure 4A. Note that, in place of the end magnets
1102 and 1104, mechanical springs may alternatively be used. These may be
traditional helical springs made from metal or springs made from a compressible and
durable material or mechanical device that seeks to resiore its initial shape when
depressed or compressed. Note that the weight and chamber may be cylindrical, in
cross section, as discussed above with reference to Figure 5A, or may have other
shapes, including rectangular or hexagonal cross-sections.

Figure 12 shows a similar implementation in which the control unit and
power supply are incorporated into the moving mass 1202. Iu this implementation, the
relative masses of the moving mass 1202 and remaining components of the ORM is
maximized, thus maximizing the vibrational forces produced at a given level of power

consumption.
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Figure 13 shows yet an alternative ORM. In this alternative
implementation, additional coils 1302 and 1304 are incorporated in the moving mass.
and a centering magnet or coil 1306 is positioned in a fixed location on the housing so
that, when the direction of the current applied to the coils 1302 and 1304 is alternated,
an oscillating rotational force is generated to cause the movable weight to oscillate both
in a plane perpendicular to the axis of the chamber as well as linearly oscillating the
direction of the chamber. ‘

Figure 14 illustrates an ORM in which multiple electromagnetic coils
are employed. In Figure 14, two coils 1402 and 1404 are placed in two different
positions on the housing. The first coil 1402 may be used to drive linear oscillation of
the moving mass 1406, while the second coil may be activated in order to shorten the
length of the chamber within which the moving mass linearly oscillates, essentially
serving as a second repelling magnet. In this implementation of the ORM, the moving
mass may linearly oscillate with at least two different amplitudes, depending on
whether or not the second coil 1404 is activated to repel the moving mass. Additionally
more complex patterns of current reversal in the two coils can be employed to produce
complex multi-component vibrational modes of the moving mass.

When the housing is fully enclosed, air within the chamber serves to
dampen oscillation of the moving mass. This dampening may be minimized by
providing channels, on the sides of the moving mass, to allow air to pass from one side
of the moving mass to the other, by channels through the moving mass, or by providing
openings in the housing to allow air to be forced from the housing and drawn into the
housing. Additionally, different fluids or liquids may be employed within the chamber
to change the dampening effect produced by displacement of the fluids and gasses as
the moving mass linearly oscillates.

Figure 15 illustrates an alternative ORM an implementation of the
linear-resonant vibration module to which current document js directed in which a
plunger linearly oscillates to produce a vibration. The plunger 1502 is slideably
contained within a moveable-component track orthogonal to a long axis of the main
housing 1504 of the ORM that includes the power supply, microcontroller, and other

control components. The plunger is girdled by, or includes, a driving magnet 1506 that
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is attracted to, and seeks to be positioned in alignment with, a centering magnet 1508
mounted within the housing. Applying current to one of two driving coils 1512 and
1514 forces the driving magnet away from the equilibrium position shown in Figure
15. By rapidly switching the direction of current applied to the driving coils, the
microcontroller can control the plunger to linearly oscillate in an up-and-down fashion,
as indicated by arrow 1520,

Figure 16 shows yet another ORM an implementation of the linear-
resonant vibration module to which current document is directed. In this an
implementation of the linear-resonant vibration module to which current document is
directed, a spring-like member 1602 is clamped at one end 1604 to the housing.
Driving magnets 1606 and 1608 are fixed to the spring-like member 1602, and when
current is rapidly reversed in a coil 1610, the spring-like member 1602 is induced to
vibrate at a relatively high frequency.

Figure 17 shows another ORM similar to the ORM shown in Figure 16.
In this ORM, the spring member 1702 is extended to provide an external massage arm
1704 that extends out from the housing to provide a linearly oscillating massage-foot
member 1706 for massaging human skin or some other substrate, depending on the
application.

Figure 18 shows a mechanical vibration adjustment feature that can be
added to either of the ORMs shown in Figures 16 and 17. An adjustment screw 1802
can be manipulated to alter the position of a movable spring clamp 1804 that acts as a
movable clamping point for the spring-like member 1806. Moving the movable spring
clamp 1804 leftward, in Figure 18, shortens the length of the spring-like member and
thus tends to increase the resonant frequency at a particular power-consumption level.
Conversely, moving the movable spring clamp rightward, in Figure 18, lengthens the
spring-like member and decreases the vibrational frequency.

Figure 19 illustrates an enhancement of an implementation of the ORM
shown in Figure 17. In this implementation, the massage foot is enhanced to include
clastomer bristles 1902-1906 to transfer the linear oscillation of the massage foot to
human skin or another substrate. The elastomeric bristles, or pad or brush comprising

numerous clastomeric bristles, allow transmission of vibration to a surface even at low
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operational powers, when a rigid or even semi-compliant massage foot would instead
simply stop moving for inability to overcome frictional forces.

Figure 20-23C illustrate a different type of ORM. This ORM comprises
a motor incorporated within a printed circuit board ("PCB"). The motor includes
moving and non-moving components that interact via electromagnetic forces to
produce motion. The non-moving components include a stator that generates a
magnetic field. A stator can be created by using one or more coils. In certain
implementations, a stator adapted to integration with a planar substrate is produced
using combinations of one or more spiral-shaped conductive traces.

Figure 20 illustrates a first coil layer. The first coil layer 2000 includes
a substrate 2002 and a spiral-shaped trace 2004 that is wound in a clockwise direction
from the outside of the spiral to the inside of the spiral. The spiral-shaped trace 2004
surrounds a central core and overlays the substrate 2002. In some implementations,
the substrate 2002 is a printed circuit board. The width and thickness of the trace
influence the conductivity of the resulting coil. In general, thicker and wider traces
have lower electrical resistance and result in coils with lower resistance and higher
current carrying capacity. Spirals with a larger core diameter and spirals having a
larger number of turns produce coils with correspendingly higher inductanee. The
inductance of the spiral-shaped trace 2004 with an air core at the center of the spiral is

expressed as:

) rlNZ
L(uH)=———
(uk) &+ 11

where :
¥ is the core radius in inches;
N is the number of turns; and
W is the total width of the windings in inches.
The inductance of the resulting coil can be adjusted by altering the above parameters,
as well as through the selection of core materials.
A first connection pad 2006 and a second connection pad 2008

terminate the ends of the spiral-shaped trace 2004. In certain implementations, the first
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connection pad 2006 and/or the second connection pad 2008 are incorporated into one
or more conductive vias connecting the first coil layer to other coil layers or to electrical
circuits constructed on the substrate. Additional connection pads 2010, 20412, 2014,
and 2016 can provide connection points or can be incorporated into vias that connect
multiple layers of traces.

Figure 20 additionally illustrates the placement of a number of motor
elements in a particular motor implementation. At the center of the spiral-shaped trace
2004 is a circular opening 2018. The circular opening provides a space for an armature
2020. The armature 2020 can be made from a ferrous metal or a magnetic material and
moves in a direction substantially perpendicular to the surface of the substrate 2002 in
response to a drive current applied to the coil layer. A centering spring 2022 retains
the armature 2020 in the circular opening 2018 in the substrate 2002, and allows limited
movement perpendicular to the substrate.

In certain implementations, the traces and connection pads are made
from conductive material, such as metal, copper, aiuminam. or conductive alloys. The
traces and connection pads on the first coil layer 2000 can be fabricated using printed-
circuit-board manufacturing techniques. In some implementations, foil decals are
created and laminated onto the substrate 2002. The construction of multi-layer coils is
achieved using a number of techniques, including: multi-layer PCB construction;
laminated foil decals separated by insulating layers; and 2-sided PCB construction. In
some implementations, the traces and connection pads are embedded into the substrate
2002. »

Figure 21 illustrates a second coil layer. The second coil layer 2100 is
constructed using techniques already described for the construction of the first coil
layer 2000. A spiral-shaped trace 2102 winds in a clockwise direction from the starting
connection pad 2104 to the ending connection pad 2106. The coil layer of Figure 20 is
positioned over the coil layer of Figure 21 and the two layers are aligned with one
another so that the second connection pad 2008 in Figure 20 overlays the starting
connection pad 2104 in Figure 21, and the connection pad 2010 in Figure 20 aligns
with the ending connection pad 2106 in Figure 21. PCB vias form electrical

connections between the second connection pad 2008 in Figure 1 and the starting
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connection pad 2104. When the first coil layer 2000 in Figure 20 and the second coil
layer 2100 in Figure 21 are connected in this way and energized, the inductance of the
layers is additive. I one mode of operation, current flows into the coil layer of Figure
20 starting at the first connection pad 2006, clockwise around the coil to the second
connection pad 2008, through a via to the starting connection pad 2104, and clockwise
to the ending connection pad 2106. Adding additional coil layers increases the total
inductance of the resulting coil. Additional connection pads 2108, 2110, 2112, and
2114 provide connection points and support for vias that connect to additional coil
layers. In certain implementations, additional coil layers can be added to the coil using
similar methods to those described above. The additional coil layers are separated by
insulating layers or placed on opposite sides of an insulating substrate. In certain
implementations, the multi-layer coil is used as a stator in a motor.

Figure 22A illustrates a cross-section of a stator having two coil layers.
A first coil layer 2202 and a second coil layer 2204 are laminated onto an insulating
planar substrate 2206, such as a PCB. The first and second coil layers 2202 and 2204
are separated by an insulating layer and electrically connected to each other with a via
2208. The stator is driven by a first connection pad 2210 and a second connection pad
2212. In certain implementations, the second connection pad 2212 is routed to the
front surface of the PCB using a via. An opening 2214 is provided for an armature that
moves perpendicularly to the surface of the substrate in response to energizing the
stator. The first and second coil layers can be constructed using the coil layers
illustrated in Figures 20 and 21, or with similar trace patters arranged so that the coil
layers produce a single direction of rotation around the opening 2214. The
implementations illustrated in Figure 224 can be extended to include additional coil
layers laminated to both sides of a planar substrate.

Figure 22B illustrates a cross-section of a stator having four coil layers.
A first-front coil layer 2250 and a second-front coil layer 2252 are laminated onto a
front surface of an insulating planar substrate 2254, such as a PCB. A first-back coil
Jayer 2256 and a second-back coil layer 2258 are laminated onto a back surface of the
insulating planar substrate 2254. A first via 2260 electrically connects the end of the
first-front coil layer 2250 to the beginning of second-front coil fayer 2252. A second
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via 2262 electrically connects the end of the first-back coil layer 2256 to the beginning
of second-back coil layer 2258. Cross-substrate via 2264 connects the end of first-
front coil layer 2250 to the end of first-back coil layer 2256. When current enters at an
entry connection pad 2266 and passes through the four coil layers, the current travels
with a single direction of rotation until the current exits at an exit connection pad 2268.
The inductance of the stator in Figure 22B is approximately double that of the stator
shown in Figure 22A.

Figure 22C illustrates a cross-section of a stator having two coil layers.
A front coil layer 2280 and a back coil layer 2282 are laminated onto opposing sides
of an insulating planar substrate 2284, such as a PCB. A via 2288 electrically connects
the front coil layer 2280 to the back coil layer 2282 forming a coil wound in a single
direction around the opening 2290. Connection pads 2292 and 2294 provide ¢lectrical
contacts for connecting the coil o a drive current,

In some implementations, the coil layers that make up the stator are not
interconnected to form a single coil. For example, cross-substrate via 2264 may be
omitted, and the two front coil layers 2250 and 2252 are electrically driven
independently from the two back coil layers 2256 and 2258. In other implementations,
the two front coil layers 2250 and 2252 are counter-wound with respect to the two back
coil layers 2256 and 2258. In this configuration, the magnetic fields generated in the
opening 2270 by the two front coil layers oppose the magnetic field generated by the
two back coil layers.

PCBs are suitable substrates for making the coils and motors described
in the current document. A PCB can be constructed using a PCB process where layers
of printed copper are separated by a hard laminate core, for example, using FR-4 glass-
reinforced epoxy. A PCB made from polyimide can support a greater density of coils
and jvcreased mechanical flexibility. A PCB made from a ceramic, such as alumiﬁum
oxide, provides increased heat resistance. The stators described above can be
constructed with any of these PCB materials.

In certain implementations, the coil layers described above are arranged
to form one or more coils that overlay the front and/or back surfaces of a PCB. The

coils form a stator that drives the armature of a motor.
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Figure 23A illustrates a motor with a driving force that is perpendicular
to the surface of a substrate. The motor 2300 is constructed on a substrate 2302 , such
as a PCB. A first front coil layer 2304 and a second front coil layer 2306 overlay the
front surface of the substrate 2302. A first back coil layer 2308 and a second back coil
layer 2310 overlay the back surface of the substrate. A first via 2312 electrically
connects the first front coil layer 2304 to the second front coil layer 2306 to form a
front coil, and a second via 2314 electrically connects the first back coil layer 2308 to
the second back coil layer 2310 to form a back coil. Front coil connections 2316 and
2318 provide electrical connectivity for driving the front coil, and back coil
connections 2320 and 2322 provide electrical connectivity for driving the back coil.

A magnetic armature 2324 having a north pole 2326 and a south pole
2328 is positioned in an opening in the substrate 2302 through the center of the front
and back coils. In order to drive the magnetic armature 2324 into vibration, a first
oscillating current is applied to the front coil connections 2316 and 2318, and a second
oscillating current is applied to the back coil connections 2320 and 2322. When the
motor is opetated, the current that flows through the front coil and the current that flows
through the back coil flow with opposite directions of rotation. In certain
implementations, this is accomplished by applying the same oscillating current to both
front and back coils provided the coils are counter-wound. In an aiternative
implementation, where the coils are not counter-wound, the second oscillating current
is 180 degrees out of phase with the first oscillating current. The resulting oscillating
magnetic field provides a magneto-motive force to the north pole 232¢ and the south
pole 2328 in synchrony, driving the magnetic armature 2324 into vibration at a
frequency proportional to the frequency at which the oscillating current is applied. In
an alternative implementation, the second front coil layer 2306 is connected to the first
back coil layer 2308 with a third conductive via to form a single-drive counter-wound
stator that is driven with a single oscillating current to produce vibratory motion of the
armature,

The magnetic armature is constructed from an axially polarized magnet.

In one implementation, the magnet is a neodymium grade N-42 disk magnet. The size
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and shape of the magnet is adapted based, in part, on the desired vibration profile of
the motor.

Figure 23B illustrates the motor with the magnetic armature in an
upward position. When a first driving current is applied to a front coif 2330, the front
coil 2330 generates a downward magnetic flux 2332. In response to the downward
magnetic flux 2332, an upward vertical force is exerted on the north pole 2336. As the
first driving current is applied, a second driving current is applied to a back coil 2338
and an upward magnetic flux 2340 is generated. In response to the upward magnetic
flux 2340, an upward vertical force is exerted on the south pole 2342 of the magnet. In
response to the upward forces, the magnetic armature 2334 moves upwards as
illustrated in Figure 23B.

Figure 23C illustrates the motor with the magnetic armature in a
downward position. When the direction of the first and second driving currents is
reversed, the forces on the north pole 2360 and south pole 2362 are reversed. When
the first reversed current is applied to a front coil 2364, the front coil 2364 generates
an upward magnetic flux 2366, and a downward vertical force is exerted on the north
pole 2360. When the second reversed current is applied to a back coil 2368 a
downward magnetic flux 2370 is generated. A downward vertical force is exerted' on
the south pole 2362 of the magnetic armature 2372, In response to these two forces,
the magnetic armature 2372 moves downwards as illustrated in Figure 23C.

The drive currents are alternated to cause the magnetic armature to
vibrate perpendicularly to the surface of the substrate at a chosen frequency. In one
implementation, the front coil and back coil are counter-wound with respect to each
other. The front and back coils are connected with a conductive via or wire and driven
with one drive current. This arrangement causes the front and back coils to generate
simultaneous magnetic flux signals in opposing directions, which, in turn, acts on the
north and south poles of the magnetic armature to drive the magnetic armature into
yibration.

In alternative implementations, additional coil layers are employed. For
example, an 8-layer PCB can have four front coil layers and four back coil layers. The

four front coil layers are connected to form a front coil, and the four back cail layers
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are connected to form a back coil. In certain implementations, the front coil and back
coil are counter wound, and driven with a single drive current as explained above.

Next, a slightly more mathematically descriptive explanation of
oscillation, resonance. and the @ factor is provided. Figures 24A-D provide
illustrations of various physical and mathematical concepts related to oscillation. Great
insight into harmonic oscillators can be provided by considering a simple, one-
dimensional spring. Figure 24A illustrates a spring that can be extended in the x
direction. In a first diagram 2402, the spring is shown in an equilibrium, resting state
with a point or mass 2404 at the end of the spring located at the position x = 0. In a
second diagram 2406, the spring has been pulled rightward, along the x direction, with
the mass 2404 now located at a position x. As is well known, the extended spring has
potential energy that results in a force Fx 2408 that points in the opposite direction. In
other words, were the spring released, the mass would travel leftward, oscillate back
and forth, and eventually settle back to the 0 position shown in diagram 2402. Were
the spring frictionless, however, the mass would continue to oscillate back and forth,
in a manner similar to the linear ORM described in Figures 4A-B, indefinitely.

The frictionless spring can be mathematically modeled as follows:

F (x}=—kx,

where F, (x) is the force exerted by the spring;

x is the position of the spring end; and
k is the force constant.

The force constant k is a property of the spring, including all of the parameters that
contribute to its elasticity, compressibility, and other physical characteristics of the
spring. In more complex, realistic situations, many different factors may contribuie to
the force constants associated with harmonic oscillators, including interaction with
other harmonic-oscillation modes within a physical device or module.

The potential energy of the spring system illustrated in Figure 24A can

be modeled as:
1
U(x)=—=ke?,

where U (x) is the potential energy of the spring system.
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Using Newton's second law, the equation that models the force exerted by the spring
when it is extended or compressed can be modeled as a simple, second-order
differential equation:

mx = Fx = —kx,

where m = mass of oscillator; and

L
i’
This differential equation can be simplified as:
. —k )
¥=—2x=-ox,
m

where @ = E

\m
The general solution for this simple, second-order differential equation is, in one
form:
x(1)=Ce” +Ce™™.
In this equation, C; and Cz are arbitrary constants that are determined by the initial
conditions of a particular spring system. This solution can be recast as:
x(t) = B, cos(wt) + B, sin (1),

where B, = C, + C,; and

B, =i(C, ~C,).
A final, perhaps most elegant form of the solution is:

x(t)= Re[4e"™ ],

where de™ = B, —iB, =C.
In this equation, 4 is the amplitude of the oscillation, w is an angular velocity of the
oscillation, as discussed above with reference to Figure 24B, and & is an initial phase
offset. This final expression describes the mapping of a rotation to linear harmonic
oscillation, as discussed above with reference to Figure 4B, shown again, in Figure

24B, with annotations taken from final expression for the solution to the differential

equation.
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As mentioned above, a frictionless spring would continue to oscillate
indefinitely after being released from an extended position. However, in actual
systems, there are always resistive forces, such as friction, that dampen the oscillation
so that, over time, the amplitude of the oscillation decreases and the oscillation finally
stops. This more complex and more realistic scenario can be modeled by including a
resistive-force term in the second-order differential equation:

mi+bi+kx=0,

where — bx is a resistive force; and

dr’
Defining several new constants as follows:
p= b damping constant, and
2m
&
co0=V!-— = natural frequency
m

and solving the above modified second-order ordinary differential equation, the

following result is obtained:
x(t) = Ae*” cos(mz - 5)
where o, = W ; and
B = a,
when, as indicated above, the damping constant £ has a value less than the value of
the natural frequency @, the system in under-damped and the amplitude of the

oscillations decrease non-linearly, as shown in Figure 24C. When [ is greater than

@, the system is over-damped, in which case only a single oscillation may occur, as

shown in Figure 24D.

Most physical systems have one or more natural frequencies at which
they oscillate, when mechanically perturbed from their equilibrium states. In ORMs,
a motor is used to continuously perturb the system in order to drive the ORM to
oscillate and generate vibration. A device in which an ORM is incorporated vibrates

in response to a driving vibration generated by the ORM. In this case, an external
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driving force F (¢) is applied by the ORM to drive continuous oscillation of the device

in which it is included. An external-force-driven linear oscillator can be modeled by

the following expression:
mx + bk + kx = F (¢),
where F () is an external driving force.

With the definition:

the mathematical model becomes:
P+2B%+ 0% = f(1).
A solution for this expression is:
x(f) = Acos(wt - &)

where f (1) = f, cos(wt});

2
A= ﬂ)z - ;and
(coo2 —wz) + 455"
280
& = arctan [ —2ﬁ—"-7 5
\@ —@

In this expression, the constant @ is the driving frequency of the driving force, which
is somewhat less than the natural frequency wo. As can be seen in the expression for
the square of the amplitude, which is proportional to the energy of the vibration, the
amplitude is maximized when the denominator of this expression is a value
approaching 0. Maximizing the expression can be carried out either by varying the
physical device in order to vary the natural frequency oo, while the external-driving-
force frequency remains fixed w, or by varying the driving frequency @ when the

natural frequency o is fixed. When g varies and o is fixed, 4 is maximuwm when ws
- - - el i - ~
= @; and when o varies and we, A is maximum when @ = .\(’wﬁ" —-24° . This is where

the term "resonance” arises. The resonant frequency is the frequency at which the
amplitude 4 is maximized. As can be seen, this occurs, in general. when the driving

frequency of the motor or other mechanical-force-input mechanism has a frequency
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close to or equal to the natural frequency wn of the physical system. A quality factor
O can be expressed, in terms of the natural frequency and damping factor, as:

wﬂ
0=7¢.

This is the reciprocal of the ratio of the width of the amplitude peak at half its maximum

value to the natural frequency @,.

An ORM Controller

Figure 25 shows a block diagram of a generic device, appliance, or
system that employs ORMs to generate vibration. The vibration may be generated for
application to people, animals, or objects for various purposes, including therapeutic
purposes, or may instead be generated to provide haptic feedback, such as vibration in
mobile phones, vibration-based notification, or vibration-based communications.
Thus, the current document is directed to particular features of a generic ORM-
containing device or system that may be used in a wide variety of different typés of
applications or included in larger devices and systems. In Figure 25, the device,
appliance, or system is represented by an outer rectangle 2502. The device includes
four ORMs 2504-2507. The ORMSs may be of any of many different types, including
the types of ORM discussed above. In general, the ORMs convert input energy, such
as an clectrical current, to mechanical vibration. The device also includes several
vibration sensor 2510-2511. There are a variety of different types of vibration sensors,
including piezoelectric accelerometers that measure acceleration in one, two, or three
different orthogonal directions. Other types of sensors may include membranes
attached to moving coils that generate electronic signals when the membrane vibrates,
similar to0 a reverse audio speaker. In addition, the device or system contains a
controller 2516. The controller includes ORM control logic 2418 that transmits control
signals, in certain cases electrical signals that also serve to power the ORMs. The ORM
control logic may be implemented as a sequence of processor instructions, when the
controller 2516 is a processor or processor-controlled controller subsystem. In many
of the ORM devices and systems, the controller accesses some type of electronic

memory 2520, which stores processor instructions and other types of data for
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implementing ORM control logic 2518. Not shown in Figure 25 are various standard
components and signal lines, including a power supply and power-transmitting
circuitry, display screens, push buttons. other user-interface-related components, and
other types of logic and logic-controlled subcomponents particular to particular types
of devices, such as transceivers and communications subsystems within mobile phones.
A set of double-headed arrows, such as double-headed arrow 2522, represent the fact
that the controller may control many other subcomponents and features of the device
or system in addition to the ORMs.

In the previous discussion of oscillation, vibration, and resonance.
simple mathematical models for one-dimensional harmonic oscillation were
developed. However, in the generic ORM-containing device or system, there may be
multiple ORMs, activation of which produce very complex three-dimensional spatial
vibration. Vibration modes of individual ORMs may couple to produce a large number
of complex spatial-vibration modes. The physical characteristics of these vibration
modes may be highly dependent on the exact geometry, weight and balance, and the
material type of the housing and internal components of a particular device or system.
As aresult, there may be numerous different natural resonant frequencies for the device
or system.

Figures 26A-B illustrate multiple resonant frequencies within a device
or system. In Figure 264, the vibrational energy, or square of the amplitude of the
vibration, is plotted with respect to frequency. The vertical axis represents the energy
and vibration 2602 and the horizontal axis represents the frequency of vibration 2604.
The plotted curve 2606 shows numerous different vibration-energy peaks 2610-2615.
The heights and positions of these peaks along the frequency axis 2604 may vary
considerably with slight changes to the physical characteristics of a device or system
that is vibrated by ORM components.

Figure 268 shows a more complex type of vibration-response plot. The
vibration response is represented by a surface 2620 in the plot shown in Figure 26B.
Measured amplitudes or vibration energies produce a surface 2620 in a three-
dimensional Cartesian coordinate system that includes an x-direction vibration

frequency axis 2522, a y-direction frequency axis 2624, and a vibration-energy axis
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2626. The device or system for which the vibration-response surface 2620 is obtained
includes two ORMs, one of which generates vibrations in the x direction and one of
which generates vibrations in the y direction. The two ORMs can be independently
controlled to generate vibrations in their respective directions at different frequencies.
The x, y plane 2628 below the plotted vibration-energy surface 2620 represents all
possible x-direction vibration frequencies and y-direction vibration frequencies that can
be generated by the two ORMs within the device or system. As shown in Figure 26B,
the surface includes three local vibration-energy maxima 2630-2632. These three local
maxima are each associated with x-direction frequency and y-direction frequency
components 2634. Thus, in the case shown in Figure 26B, two ORMs which generate
vibrations in two different directions within the device or system may generate a
complex vibration-response surface with respect to the frequencies at which the two
ORMSs are operated. Depending on the types and numbers of ORMs, the vibration
response may be a hyper-dimensional surface in a much higher dimensional frequency
space. In all cases, however, the device or system generally has some number of
characteristic resonant frequencies that represent maximal vibration energy or
amplitude with respect to the frequencies at which individual ORMs are driven with
the device or system. In general, the number of resonant frequencies is equal to the
number of vibrational degrees of freedom in the device, appliance, or system.

A vibration-response obtained for a device or system by measuring
sensor output can be used to identify and tabulate the natural resonant frequencies for
the device or system. Figure 27 provides an example resonant-frequency table for the
generic ORM-containing device discussed above with reference to Figure 25. Each
row in the resonant-frequency table 2702, such as row 2704, represents a local maxima,
or peak, in the vibration response for the generic device. In the example table shown
in Figure 27, each peak is characterized by an amplitude in the x 2706, y 2707, and z
2708 directions as well as by the frequency of vibration represented by the peak w 2710
and by the frequency at which each of the four ORMs are driven by the ORM control
logic 2712-2715. Thus, to achieve maximum vibration energy of the vibration of the
generic device at any of the resonant frequencies for the device, the ORMs are driven

at the control frequencies for that resonant frequency.
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Figures 28A-C illustrate how an ORM control scheme combines with a
resonant frequency to produce a vibration response. Figure 28A shows the vibration-
response for a simple device. vibration of which is stimulated by a single ORM. There
is a single natural frequency w; 2802 corresponding to the vibration-energy peak 2804
in the vibrativn-response plot of vibration energy with response to frequency. Figure
28B shows a plot of the frequency of vibration generated by an ORM with respect to
time over a time interval that represents an ORM control scheme. in Figure 28B, the
vertical axis 2810 represents the frequency at which the ORM is driven by ORM-
control input and the horizontal axis 2812 represents time. The control curve 2814
indicates that the ORM is non-linearly driven over an initial time period 2816 to the
natural frequency e; 2818 for the device in which the ORM is included. At a final
point in time #2820, input to the ORM is discontinued. Figure 28C shows a vibration-
response curve for the device containing the ORM when the ORM is operated
according to the control curve 2814 discussed above with reference to Figure 28B. As
shown in the vibration-response curve 2822, there is an initial lag time 2824 following
initiation of the control scheme before a perceptible device vibration occurs, at time 4
2826. The vibrational energy, or amplitude of vibration, very steeply increases from
this point on as the ORM is controlled to approach and equal the natural frequency @
for the device. At time #r2820, the vibrational energy of the device relatively steeply
falls, since the ORM is no longer being driven. However, the vibrational energy does
not immediately fall to 0, as in the control curve, but over a short period of time 2828
after the ORM ceases to be driven.

The generic device, as discussed above, contains a memory that may
store various types of control schemes, or control patterns, for the ORMs that are
controlled by the ORM control logic. Figure 29 shows a few examples of control
patterns that may be applied to ORMs by the control logic within the generic device.
The example patterns include a linear ramp-up and ramp-down pattern 2802, a constant
control over a specified duration of time 2904, and an oscillating control 2906, The
patterns may be parameterized by the duration of the pattern 2908 and the maximum
input to the ORM 2910. The input may be specified as the current or voltage, for
certain types of ORMs. Other ORMs may be controlled by digital control signals in

288



10

15

20

25

30

Docket No. 35099.008
33

which numerically encoded commands are transmitted to the ORM. The control
patterns can be scaled in both time and frequency in order to generate a variety of
equivalent vibration responses for the ORM with similar forms, but different maximum
amplitudes and over different periods of time.

A set of scalable control patterns, such as those shown in Figure 29, and
atable of resonant frequencies, such as that shown in Figure 27, can be used to generate
a table of different types of vibration that can be generated in the generic device by
controlling the ORMs within the device according to scaled control patterns. Figure
30 shows an example vibration-type table that may be prepared for the generic device
shown in Figure 25. Each row in the table, such as row 3004, represents a different
vibration type that can be produced in the generic device by coniroliing the ORMs
within the device. For example, a cell phone may use a variety of different haptic
vibration signals to alert the cell phone user of many different types of events. Each
different vibration signal corresponds to a different vibration- type. Each vibration
type is characterized by a vibration-type identifier 3006, an amplitude range for the
vibration 3008, a reference duration for the vibration 3010, and the control pattern and
scaling parameters for the pattern for each of the ORMs 3012-3015. Each vibration
type can be scaled within the amplitude range and may also be scaled for a desired
duration.

By using either external or internal sensors to characterize the natural
resonant frequencies for a physical device or system that contains ORMs, a large
number of different vibration responses for the physical device or system can be
compiled based on the resonant frequencies as well as a set of ORM control patterns.
In alternative vibration-contro! approaches, the different types of vibration responses
may be computed, on the fly, rather than tabulated based on a set of control patterns.
However, in all cases, characterization of the resonant frequencies of the device or
system that is vibrated by the ORMs contained within the device or system isa
necessary step in producing predictable vibration responses via ORM control.

Figures 31-36 provide control-flow diagrams to illustrate control logic
used in the generic device, discussed above with reference to Figure 25, to produce

well-defined vibration modes or vibration responses in the physical device or system.
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Figure 31 illustrates the inner control loop of the control logic within the physical
device shown in Figure 25. The inner control loop waits, in step 3102, for a next event
and then handles the event that occurs. When the event is a characterize-vibration
event, as determined in step 3104, the routine characterize vibration is called to handle
the event in step 3106. When the event is a generate-vibration event. as determined in
step 3108, a generate-vibration routine is called in step 3110 to generate a vibration in
response to the generate-vibration event. When the next event is a user-input event, as
determined in step 3112, a process-input routine is called, in step 3114, to handle the
input from the user. Ellipses 3116 are used in Figure 31 to indicate that many other
types of events are handled by the inner event loop of the control logic. When, after
handling the most recently occurring event, there are other events that are queued for
handling which arose while handling the most recently handled event, as determined
in step 3118, then a next event is dequeued in step 3120 with control flowing back to
step 3104. Otherwise, control flows back to step 3102 where the inner event loop waits
for a next event to occur.

The characterize-vibration event 3104 is an event that is raised by
control-logic routines, timer-expiration handlers, and by other control logic in order to
conirol the ORMs and sensors within the generic device to carry out a re-
characterization of the vibration-response for the physical device, as discussed above
with reference to Figures 26A-B, in order to update the resonant-frequency table, such
as the resonant-frequency table discussed above with reference to Figure 27. In devices
that employ a vibration-type table, such as the vibration-type table discussed with
reference to Figure 30, the vibration-type table is also updated following update of the
resonant-frequency table.

A generate-vibration event is raised by contro} logic in order to vibrate
the generic device for a variety of different reasons. As one example, the device may
be vibrated in response to user input. As another example, the device may be vibrated
when the control logic determines that any of various alert conditions have arisen. As
yet another example, generate-vibration events may be raised in order to communicate

information to a device user.
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Figure 32 provides a control-flow diagram for the characterize-vibration
event handler, called in step 3106 of Figurer 31. In step 3202, the routine calls a
subroutine sweep in order to generate a sampling of a vibration-response curve, sutface,
or hyper-dimensional surface. In step 3204, the routine calls a store-vibration-maxima
subroutine in order to identify the resonani frequencies from the curve or surface
sampled in step 3202, Finally, in step 3206, the routine calls a compute-and-store-
vibration-type-controls subroutine in order to update the vibration-type table based on
the new resonant-frequency determination made in steps 3202 and 3204.

Figure 33 provides a control-flow diagram for the subroutine sweep,
called in step 3202 of Figurer 32. In step 3302, the subroutine sweep initializes a data
structure for storing a vibration response. As discussed above, the vibration response
may be a sampled curve, sampled surface, or sampled hyper-dimensional surface. In
the for-loop of steps 3304-3306, a frequency sweep of each ORM is initiated. A
frequency sweep is a control pattern that continuously sweeps each ORM over a wide
range of driving frequencies. Each ORM repeats a single frequency sweep over a
different time interval, so that following a number of iterations, the multi-dimensional
ORM-driving-frequency space can be sampled. Then, in the for-loop of steps 3308-
3312, the sweep routine continuously samples the vibration amplitude or vibrational
energy produced in the device, using sensor output, while the driving-frequency sweeps
take place. There are, of course, many alternative methods for sampling the multi-
dimensional driving-frequency space in order to generate a sampled vibration-response
curve, surface, or hyper-surface.

Figure 34 provides a control-flow diagram for the store-variation-
maxima subroutine called in step 3204 of Figure 32. In step 3402, the routine identifies
local maxima in the vibration-response curve or surface produced by the sweep routine.
There are many well-known mathematical techniques for identifying local maxima
within a curve, surface, or hyper-surface. Then, in the for-loop of steps 3404-3406,
data that characterizes each of the local maxima are tabulated in the resonant-frequency
table.

Figure 35 provides a control-flow diagram for the compute-and-store-

vibration-type-control subroutine called in step 3206 of Figure 32. In a for-loop of
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steps 3503-3509, each possible set of ORM/control-pattern/resonant-frequency triples
is considered. The currently cousidered triple is used to estimate the vibration mode
and intensity of the resulting device vibration, in step 3504. In step 3505, the nearest
vibration-type to the estimated vibration mode is identified, if there is one. If a nearest
vibration type is found, as determined in step 3506, and when the current ORMycontrol-
pattern/resonant-frequency triple provides a device response closer to the vibration
type than the control parameters currently associated with the vibration-type, as
determined in step 3507, then, in step 3508, the vibration-type table entry for the found
vibration type is updated with the current control parameters represented by the
currently considered ORM/control-pattern/resonant-frequency triple. Of course, in
certain cases, there may be too many possible ORM/control-pattern/resonant-
frequency triples to consider in a reasonable amount of time, in which case the
resonant-frequency data may be used in other ways to find the best control parameters
for the vibration types in the vibration-type table.

Figure 36 provides a control-flow diagram for the generate-vibration
handler called in step 3110 of Figure 31. In step 3602, the handler receives a vibration
type, duration, and amplitude associated with the generate-vibration event that is being
handled. In step 3604, the appropriate ORM control parameters and patterns are
selected from the vibration-type table. In step 3606, the ORM control parameters are
scaled according to the received duration and amplitude. In step 3608, a stop time at

which the vibration will finish is determined from the received duration. Then, in the

for-loop of steps 3610-3613, the generate-vibration handler continuously adjusts inputs

to each ORM according to the scaled ORM control parameters produced in step 3606.

Precise and Accurate Control of ORMSs

The current document is directed to various approaches used within the
control fogic of an ORM-containing device, appliance, or system, to accurately and
precisely control the ORMs to produce time-dependent driving oscillations in
conformance with desired control patterns. As discussed above, the combination of

controlling ORMs in accordance with control patterns and the accurate characterization
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of the resonant frequencies of the device, appliance, or system together allow for
reproducible generation of many different types of vibration responses of the device,
appliance, or system to the driving oscillations of control-pattern-controlled ORMs.

As further discussed below, many current control regimes fail to
accurately reproduce the desired driving time-dependent oscillations in each ORM
within a device, appliance, or system. As a result, the vibration response of the device,
appliance, or system may vary significantly from a desired vibration response and,
perhaps more importantly, may not be accurately reproduced at different points in time,
due to the inability to accurately and deterministically control the ORMs i produce
driving oscillations in conformance with desired control patterns.

A first approach to more accurately controlling ORMs is to use pulse-
width modulation control signals rather than conventional constant-duration control
pulses. Figures 37A-D illustrate pulse-width modulation control of an ORM. Figure
37A shows a desired vibration response for an ORM that represents a desired time-
dependent driving oscillation for inducing at least a portion of the vibration response
of a device, appliance, or system in which the ORM is included. The desired vibration
response of the ORM is a sine-wave-like 3702 oscillation that is plotted, in Figure 37A,
on an amplitude versus time coordinate system 3704. Figure 37B illustrate a
hypothetical control regime that attempts to produce the desired driving oscillation
discussed above with reference to Figure 37A in a hypothetical ORM. Constant-width
voltage pulses, such as voltage pulse 3706, are input to the ORM to drive the weight
or mass in forward and backward directions along the oscillation path. These pulses
are plotted in Figure 37B in a voltage versus time coordinate system 3708. Because
the constant-width pulses are a rather crude approximation of the desired sine-wave-
like vibration response, the control regime shown in Figure 37B comprises a series of
positive-voltage, 0-voltage, and negative-voltage constant-width pulses 3706 and
3710-3713 that produce a vibration response, superimposed in Figure 37B over .the
control pulses, as curve 3716. In general, the pulse widths are controlled by an
oscillating clock or clock-based timing signal. The vibration-response curve 3716
differs significantly from the desired driving oscillation shown in Figure 37A. Figure
37C shows the desired vibration response 3702 plotted together with the vibration
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response produced by the constant-width voltage-pulse control 3716. In fact, this is
actually a relatively favorable case, because the sequence of positive, 0-voltage, and
negative voltage pulses shown in Figure 37B has a period close to the period of the
desired sine-wave-like vibration response. Otherwise, the actual vibration response
would differ even more greatly from the desired vibraticw response, often having
irregularly shaped wave forms.

Figure 37D illustrates pulse-width-modulation control of the ORM. In
pulse-width-modulation control, rather than using constant-width voltage pulses to
control the ORM, the controller instead uses variable-width pulses. Moreover, much
shorter pulses can be used to more precisely control the vibration response of the ORM.
In essence, pulse-width modulation aflows a variable-frequency control signal to be
used, rather than a constant-frequency control signal. Because a variable-frequency
control signal can contain a much greater amount of information than a constant-
frequency control signal, the pulse-width-modulation control signals can be used to
much more precisely steer the vibration response of the ORM towards a desired wave
form. As shown in Figure 37D, many more voltage pulses are used in order to achieve
the sine-wave-like vibration response of the ORM. For example, in the constant-width-
pulse control shown in Figure 37B, a positive-voltage pulse 3706, a 0-voliage puise,
and a negative-voltage pulse 3710 are used to attempt to approximate the first period
of the desired vibration response. By contrast, as shown in Figure 37D, four positive-
voltage pulses 3720-3722 and 3726 and three negative-voltage pulses 3723-3725 are
employed to produce the first period of the desired vibration response. Moreover, these
seven pulses have varying pulse widths and are irregularly spaced along the time axis.

Another problem associated with conventional control of ORMs is that
the vibration response produced by a control pattern is often very different from the
vibration response that might be predicted from the control pattern or desired. For
example, in Figure 38A, a control pattern is shown that involves a constant-voltage
signal 3802 from an initial time # 3804 to a final, end time ¢ 3806. Of course, this
control pattern may correspond to a large number of positive-voltage pulses in the time
interval # to 7 The vibration response of the ORM is shown in Figure 38B. In this

figure. the horizontal time axis 3808 has been rescaled to show more detail. The control
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pattern 3802 shown in Figure 38A might be initially assumed to produce a pulse of
constant-amplitude vibrations over the time interval # to . However, as shown in
Figure 38B, the actual vibration response of the ORM, shown as curve 3810, includes
an initial ramp-up interval 3812 in which the amplitude of the vibration response
steadily increases to the desired amplitude, a middle period 3814 in which the ORM is
oscillating at the desired amplitude, a short period 3816 at the end of the time interval
#; to tr during which, in anticipation of the sharp control-pattern edge at time # the
control voltage is dropped to 0 so that the vibration will fall to a low level at time #,
and a fourth undesired ramp-down interval 3818, extending well past the time #; during
which vibration of the ORM continues at increasingly smaller amplitudes.

Figure 39 illustrates modification of the naive control pattern, shown in
Figure 38A, in order to achieve a better approximation of the desired constant-
amplitude oscillation in the time interval 4 to ¢ In a first plot 3902, the naive control
pattern is shown. In a second plot 3904, the naive control pattern is modified in order
to produce the constant-amplitude oscillation that is desired. First, a large-voltage
input 3906 occurs prior to time #; in order to quickly force the ORM to begin vibrating.
From time # to a time prior to time #; a lower-voltage input 3908 is provided in order
to control the ORM to oscillate at the desired amplitude. Prior to time #; a negative-
voltage control signai 3910 is input to the ORM in order to sharply drive the ORM
towards oscillation out of phase with the desired driving oscillation during the time
interval 7 to 4 This negative-voltage control signal is then relaxed linearly 3912 in
order to stop ORM vibration in a relatively short period of time. As shown in plot 3914
in Figure 39, the vibration response of the ORM much more closely approximates a
desired constant-amplitude vibration between time intervals £ and 7.

Many different types of control inputs can be used to shape the vibration
response of an ORM. For example, short control pulses can push the vibration to a
different phase, resulting in cancellation of the previously established oscillation. The
various types of inputs depend on the type and form of control signals that can be
transmitted to the ORM, which, in turn, depends on the type of ROM, the driving force
used to induce oscillation of the moving mass within the ORM. and the type of logic

circuitry that receives input signals and translates them into oscillations.
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Thus. in addition to pulse-width modulation, a wide variety of different
types of complex control signals may be devised in order to achieve the vibration
response desired from the simple control patterns discussed above, including control
pattern 3802 shown in Figure 38A. Many different control-signal parameters may be
varied in order to control an ORM to provide a desired vibration response, including
varying the voltage of the control signal, using pulse-width modulation to finely tailor
the control signal to produce a desired vibration response, and adjusting the control
signal to inciude pre-response and post-response signals to remove undesired ramp-up
and ramp-down periods in the vibration response.

In addition to varying the input control to an ORM, an ORM may be
designed to include a variety of different mechanical controls to further increase the
range of vibration responses of the ORM. Figures 40A-40F illustrate movable
mechanical stops and mechanical latches, two types of mechanical control features that
may be included in various types of ORMs. Equivalent electromagnetic features may
be included in other types of ORMs. Figure 40A illustrates a first type of ORM. Ina
first diagram 4002, the ORM is shown in an equilibrium, non-vibrating position. The
ORM includes a moveable weight or mass 4002 that is connected to two ends of the
ORM 4004 and 4006 by springs 4008 and 4010. Diagram 4012 shows the ORM when
the movable mass 4002 has been moved, by application of a translational force, such
as an electromagnetic force, to the furthest position in the leftward direction along the
oscillation path. In this position, spring 4010 is compressed and spring 4008 is
extended. In both cases, the springs have potential energy that produces forces that
force the movable mass 4002 back in the rightward direction towards stop 4012.
Diagram 4014 shows the ORM with the movable mass in the furthest rightward
direction.

Figure 40B shows the equilibrium and largest-amplitude positions ofa
movable mass in a different type of ORM. In a first diagram 4016, the ORM is shown
in an equilibrium position. The ORM features an arc-like oscillation path 4018 along
which the moving mass 4020, attached to a rotor 4022, oscillates. The moving mass
4020 is attached to the rotor 4022 by a flexible support 4024. Diagram 4026 shows the
ORM with the movable mass in the furthest leftward position and diagram 4028 shows
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the ORM with the movable mass in the furthest rightward direction, similar to the
positions shown for the ORM of Figure 40A in diagrams 4012 and 4014.

Figure 40C illustrates movable mechanical stops included in the ORM
discussed above with reference to Figure 40A. The movable stops are depicted by
features 4030 and 4032 in a first diagram 4034. Of course, the depictions do not
necessarily reflect the shape, size, and siructure of mechanical stops needed to stop
motion of the moveable mass in the various different types of ORMs, but are instead
used to illustrate positioning of the moveable stops and their deployment. In a second
diagram 4036, the movable stops have been repositioned 4038 and 4040 in order to
limit the length of travel of the moving mass 4002. The second diagram 4036 shows
the lefiward extent of motion of the moving mass 4002 with the movable stops
deployed and diagram 4042 shows the rightward extent of travel of the moving mass
when the movable stops are deployed. Similar illustration conventions are used, in
Figure 40D, to illustrate deployment of movable stops in the ORM discussed above
with reference to Figure 40B. Use of movable stops can significantly alter the vibration
response of the ORM to a given control input. This may include changing the
amplitude of the vibration response, the frequency of the vibration response, and
changing the force imparted by the moving mass to the ORM when the moving mass
strikes the stops versus the original end stops 4002 and 4004. In general, the vibration-
response alterations are complex functions of the geometry, material composition, and
driving forces used in the ORM.

Figures 40E-F illustrate use of the movable stops, discussed above with
reference to Figures 40C and 40D, as latches. As shown in a first diagram 4048 in
Figure 40E, the movable stops have been repositioned 4050 and 4052 closer to the
center of the oscillation path. As shown in diagram 4054, the left-hand movable stop
4056 has been deployed when the moving mass 4002 has just reached its leftward,
stopped position. As a result, motion of the moving mass is stopped, resulting in an
immediate cessation of the driving oscillation produced by the ORM and a higher force
exerted in the last oscillation on the lefi-end stop 4004 of the ORM. Diagram 4058
shows the right-hand movable stop 4052 deployed to latch the moving mass 4002 at its
furthest right-hand position. Figure 40F shows similar deployment of the movable
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stops, in the ORM discussed above with reference to Figure 40B, to latch the moving
mass at its lefiward and rightward extents. Latching of the moveable mass may trap
the moveable mass in a high-potential-energy state, so that immediate, rapid oscillation
may ensue when the latch is released. Latching may also significantly alter the
relaxation of the oscillation at the end of control-pattern execution.

The current document is directed to employing the various different
types of alternative control of ORMs to more accurately generate desired vibrétion
responses. This involves use of a much greater amount of information about the ORM
than used in the vibration response table discussed above. Figure 41 shows example
information that may be stored in order to more accurately control ORMs according to
the methods and considerations disclosed in the current document. The information is
stored in five different tables. An ORM table 4102 stores control information for each
different ORM in a device, appliance, or system. This information includes an
identifier for the ORM 4104, an indication of the ORM type 4105, an indication of the
minimum pulse width that can be input in a control signal 4106, an indication of the
minimum amplitude 4107 and maximum amplitude 4108 of an input control signal,
indications of whether or not mechanical or electromagnetic latches are available in the
ORM 4110 and 4112, the oscillation path length within the ORM 4114, the number of
movable stops, or path blocks included in the ORM 4115, and the positioning range
for each moveable stop 4116-4117. An event-types table 4120
includes various different types of control events. These may include deployment of
latches, movement of movable stops, and output of control pulses of various different
widths and amplitudes. An events table 4122 includes ordered pairs of event types and
relative times that each represents one of the many different types of control events that
can be input to ORMs. Each control event includes an event ID 4123, an event type
4124, and a relative time that specifies a time point within a control pattern 4126 at
which the event occurs. Table 4128 includes the actual control actions that a logic
controller employs to initiate each type of event in each type of ORM. For each type
of control, the table includes an indication of the event type 4130, the ORM type 4131,
acontrol ID 4132, a signal type 4133, a signal strength 4134, and any of many different

other characterizations of the type of control 4135 executed by the control logic in order
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to control an ORM to produce a particular type of'event. Finally, table 4140 lists all of
the different types of control patterns that can be used to control ORMs. These are
equivalent to the previously discussed control patterns. Each control pattern includes
a control-pattern identifier 4142, an indication of the number of events in the control
pattern 4144, and the event identifiers for those events 4146-4149.

Figure 42 provides an alternative implementation of the routine
"generate vibration," discussed above with reference to Figure 36. The alternative
information incorporates more accurate control of ORMs using the information and
techniques discussed above with reference to Figures 37A-41. In step 4202, the routine
receives a vibration type, duration, amplitude, and start time for a desired device,
appliance. or system vibration response. Then, in the for-loop of steps 4204-4212, the
routine prepares for controlling each of the ORMs in the device, appliance, or system.
In step 4205, a control-pattern ID is selected from the vibration-type table for the ORM,
modified with respect to the previously described vibration-type table to include the
identifiers of control patterns that are tabulated in the control-patterns table 4149. In
step 4206, the identified control pattern is selected from the control-patterns table. In
the inner for-loop of steps 4207-4212, each event is selected from the control pattern
selected in step 4206. For each event, a corresponding event control entry is selected
from the event-control table, in step 4208. The controls are scaled, in step 4209,
according to the desired duration and amplitude for the vibration response. In step
4210, the time associated with the event, selected from the events table, is also scaled.
In step 4211, the scaled controls and times are added to a list of time-ordered events,
the controls for which are issued to the ORM during generation of the desired vibration
response. In step 4214, the routine waits until the desired start time for the vibration
response. Note that the desired start time takes into consideration any pre-vibration-
response controls needed to produce the desired vibration response. Then, in the while-
loop of steps 4216-4222, the routine carries out ORM control over a set of time points
spanning the desired vibration-response duration. In the inner for-loop of steps 4217-
4220, the routine initiates a control sequence for each of the time-ordered events for
each of the ORMs at the points in time in which the control sequence is specified for

issuance. Then, in step 4221, the routine waits for a next update-control time point.

299



10

15

20

30

Docket No. 35099.008
44

The above-discussed methods for more accurate and reliable control of
ORM s provide increased opportunities for generating increasingly complex vibration
responses in devices, appliances, and systems that contain ORMs. However, with
increasing complexity, attention is needed to simplifying and increasing the efficiency
of driving-oscillation sensing in order to provide feedback-based control to ORMs. In
addition, with more accurate control, it is possible to increase the complexity of ORM
time-dependent driving oscitlations, significantly increasing the types of time-
dependent driving oscillations that can be encoded in control patterns and thus
increasing the device, appliance, and system vibration responses to controlled ORM
driving oscillations. |

Figure 43 illustrates both methods for increasing the complexity of
ORM time-dependent driving oscillations as well as increasing and simplifying
feedback control. Figure 43 provides a simplified ORM-containing device architecture
similar to that provided by Figure 25, discussed above. However, as shown in Figure
43, each of the ORMs, such as ORM 2504, is coupled to an additional passive
oscillator, such as passive oscillator 4302. In various different implementations, a
given ORM may be coupled to one, two, or more passive oscillators. When an ORM
is mechanically coupled to one or more additional passive oscillators, the passive
oscillators greatly increase the number of degrees of freedom for vibration of the
combined ORM and one or more passive oscillators. The mathematical models for the
vibration modes and resonant frequencies become far more complex, involving
eigenvalue problems arising from coupled differential equations. As discussed above,
the number of resonant frequencies for a system is generally proportional to the number
of vibrational degrees of freedom. Furthermore, coupling passive oscillators to ORMs
may provide new, complex vibrational modes with different frequencies and
amplitudes. Thus, vibration components comprising an ORM and one or more passive
oscillators can significantly increase the complexity of the time-dependent driving
oscillations produced by these vibration components, and therefore greatly expand the
types, frequencies, and modes of vibration responses produced in a device, appliance,

or system containing the complex vibraiion components.
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In the simpler system shown in Figure 25, two vibration sensors 2510
and 2511 were included. These vibration sensors detected vibration in one, two, or
three orthogonal directions of the device. appliance, or system 2502 in which multiple
ORM s are included. However, as shown in Figure 43, sensors that provide information
regarding the driving oscillations produced by ORMs and passive oscillators, such as
sensors 4304 and 4305 in ORM 2504 and passive oscillator 4302, respectively, iﬁay
also provide information to local control logic, such as control logic 4306, within
ORM s as well as the controller 2516 that controls one or more ORMs within the device,
appliance, or system 2502. The sensors local to ORMs and passive oscillators may be
designed to sense driving-oscillation characteristics while vibration sensors 2510 and
2511 are designed to sense the vibration response of the entire device, appliance; or
system 2502,

By including a variety of different types of sensors within different
positions and components of an ORM-containing device, appliance, or system, an
opportunity is provided for hierarchical sensing and corresponding feedback control
within a device, appliance, or system. In many cases, the output from a vibration sensor
may be difficult to translate into accurate feedback information and corresponding
control signals. For example, the vibration sensed by the vibration sensors 2510-2511
may be indirectly related to the individuat driving oscillations produced by the ORM-
based vibration components, such as the vibration component comprising ORM 2504
and mechanically coupled passive oscillator 4302. In such cases, significant inference
is necessary to logically infer the driving oscillations of the vibration components
producing the vibration-sensor signals and to compute corresponding adjustments to
ORM control. Furthermore, there may be significant temporal lags between sensor
vibration and the driving oscillations that produce the sensor vibration. Many of the
common techniques for sensing ORM driving oscillations in order to provide local
feedback to ORMs may suffer similar problems. Furthermore, there may be many
different types of interferences and couplings between electromechanical driving
forces, electromagnetic sensors, and other device components that mask or entirely
prevent accurate inference of the real-time characteristics of ORMs and the vibration-

response of the entire device, appliance, or system. For this reason, simpler and direct

301



10

15

20

30

Docket No. 33050008
46

types of sensing and control can provide enormous benefits in achieving desired
vibration responses of the entire device, appliance, or system, particularly in devices,
appliances, and systems that include multiple vibration components, each consisting of
an ORM and one or more passive oscillators as well as various types of vibration
sensors external to ORMs and passive oscillators as well as sensors within, or coupled
to, ORMs and passive oscillators.

Figure 44 illustrates one type of ORM driving-oscillation sensor that
can be employed to provide feedback information for ORM control. In Figure 44, a
linear ORM 4402, used in previous examples, is again shown as an example ORM.
The linear ORM includes a mass or weight 4404 that is driven electromagnetically by
a drive coil 4406 to oscillate along a linear tube 4408. In this ORM, two sensor coils
4410 and 4412 are additionally included in order to detect motion of the weight or mass
4404 within the ORM as it is driven to oscillate. The sensor information may. be
provided to an internal ORM control logic 4414 or to the controller 2516 within the
device, appliance, or system that includes the ORM. In certain cases, both the internal
ORM control logic as well as the device controller may receive sensor information, for
various different types of feedback-based control purposes. In the lower portion 4420
of Figure 44, a small control-flow diagram is provided to indicate how the sensor
information is used. When a controller receives a target frequency e, at which the
ORM is to oscillate, in step 4422, the control logic or controller initiates oscillation of
the weight or mass, in step 4424, and then, in the while-loop of steps 4426-4430,
continues to monitor the sensor output and modify control input to the ORM in order
that the ORM oscillates at the target frequency w:. This involves reading the sensor
data to determine the actual frequency of oscillation wa, in step 4427, then determining
a difference between the target and actual frequencies in step 4423, using the
determined difference to compute madifications to the current control of the ORM and
modify the control in a way estimated to result in the ORM achieving the target
frequency vy, in step 4429, and executing the modified control in step 4430, In many
cases, the computations are sufficiently complex that the fecdback-based control needs
to be implemented by control routines running on a processor. Furthermore, because

the sensors 4410 and 4412 are essentially external to the actual oscillating mass or
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weight and oscillation path, the data that they output does not directly correspond to
position and velocity data for the moving mass or weight, but is instead a signal
proportional to the current induced in the sensor coils by the moving mass. A fair
amount of interpretation is required to convert the sensor information into velocity and
position information, or even into information related to the actual frequency w. of
oscillation. Moreover, there may be significant electromagnetic interference between
the drive coil 4406 and the sensor coils 4410 and 4412, limiting the accuracy at which
the actual frequency wq or mass position and velocity can be determined. Sensor-coil-
based inferences may also suffer from significant lag times between passing of the
moving weight through the sensor coil and generation of a corresponding signal. Ina
complex system in which many different sensors are being monitored for many
different ORMSs, as well as sensors that detect the vibration response for a device,
appliance, or system containing the ORM:s, use of inferential feedback information,
such as that provided by the sensor coils shown in Figure 44, may be problematic, at
best.

Figure 45 illustrates an alternative approach to sensing the driving
oscillations produced by an ORM. In this approach, rather than inferential sensing, as
described above with reference to Figure 44, the ORM 4502 includes a direct sensor
4504 that directly determines the position and velocity of the moving weight or mass
4506. This direct position and velocity information is output to an internal ORM
control fogic 4508 that can directly use the position and velocity information to update
ORM control in order to achieve a target frequency . The lower portion of Figure 45
4510, includes a small control-flow diagram. similar to that included in Figure 44, to
illustrate internal control using the data provided one or more direct sensors. When a
target frequency w is received in step 4512, the control initiates oscillation of the mass
in step 4514. In addition. in step 4618&. the control logic initiates sensor output. Then,
in the while-loop of steps 4518-4521, the control logic continuously receives position
and velocity data from the one or more direct sensors and executes immediate control
based on that position and velocity data. In step 4519, the control logic reads the
position and velocity data from the sensor. This may involve a certain amount of

computation, such as computing the difference and position with time over several
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readings, but because of the direct nature of the position sensing, is not inferential and
is less computationally intensive than in the case of indirect sensing. Then, in step
4520, the appropriate control is computed based on the target frequency w. and the
current position and velocity of the moving mass p and v. This computation may be
made based on a predetermined function, based on tables with values, or computed as
another of the initiation steps, including initiation steps 4514 and 4516. Finally, in step
4521, the computed control is executed by the controller. In many cases. the
determination of the appropriate control corresponding to sensed velocity and position
data can be made by logic circuitry, rather than a programmed processor. In many
cases, the position and velocity data is more accurate and far more timely provided than
position and velocity data derived from indirect sensing and inference.

There are many different approaches to direct sensing of the position
and velocity of a moving mass within an ORM. Figures 46A-B illustrate several
possible direct-sensing approaches. As shown in Figure 46A. the ORM may contain a
series of apertures, such as aperture 4602, through which an illumination source shines
light. Across the tubular channel containing the oscillation path, there is a photodiode
sensor for each aperture, such as photodiode sensor 4604 corresponding to aperture
4602. The current position of the moving mass can be determined from the pattern of
high and low photodiode-sensor outputs, shown above the ORM in Figure 46A 4606.
A series of captured photodiode-sensor outputs at consecutive points in time provides
the information needed to accurately compute the velocity of the moving mass. As
shown in Figure 46B, another approach to computing the position and velocity of the
moving mass involves a series of regularly spaced pressure or presence sensors, such
as pressure or presence sensor 4610. Similar to the photodiode-sensor output, the
output from the pressure or positions sensors provides a pattern in which the position
of the moving mass can be recognized. Various types of Hall-effect electronic sensors,
reflection-path sensors, and other types of sensors may be employed to directly
determine the position and velocity of a moving mass within an ORM.

To clarify, direct sensors directly sense, in real time, the location of the
moving mass of an ORM. Optical sensors, such as that shown in Figure 46, use light

sources to directly identify the location of the moving mass, and the rate of change of
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the accurately identified positions is straightforwardly converted into a very good
approximation to the instantaneous velocity of the moving mass by simple arithmetic
operations. A direct sensor provides position and velocity data in real time, constrained
principally by the time needed for propagation of light, the time needed for propagation
of electrical-current propagation, sensor response times, and the time needed for
carrying out a small number of computer-instruction executions. These times are all
far faster than the time needed for an ORM moving mass to move far enough for the
motion to produce a different sensor reading, so that, in essence, a direct sensor easily
produces an accurate, real-time position and velocity for the moving mass. Indirect
sensors, by contrast, do not directly detect the position and velocity of an ORM moving
mass. For example, as discussed with reference to Figure 44, above, the sensor-coil
sensors may exhibit signal changes prior to and following the moving mass being
located adjacent to them and as a result of current changes in the driving coil.
Therefore, only by retrospective computational analysis can an approximate location
of the moving mass be indirectly inferred. Furthermore, the sensor-coils may respond
differently to the moving mass depending on a variety of external factors and even
depending on the velocity of the moving mass. Indirect sensors cannot produce real-
time position and velocity values for an ORM moving mass, and the accuracy of the
approximations of the position and velocity may significantly deteriorate when the
oscillation frequency is changing. Vibration detectors are even Jess accurate, since the
directions and amplitudes of the vibrations of an entire device may not align with the
direction of moving-mass vibration, may vary due to many different external factors,
including the orientation of the device with respect the gravitational field, the local
mechanical environment of the device, the model of the moving-mass trajectory they
use for inferring moving-mass position, and other such factors. In these cases, inferring
the position and velocity of the ORM moving mass is generally associated with large
errors and computational time lags. Direct moving-mass position-and-velocity sensors
therefore provide accurate and real-time, nearly instantaneous moving-mass position
and velocity data. Indirect moving-mass position-and-velocity sensors do not provide

real-time, nearly instantaneous moving-mass position and velocity data, and do not

305



10

15

20

25

Docket No. 35099.008
50

achieve the accuracy, in the non-real-time position and velocity values they produce
that is achieved by direct sensors.

Although the present invention has been described in terms of particular
embodiments, it is not intended that the invention be limited to these embodiments.
Modifications will be apparent to those skilled in the art. For example, any of many
different design and implementation parameters may be varied in order to provide
different implementations of the ORM control logic discussed above, including choice
of type of logic control, programming language, in the case of a processor-controlled
controller, modular organization, data structures, control structures, logic circuitry,
processor type, and many other such design and implementation parameters. Many
different types of direct sensors that directly determine the velocity and position of the
oscillating mass within an ORM can be used in different types of ORMs. Various types
of electromagnetic sensors that sense position, precious-metal brush-contact sensors,
and Reed switches are examples of the many types of direct sensors that can be used
to directly determine oscillating-mass position and velocity and induce direct,
corresponding control of the ORM.

The foregoing description, for purposes of explanation, used specific
nomenclature to provide a thorough understanding of the invention. However, it will
be apparent to one skilled in the art that the specific details are not required in order ic
practice the invention. The foregoing descriptions of specific embodiments of the
present invention are presented for purpose of illustration and description. They are
not intended to be exhaustive or to limit the invention to the precise forms disclosed.
Many modifications and variations are possible in view of the above teachings. The
embodiments are shown and described in order to best explain the principles of the
invention and its practical applications, to thereby enable others skilled in the art to
best utilize the invention and various embodiments with various modifications as are
suited to the particular use contemplated. It is intended that the scope of the invention

be defined by the following claims and their equivalents:
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CLAIMS

1. An oscillating resonant module comprising:
a mass that is driven by energy supplied to the oscillating resonant module to travel
back and forth along an oscillation path that represents a segment of a space curve;
one or more direct sensors that output real-time indications of the position of the mass
within the oscillation path at specific points in time; and
a control component that
receives control signals input to the oscillating resonant module,
receives output from the one or more sensors, and
controls oscillation of the mass to produce a predetermined vibration response
according to the received control signal by repeatedly generating a control output, to an actuator
that drives the mass to oscillate, corresponding to one or more most recently received sensor

outputs.

2. The oscillating resonant module of claim 1 wherein the one or more sensors are selected
from among one or more:

mechanical sensors;

electromagnetic sensors; and

optical sensors.

3, The oscillating resonant module of claim 1 wherein the control component determines,
fronn the received sensor output, the velocity of the mass from the positions of the mass at two

or more points in time.

4, The oscillating resonant module of claim 3 wherein the control output, output by the
control component to the actuator, is computed as the output value of a function that takes, as

input, the current position of the mass.
5. The oscillating resonant module of claim 3 wherein the control output, output by the

control component to the actuator, is computed as the output value of a function that takes, as

input, the current position of the mass and the current velocity of the mass.
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6. The oscillating resonant module of claim 3 wherein the control output, output by the
control component to the actuator, is computed from pre-computed values indexed by the

current position of the mass and the current velocity of the mass.

7. The oscillating resonant module of claim 3 wherein the control output, output by the
control component to the actuator, is computed from pre-computed values indexed by the

current position of the mass and the current velocity of the mass.

8. The oscillating resonant module of claim 1 mechanically coupled to one or more
passive oscillating resonant modules to provide a wider range of vibration responses for the
combination of the oscillating resonant module and the one or more passive oscillating resonant

modules.

0. The oscillating resonant module of claim 8 wherein the passive oscillating resonant

modules are driven by the oscillating resonant module to which they are mechanically coupled.

10. A physical device that exhibits a vibration response when mechanical driven by one or
more oscillating resonant modules included in the physical device, the physical device
comprising:

the one or more oscillating resonant modules, each of which responds to control inputs
to produce driving oscillations and includes a sensor that provides sensor data to a control
component within the oscillating resonant module;

one or more vibration sensors;

a stored characterization of the natural vibration frequencies of the physical device; and

a controller that uses accesses the stored characterization of the natural vibration
frequencies of the physical device to control the one or more oscillating resonant modules to

drive the physical device to exhibit a predetermined vibration response.

11.  The physical device of claim 10 wherein each of the one or more oscillating resonant

modules comprises:
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a mass that is driven by energy supplied to the oscillating resonant module to travel
back and forth along an oscillation path that represents a segment of a space curve;
one or more direct sensors that output real-time indications of the position of the mass
within the oscillation path at specific points in time: and
a control component that
receives control signals input to the oscillating resonant module,
receives output from the one or more sensors, and
controls oscillation of the mass to produce a predetermined vibration response
according to the received control signal by repeatedly generating a control output, to an actuator
that drives the mass to oscillate, corresponding to one or more most recently received sensor

outputs.

12.  The physical device of claim 10 wherein the characterization of the natural vibration
frequencies of the physical device is determined by simultaneously sweeping the driving
oscillations of the one or more oscillating resonant modules over driving-oscillation ranges
and monitoring the physical device vibration response using output from the one or more

vibration sensors to identify the maximum-amplitude frequencies.

13.  The physical device of claim 12 wherein the characterization of the natural vibration

frequencies of the physical device is determined periodically by the controller.

14, The physical device of claim 10 further including stored control information for the
one or more oscillating resonant modules for each of one or more predetermined vibration
responses that is based on the stored characterization of the natural vibration frequencies of the

physical device.

15.  The physical device of claim 10 wherein at least one of the each of the one or more
osciflating resonant modules is mechanically coupled to one or more passive oscillating
resonant modules to provide a wider range of vibration responses for the combination of the

oscillating resonant module and the one or more passive oscillating resonant modules.
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16.  The physical device of claim 15 wherein the passive oscillating resonant modules are

driven by the oscillating resonant module to which they are mechanically coupled.

17.  An oscillating resonant module comprising:
a first mass that is driven by energy supplied to the oscillating resonant module to travel
back and forth along a first oscillation path that represents a segment of a space curve;
a second mass that is driven by oscillations of the first mass to travel back and forth
along a second oscillation path that represents a segment of a space curve; and
a control component that
receives control signals input to the oscillating resonant module, and
controls oscillation of the first mass to produce a predetermined vibration
response according to the received control signals by generating a control output to an actuator

that drives the first mass to oscillate.

18.  The oscillating resonant module of claim 17 further comprising:
one or more direct sensors that output real-time indications of the position of the mass
within the oscillation path at specific points in time that are used by the control component to

generate corresponding contro! outputs to the actuator that drives the first mass to oscillate.

19.  The oscillating resonant module of claim 17 further comprising:

one or more sensors that output indications directly correlated with the position of the
second mass within the second oscillation path at specific points in time that are used by the
control component to generate corresponding control outputs to the actuator that drives the first

mass to oscillate.

20.  The oscillating resonant module of claim 17 included within a physical device to drive

a vibration response in the physical device.
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ABSTRACT OF THE DISCLOSURE

The current document is directed to various types of oscillating resonant
modules ("ORMs"), including lincar-resonant vibration modules, that can be incorporated in a
wide variety of appliances, devices, and systems to provide vibrational forces. The vibrational
forces are produced by back-and-forth oscillation of a weight or member along a path, generally
a segment of a space curve. A controller controls each of one or more ORM:s to produce driving
oscillations according (o a control curve or control pattern fir the ORM that specifies the
frequency of the driving oscillations with respect to time. The driving oscillations, in turn,
elicit a desired vibration response in the device, appliance, or system in which the one or more
ORMs are included. The desired vibration response is achieved by selecting and scaling

contro! patterns in view of known resonance frequencies of the device, appliance, or system.
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n Figure ZA. a small mark 202 is
of electric-mator shafl to iHustrate

t speed, a point 204 o 1\\;},1#: cdge of
the shaft 208 tracyﬂn“ narrower and
center of the ;haﬂ would remain at
mtatmy “but the presence of the
11°c ;s wel as other geometric and
6tor, shaft, and unbalanced weight
along the elliptical path 210 when
Jovement can be characterized, as
or axis 222 of vibration, with the
s direction of the major axis of the
12 major axis corresponding to the
lications, in which oscillation back
ers seek 1o force the major-axis-
2 as possible, o approach a linear
‘otatiznal force, it is generaily not
i defined path. In many cases, the
tlar. The frequency of vibration of

. 1al frequency of the cleetric-motor
X
X
\3\ i1 the motar can rotate the shaft,
X
A\

Y

X

X
itidns, there are many problems

\

yrapid d-;z%;uranon of motor parts.
y balance rotating parts of motors,

1sequences of unbalanced rotating
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paks are well known to anyone fa
such\**wces and systems. The t
pamcul\\y hand-held devices and

N,
for Uenam\Qa vibrations may rang

hours of use, \*
N

precipitously as e electric motor

* which the vibra

maotors are 1'eiativ inefficientat p

of power is Lonsumeu\*\\ an unbalai

farce than the thersrct‘!\a\?\s\mm mun

Unbalanced electric moters genera
total vikrational-force/frequency sp
with respect to frequency for vario
is shown as a continuous hyvpothetic

discrete. As shown in Figure 3, for &

&

relatively modest. -
used fo spin the shaft ang
forces within the matg

translated into desig@g vibrational fi

nguse af the abe

employed 1}$§balanced electric-m

manufactugsrs. and, ultimately, us:

devicessappliances, and systems ¢
genstdting units for incorporatior

systems.
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mobiles, machine tools, and other
of many devices and appliances,
:mploy unbalanced electric MIOTONS o
ns of hours to a few thous&nd:jf
produced by the devices dyé{ines
i deteriorate. Urbalancyff electric
onal motion. A far ,g;péatel amissunt
wotor to produce a,g’v n vibrational
it produce ;Ke given vibrational
loy unbalgﬂced electric motors for

duri ing, ,ﬁsc Unbalanced electric

\\..-n.h along a predefined path,
unbalanced electric motors.
only a very limited portion of the
shows a graph of vibrational force
lanced clectric motors. The graph

gh, of course, actual data would be

\
X . .
\\ ower electric motors used in hand-
%
encies centered about 84 Hz (302

\

Nloreover, the vibrational force i
X . 7
sy a¥ unbalanced electric motor is

X
X . s . .
ooy t‘\&qryme frictional and inertial
X
yortion a\?{\the consumed energy is

X
X
X
\
isadvantages \thh the commonly

\\\
Nunits,

1-generation \

designers,

ariety of ditfers’y vibration-based
ore efficient and capable vibration-

msumer appliances, devices, and

e‘

g
&
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N
\
\
\
A
\
\
QI’MQ&\\RY
N
N\, Thecurrent documer arious types i ssseitiating reﬂonant
modules (“QRMS"). including ! vibration moduies, that‘(:an be
incorporated Iy a wide variety « levices, and svstems\\(a provide
vibrational forced, The vibrationa! uced by back-and- I}fri oscitlation
of a weight or mem\gr along a path. nent of a space g{rve A controller
controls cach of one‘s;r maore OR! lriving qscniﬁmm according to a

ecifies tiefequency of the driving
.,lﬂatl{‘}éffa, in turn, elicit a desired
m uﬁvhlch the one or more ORMs
1yﬁieved by selecting and scaling

ncies of the device, appliance, or

(D

:d electric motor typically used for
levices.

tional moticn produced by the

\
\.\\\
iX i’neam by the phrase "gsciilating
resonant modu]e \ v the current dog \\\\\
mgures SA-G illustr r npi\or ORM.
Flgures 6A-B illustr SWiteh \(\\hat can be ysed, in various
i changc the direction of ¢ ca le\\g\~ & drives back-and-forth
n within the ORM. \\\\\
_ Figure 7 provides a of the OR“:\X\ illustrated in Figures
SA-G.
Figures 8A-C provis diagrams that illustrate the control
program, executed by the CP1., tha ion of an ORM.
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A
\\.\
\\ Figure 9 represents t
can be a&ieved by different impler
\
\\\\ Figure ¢ shows a p
\
that space thé(\can be operaticonally
X

ORMs.

of ORMs.

shown in Figure 17.
Figure 26 .i%ﬁf-.;‘:_trates
, SN
Figure 2§ lilusf‘gstes
" X
Figure 22A iilus z\

Figure 22B illustya \\
X

/

Figure 22C illustrate \\\
\
N

Figure 23 A iHustrate

to the surface of a substrate.

8
N
&

position.

Figure

. 27 provides a
ORM-containing device discussed :
Figures 28A-C illust

resonant frequency to produce a vit

Figure 23B illustrate &

Y

&
A
A
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uencies and vibrational forces that
M and ORM control programs.
wle/frequency space and regmns in

ihalanced electrical motogf and by

'a:,"

a stator havmg four cnil }ayers.
¢ of a stator haying two coil layers,

driving force that is perpendicular
a magnetic armature in an upward
with a magnetic armature in a

of wvarious physicai and

X
\\
X
%

X
f Q\generic device, appiiance, or

X
\\
%
3
X

Ng
sonant Yrequuencies within a device

AY
BN
Y
3
X

ant- frequ:\\\; v table for the
R

yre 25.

A

cNeme combines witha
b
A

generic

znce to |

VI control s
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\\
N\
\
\ Figure 28 showsa fe ontrol patterns that may be applied
\
to ORMS by the contro! logic withi: Jce,

N &
\\\ Figure 30 shows an nm-type table that mggf be prepared
N

for the geneNe device shown in Fig

X &
\{\ ares 31-36 provic diagrams Lo 1.Lﬁstrare control logic
X . .
used in the generye device, discuss eference tgff:wure 25, 1o produce
X

well-defined vibra ¢ modes ar vit 5 in the p-‘tvsma} device ar system.
e \A -D itlust mﬂgﬂlatlon control of an ORM.
Figure 38\ liustrate rr;{hat involves a constant-voltage
signal 3802 from an initizl \\Qe 3 ﬂd time # 3806

Figure 38B: ation response of the ORM.

the naive contro! pattern. shown in
imation of the desired consiant-
Figures 4GA-40F | mechanical stops and mechanicat

latches, two types of mechanical ¢

it may be included in various types

RN
of ORMs. Y
N \
Figure 41 shudvs ex; X on that may be stored in order to
g Y Y
. X
more accurately controt \\‘ wods and considerations disclosed
X X
. X
in the current document \\
$ X
:\\Icmemanon of the routine
2\
=10 Fage 36.

for mxx\z«ino the complexity of

A
Il as in k\*'}\ ng and simplifying

\
X
‘ R T
Figure 44 illustrates WM driving-cyeiliation sensor that
X
X
can be employed to provide feedbac w ORM cont: §§\
X
Figure 43 illustrates approach to 't\i\ g the driving
X
I e
oscillations produced by an GRM.
Figures 46 A-B illust ible direct-sensing approaches.
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DETAILED DESCRIPTION
\\ The current docum

mGN\les {"ORMs"), including var
(".,.!\.\ORMS 3 that can be used w

dcwces, a\\i systems, o generate vi
by oscill w\ofa weight or comp
curve, rather \i@sz as a by-produ
unbalanced elscty \L motors. ‘The ¢
mation effectwely \gdresses man
maotors. Combining & :\ORM witt
produced by the ORM &

ORM is included, results in\\\t{stima
and frequency of vibration p« \\ e
of the device. QOscillation xxl\\
forces produced by the ORM to ¢
that incarporates the ORM. The
various types of ORMs are desdri
is discussed. and a third

st s direc

which the current docus

Fiy

resonant modug

s 4A-D illustr
in the current
unbalanced gﬁ stric maotors often

n oscillating resonant

back and forth along a path. The pa
general case, can be potentiaily an;
ittustrates operation of a linear osc

labeled with the time "0," the finear

the mass or weight 406 centered w

and 412. When the linear ORM is

shown in diagram 414. The small

325
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to various osciilating resonant
near oscitiating resonant moduics

ety of different tvpes o appliances.

Gl, so that the driving frequency
! requency of a device in which the
stion with respect to the amplitude
s well ag maximal vibraticn energy
late into highly directional driving
esponse in an appliance or device
scludes a first subsection, in which
:ction on which an ORM contraller

-ate methods for ORM controd, to

X\ .
Y :d in detail.
\\
\\
.
\
s meant by the phrase "ascillating
N
N

nx-}\ntras[ to the above-discussed

e \\ibfatiﬂns in vibration-driven
a :\\:nt or mass. that osclilates

ar path,\ﬁ\,\r line segment, but, in the

nent of a‘\}\i‘%\.esce curve. Figure 4A

- medule. \\x a first diagram 402,

L at time 0 ¢ ‘\: in Figure 4A}, with

th 408 bhound a.}i\ by two stops 410

\
eight begins ‘“\“\\\ s to the left, as
X
n the disk-like ma¥s 406 indicates
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N

the dtre&mn of movement, The
uniil the\gss strikes the left-hand
the mass |ev§§cs and the mass begi
in diagram 41 8\1“ diagrams 419 an
of travel during t{ t\w\e intervals 4 an
strikes the right-haﬁksmp 404 and
direction, as shown in\w\\agram 422
indefinitely during operar\{ia of the
Thk\peri:)
oscillation can generaily be C{; £k

Figure 4B 1liustra)§

the weight along a circle to the actu.

along the linear path.

as discussed above with refereme

by vertical dashed ling

\
&
&

point 450, the pos@\m of the mas:

9. 1o poin

represented by ;““nt 454 along the

\‘

Thus, as the pasition of the mass pl

point 454, the direction of movem:

continuing in the oppuosite direction
Small horizontal arrows, such as arr
the linear motion of the mass of th
points. Thus, the back-and-forth

described by a logical revuiution of
1. then the position x at time 7 of

expressed as:
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y move, as shown in diagram 416,
ich peoint the direction of travel of
in the opposite direction, a@sﬂwwn
continues in its rmhtw;fa direction
15 shown in dlagralprél 21, the mass
ion, traveling b}ék in the leftward
ndicate that xﬁm process continues

e ma:s ; ”dleb back and forward

and & maximum amplitude of

g ia input to an ORM.
‘s:contmuous logical movement of
& ol the weight within a linear ORM,
In Figure 4B, the position of the
resented by point 432, the weight
:d fine 434 as well as by the soiid
w the linear path 440 shown below
. the circle, in a counter-clockwise
\\\w :d by the dashed circular arrow

\\L position of the mass is mapped,
‘\.

at .,\‘\46 At time Z, represented by

rath \ {} is point 452, At time 3,

on of &1«: mass is again paint 448,

/

drcle h\s\\g oved from point 444 to
o
g3
tion in whish

has reverseyt and the mass is now

it eriginally moved.
selow the lim \ wath 4490, illustrate
etween each paiﬂf adjacent time
1e mass in a lmeé\. ORM can be
circle. If the ulrde\\\’\as a radius of

¢ the actuai path of \nmi can be
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wher&g is the angular velocity at w

the circl\é\
\\\ Figure 4C t!lustrates
a short spacg\iurve segment 461 i
coordinate systé?%l. The weight
may oscillate bacb\gnd forth along
in Figure 4C 458, t

indicated by the small\k\;rved arrs

weight or

second plot 462 in Figure <

space-curve segment, it reves

plot 464 in Figure 4C, unce thc\ i

curve segment, it again reverses \\

that this back-and-forth oscillation

X
curve-segment path of the weight in \\\

and operation of the ORM.
Figure 4D illusin
weight or mass of an ORM may
second path is a partially eilirﬁica
additional different types ohé JCE~(
Figures ﬁA«% illustr
use the same illustration wnvent:or
ORM includes a cylis

weight, can move i

-al housing
v along th
within the cyimd*swi housing or tt
an implementati °‘, with polarity ir

and the "-" 515,‘ 512

on the left-han
506 is vappe & bv twa magnetic disl
sign 518 zmd the "-" sign 51%. Th

ariented opposite from the magnet

X
X
h

\
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N
i
s

:presenting the mass nfoves around

§
&
§

N

-curve segment pft In Figure 4C,
i in a three- d@;ﬁem;onal Cartesian
:illating 1(—:59‘11ant module {"ORM"™}
rve-semﬂ‘ént path. In the first plot
m leftﬁ’cw right along the path, as

ow 460, As shown in the

a§~v. reaches the left-hand end of the
e to the left. As shown in the third
hes the left-hand end of the space-
s to the right. Ellipses 466 indicate
e the ORM cperates. The space-

1ed by the physical implementation

I example paths alorig which the
t path is a circular arc 470 and the

As mentioned above, many
X

Nths for ORMs are possible.

X

r\mx of ORM. Figures 5A-G ail

X
The

+" sign 51 \\\\\ the right-hand cnd
ight 504, Th \\gvimdnca. chamber
vith polarities 1: mated by the "+~
1ets 5i4 and 558\3'3;{3 magnetically

. . X .
the weight 504, sahat when the



18

—
Lo

20

KiH

Drocket No. 33089 008

weigh&noves to either the extrer me right sides of the cylinsirical
chamber,Xhe weight is repelled by « ke magnets at the eﬁ or right ends
of the cylin)\icai chamber. In other like magnets act n?fft,h like springs,
to facilitate c}*&eieration and reve ¢ of motion Ufﬁ;c weight and to
minimize or preQQnt mechanical-im : weight and }ﬁe ¢nd caps that close
off the cylmdnca\chamber Fin conducth wire 520 girdles the
eviindrival housmg r tube 502 ¢ * the m}é -paint of the cylindrical
housing. \\\
Figures 3‘3\{' iflust f ;ﬁe ORM shown in Figure 5A.
When an electric current \\\\appi £520 in a first direction 322, a

corresponding magnetic force S84 direction parallel to the axis of the

cylindrical chamber, which acaeie t\\ 04 in the direction of the magnetic
X
force 524. When the weight n,achc\\ lose to the corresponding disk-like

e due to the repulsion of the disk-

like magnet 514 and the weight terated in the opposite direction,

decelerating the weight and reversiy

S

As the weight reverses direction,

as shown in Figure 5D. culrent x 3

osite direction 533G to the coil 320,

irection from the direction of the

\\\s* s the weight 504 in a direction
oppaosite to the direction § ,g which t Q\\i iod in Figure 5B. As shown in
Figure SE, the weight ‘”s& maves i h\x\ixn in Figure 5F, the weight is
decelerated, stdpped, ‘3 i then acce 30sit \\j\lrecti@n by repulsion of the
disk-like magnet 5 05 An efectrica apphed\\ithe coil 520 in the same
direction 534 as m ?;;\ule 5B. again salid ey \\f vical mass in the same
direction as m\g-agure 5B, Thus. & 1 of a mag &*ic field with rapidly
reversing poL§ity, generated by altt stion of uzﬂ;s\aspized to the coil,
and by thysrepulsive forces betwee igriet and the “'\»\'-Iike magnets at
each end jofthe hollow, cylindricar veight linearly 0;\\' iates back and
forth within the cylindrical housing directiconal force }t\\\“e ends of the
cylindrical chamber with each reves \\\\

328
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\ Clearly, the amplitu

nu«ﬁx{{l forces produced within
chamber 1=\\\\xhlch the weight oscill:
weight, the ¢ i&\\vieranon ol the weig
ORM. Aliof t“,\ € parameters are ¢

the ORM can be &ii ned to produ
AN
The iy

ORMs, to change the diri
oscillation within the ORM.

the input control signal ¢ 602 is hig

609 are closed and switches 606 =

indizated by curved arrows, suc‘"-

604 to ground 612 in a leftward ﬁre

signal d is low, or "0." as \xv in

coil is reversed. The H-brigge swit

ﬁz

3A-G. The ORM. i @ additian to the

shown in Figure 5‘\, ncludes a po

e]ectromechan"“i buttans or swils

reference to Figures 7A-B, a centra
powered microprocessor, and ane
components are packaged together

device, or system.
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on and other characteristics of the
elated fo the length 0 he hollow
applied to the coil, ;)13 mass of the
the coil, and the lyfa.ss of the entire
: parameters f"o;a'the ORM, and thus
- of difl feren} amplnudes
of the wﬁd cyviindrical mass is
ofthe é’unent applied to the coil is
’ltclfthal can be used, in varicus
gr  coil that drives back-and-forth
" the same illustration conven: s,
3ridge switch receives, as input, a
power 604. The direction-control
as transistors in Figure 6A, When
wn in Figure 6A, switches 608 and
n. and therefore current flows, as
6190, from the power-source input
2 coil 614. When the input-control

‘ﬁCﬁOl‘l of the current through the

W ¢s 6A-B, is but one example of
am»‘v&_sthches that can be used ¢
il of\ ORM.

of the i}\gx, illustrated in Figures

sing, coil, a\:d internal components
er mterface\\% cacrally comprising
ige switch, ¢ i\}*\s\ussed above with
t ("CPLMY, gcw\r\\ii‘ a small, low-
mechanical sensqz\\x\ All of these
ithin a vibratizs- \\\« appliance,

N
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As shown in Figure
‘\;
ex%ed by the CPL! microprocess
on-ba:a@ memosy to store the o
N\
executm:\{)f the control program, <
memorty chi 704 or flash memory
inputs from ﬁ& user controls 706
X
controls may i\"uude any of 1
electromechanh..\z,~€\s i devices.
dial to select 2 streng& of vibratiaz
coil, a switch to select m\ of variol
The user controls generale\xgna
N
X
\
associated memory, to the H- b\ \{‘

provides power, as needed, us

sensors 732, The voltage and cus \

components may vary. depesding ¢

of the components. The H-bridge's

E\‘\
the {'PU. The power supphy g‘\ re

the current supplied to the {-bridge

receives input 730 from & s« D8 Or me

s,

& the streng

v 734, Sen

signal corresponding :

u,/

{,3"«,

linearly oscillating ng

/,,,

/,,,,,

piezoelectric devig

S

’f’/

. 3, pressure-sen

generate signals @rtesponding to t

S e
Plgures
S8
&
&

sxeguted by the CPU

$
§

§

3

a control- ‘.‘}{‘w diagram for the hi

8A-C provic

program, ¢ . that

4,,,’

sxCic "‘a in step 802, upon a po
button er other user control, In sf
»dlue_;a\ including the variables: {1}
Gfthé device: (2) strength, a numert

strength of operation, correspondir

Ducket Mo, 35099008

is controlled by a cgntro program

FOPIoCESSor may ;fontam sufficient

5

and other va}ﬁes needed during

may be myﬁlbd 1o a low-powered
wtrol prgﬁvlam The CPU receives
ompryfe a user interface. These

wittons, switches, or other

& the user controls may include a

S

vonds to the current applied to the

&
N
&
$
&

“,
Y,

itional modes, and a power button.

708-710. A power supply 712

. to the CPW 716 and opticsal,

nd, when needed. t¢ one or more

: the power supply to the various

\\\\ i characteristics and requirements
\\\ :s a controi-signal input 4 722 from

AN :
\\\ input 724 from the CPU! to control

330

The CPL!

X .
\\ wical sensors 732 that generate a

transfer to the coil 726.

X .

\\cuuenti being praduced by the
BN
»\me or more of accelerometers,

: 0\“ types of sensors that can

X,
&\{br ational forces,

sired

\
; .an;‘\\\that lustrate the controd
X
wmofant *X 1. Figure 8A provides
| program. he pregram begins

voked by a u\~ through a power
X

local varrables\\\re set to defauit

. \
icates the current ajgratinnal mode

onding to the current user-sefected

:al current applied o the coili (3)
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7.

LN prextously sensed vibration:
strengd \ {6} freq. the current frequ
in the coi\&(é) d. the confro! output £

\
T .
that indicatdg that the frequency is

A

control progre&\* waits for a next ev
executing loop - event handler,

handled by the "‘«’N A program. [
events may be initiat \‘\h\ interrupt

in more primitive fmyie '\c ntations,

or dropped. In the &

one for controlling the ch,\, < in
currently established frequency}\sm
A

which the controf program munit

than using a formal timer mechan!

counted loops or other simple gt

tasks. When an event aceurs, {i&

which is represented by the o

and appropriately handle dha

N
&
\\

13t eve

determined in step 804, \\me value :

output to the H-brid :“ switch, with

&
§

frequency-related ssent. The frequ

f-,,,%r.,

value of the varigh

$
&
§

&

event, as deteghi

sfien the event correspe

&

e ﬁeq Otherw
dned in step 814,

Otherwise, »

/'-

,
%

interface, @‘x determined in step §

=

Otherww when the event is a pow:

$
\‘

from ¢ Ks:; ictivation of a power button

awars down the device, in step 82
Anf_\_r other of various types of ever
handier 824. These events may i

operation of the device.

X
A
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vl{, a currently sensed vibrational

&

”o

e direction of cuwe™t is alternated

",
’l/

witch: and {7} 7", a Boolean value

&

e“

increased. NMext, in step 804, the

ing steps s&s resent a continuously

zvent {s‘a: occurs is appropriately

mm@}{ ms of the control program,

&

ignd stacked for execution while,

a,
';,

mt overiap in time may be ignored
igures 8A-C, two timers are used,
+ current applied to the ceil, at a
ontrolling a monitoring isterval at

force currently produced. Rather

lementations may simply employ
ques for pericdically carrving out
'egins a series of tasks, the first of
determine what event has occurred
frequency timer has expired, as
nal d is flipped. in step %08, and

\\mw being reset to trigger a next

X .

n\@ is determined by the current
\\_\
‘eni\is
X
\
maonger”

X

Y
in the Nger input thraugh the user

X

cm‘liro.\\\
s determis a\\i in step 818, resulting
i the control ¢ \\\i
Al program ter\nates in step 822.
ur are handled %:3\ a defauilt event

a monitor timer expiratzon

"

is called in step 812.
is cailed in step 8l16.

ram appropriately

X
R
error conditions i arise during

X
X
%
X
A%



\ Figure 8B provides
ca!l%n step 812 of Figure 8A. In
. N\ . .
snput to\@ integer representing the .

\ .
stores the \pteger value in the vari

5  determines \\\Nether or not the ORM
default mode, the ORM uses contii

force produced by the ORM by
frequency as close Nossible to il

13 represented by step 834 in Figu
systematically andfor periomQ\aiiy
multi-component vibrational me
and systems. These more mmp\

further described in the control-fle

15 is the default mode, in which the -

force gencrated by the device. in s

the local variable inc is set (o

§

increasing the frequency at ﬁh@ ti

frequency. When Ivii is %‘\\\‘ater

&

28 vibrational force has been i{»entl)

842, then the mm,g‘ program b
frequency, and theve
25 the variable inc to §

fashion, when t;“\ variable inc is ini

fvll is greater \fu}l’l i3, as determin

",

value stored § the variable freg. in's
when /v 8s less than /0, as det

36 increases'the value stored in the var
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liagram for the rgatine "monitor”

itine "menitor" gonverts the sensor
al force prodybed by the ORM and
in step 8324  the routine "menitor”

the default mode. In the

1
“t,
=

v

’f;
/;, v,

erating i
contre ‘; o aptimize the vibrational
ek 1& 1 operate the ORM at a
xr‘ix, for the ORM. Other, more
Aavipus more complex routines,
complex vibrational maodes may
ncy or produce varinus complex,
1 applications, appliances, devices,
wplication dependent, and are not
the case that the pperational mode
seeks tc optimize the vibratignal
ine "manitor” determines whether
i the contro! program is currently
\\\ es in order to obtain the resonance

X
\
\\é etermined in step 838, then the

X

‘\,Q:asmﬂ the freguency, and so the
X

m\\te 840, and correspondingly

X
\
i\gz vl as determined in step

ie fr»g\u@' ¢y past the resonance

gram ea\ :ases the frequency. sets

\
ets the fres \s timer. In similar

X

cletermmed\x{ step 836, and when

by

he routine " ‘\“Q\
X

ts the frequeney \N\‘mer Otherwise,

N
%
¥
1 868, then the X ine “manios”

X
X
e variable fre to TRUE., and resets

™ decreases the
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\
t\}%‘equency timer in step 862, Fi
mon\@r timer is reset, in step 864.

///

\\ Figure 8C provides

called m\\ep 816 in Figure 8A.

controls ha occuned In step 86
Y

currently sel eg w mode and vibrat

control features \\thc user interface

an output value p ¢ \
strength, and outputs 1

sonding to 1

¢ value 7 to

///ﬁ({/ '

/

an appropriate current tothe coil.

a new moniter limer integy X\\an re
X
The contro! ‘)\,\gﬁ;ran

example of many different im *‘\‘..\(‘ i

interface, the nature of the pawe
implemented for the ORM.

Figure 9 I'(‘.‘p]‘x,%:'\?\ d

Vi)

&
N
&

can be achieved by diffes @‘s impie

s,
g

Figure 9 has the same axgs : as the gl

"f«,
2
”r'&,

N

Figure 9 includes magy different

&

%,
/,,,

vibrational forces sfid frequencie

Abain, an ORMs

$

implementation.

characteristic 0f§h\, geometry and

each ORM is ng :ural!y operated at 3
g\\‘

to achieve p@&ximum vibrational |

3
&

l//,

possible i fo smentatisns, to a rela

,,”’

forces, .m in the case of unbalanc

tmplt-:"*}*snted to produce desired v

frequéncies, and desired vibratio

vibrational forces. The contrast is

\
\_
%
\‘
X
X
X
X
X
X
Y
Y
R
X
%
X
X
X
X
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“.

n il is tlansferr o fvif and the

§

N
&
§
N
§
&
§
&

diagram for ge routine "control.”

s,

woked w 11961 a change in the user

modde aljﬁ strength are set to the

e

epresepfied by the current states of
W62, ﬁe routine "control” computes
cpéd strength, stored in the variable
y so that the power supply outputs

it

64q the routine “contral" computes
timer accordingly.

reference to Figures 8A-C is one
:ontrol program that can be carried
1€ parameters and characteristics
puts received from a particular user

ypes of operational modes that are

uencies and vibrational forces that

JRM and ORM control programs.

X -
N gure 3. However, unlike Figure 3,
X\
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X .
\\\cuwe 502, each representing the

\

Q\L}med from a particular ORM
X
i@;&\one resonant frequency that is
X
ous x\\nponents of the ORM, and
X
‘1o thisyesanant frequency in order
\\\<
her than \\ 3
Y
Y . o
nge of fredyencies and vibrational

ing restricted, over all
ors, ORMe\can be designed and
. over a wide \ ange of vibrationat
over a wide range of desired

nin Figure 16, Figure 14} shows a
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3¢

lot of the amplitude/frequency
éerationally achieved by unbal
Urmglanced electric motors can |
within tl
By

| 1o produce amplitude

combigations roughly

amplitudy/frequency  space.

\
implementa
) \
Thus, linear OiiMs can achieve mu

operational ‘Freq}\gncies than can be

A

and can produce }\Qv higher ampl

by relatively fmwepony

/

red unbalan

vibrational forces are nzedyd

infeasible, due to the dest

Figures 11-18 ea‘

of ORMs. Figure 11 provi cs a

&

N

discussed above with rcﬁ:'&nce o}

1192 and 1104, mes %;Q,\cai sprit

S
S
N
N
&
$
N

traditional helical sprigygs made fro

2
L

durable material asSwiechanical de

N
R

Zeer,
<>

depressed or comgressed. Note th

= 7,

cross section, g discussed above

Q

shapes, ine hm\n g rectanguliar or he;

& Figure 12 shows a si
power si ;\\\fa {v are incorporated inte
relative, ma%es of the moving mas

masintized, thus maximizing the vi

consumption.

s,

i,

7,
",
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ions in that space that can he
motors and \igy linear ORMs.
to pr@du»e aﬁ;nplitude/ﬁequenev
1502

r ORM& can be designed and

i,
e,

'd  squarey region within

""l,

iblnatyéns underlying curve 1004
ti o { frequencies and much lower

nfcl by unbalanced electric motors,
K

tmnal forces than can be achieved

“re,

e,
it
Y2,

>tors used i hand-held appliances

sterms.  Furthermore, when larger

10tors are generally impractical or

Yy,
o,
=
s,
o,
2
o,
“ry,
2,

within the electrical motors. In

“,

access a much larger region of
vibration moduies, whick gencrally
;; as further discussed below,

ferent aliernative implementations

\\\ ration of an ORM similar to that
\\\\ : that, in place of the end magnets
\\ wively be used. These may be

\\ 1gs made from a compressible and

5 1202. _a\g\thls implementation, the
- 3\ - .
aining c:»:‘ssy\ ents of the ORM is

produced at&given tevel of power
N\

\
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\\\ Figure {3 shows
imphe} smtation. additional coils 13

andac &' ring siagnel or coil 130¢

that, whenyg \he direction of the curre

\

an ascillatindyotational force is gen

\ .
in a plane per*\& feular to the axis
Y
direction of the *{mbcr,
N
Fzgm\\l 4 illustrates

are employed. In Fighe

.. X
positions on the housing.

the moving mass 1406, wh 1\ the st

\

length of the chamber withinwhic

\
serving as a second repelling mag
mass may linearly oscillate with \

whether or not the second coil 1404
more complex patterns of current re

SRy

complex multi-component viby

dampen oscitlation of the m\&

providing channels, an the ¢ §§es of

N

%,
s,

of the moving mass to the gthee, by

openings in the housingio allow ai
housing. Additionally, different flu

\\

te change the da;‘.,\gs“nmg effect prc

»
s,

the moving masgtiinearly sscillates

§
&
N
x
\JL
N
&
&

Emearur\.wgﬁn t vibration module t

ire 15 illustrate:

piunger w“%,:.ﬁ Iy oscillates to prod

contait yd within a moveabic-comy

§mu:§§3g 1504 of the ORM that inc)

control components. The plunger is

nl{\§ §
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ive QRM.

incorporated in the maving mass,

In this alternative

a fixed location on the housing so
- coils 1302 and ‘EQi:'; alternated,
1€ movable wil w" to osciilate both

e iy oscillating the

le electromagnetic coils

14 x";\‘ e placec m two different

e ug«

s\z Sactivated i in order to shorten the

*§1ass linearly oscillates, essentiallv

nentation of the ORM, the moving

fferent amplitudes. depending on

pel the moving mass. Additionally

1 coils can be employed to produce
moving mass.

. air within the chamber serves o

\

X

X ampening may be minimized by
% [& Y

X
RS
N\ & to allow air to pass from one side

3\
\! the moving mass, or by providing
X
X

'\\N{h

N
‘\ employed within the chamber
X

hiousing and drawn intc the

X
\ .
emigt of the fluids and gasses as
X
Y
\
\
ORM 3@ implementation of the
\ . . .
documsny is directed in which a
X
X
X . .
The plusger 1502 is slideably
X - .
togonal to a S\\f ¢ axis of the main
X
supply, nicr ‘,»ﬂ\yxtroller\ and other
N

icludes, a driving\\:‘aagnt‘i 1506 that
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'.t il

1s>\§ﬂcted to, and seeks to be posi
r‘m\d within the housing. Appl
1514 \\\w the driving magnet aw
I5. By rk\d[} switching the dire
miCI‘OCOS‘lth\‘;‘
as indicated b)\row 1520,

FK‘;\\{\Q 16 shows ye

can controf the plun

resonant vibration Nosdule to wh

i /

implementation of the§‘\i\;ear-resom
. . . X :
directed, a spring-like w\wiber 16

3
Driving magnets 1606 and X@GS ar
\

current is rapidly reversed in \\u\h

X
vibrate at a relatively high frequay

&

&

Figure 17 shows ana

in this ORM, the spring member 3§
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ent with, a centering magnet 1508

sne of two driving coils HI" and

ilibrium position sh(\\ﬁl in Figure

§
&

- applied to the d ““w coils, the

sciffate inan u nd down fashion,
p

&
S
&
S
&
&

an impleﬁlemauon of the linear-
‘umep{ is directed.

dly}é\ to which current document is

\\‘

At

&
$
&
S
&
&

K
%,
£

In this an

one end {604 to the housing.

ring-like member 1662, and when

'4,,1

g-like member 1602 is induced to

ar to the ORM shown in Figure 16.

3 provide an external massage arm

1704 that extends o from the\\;a‘s i \\\ 1 linearly ‘oscillating massage-foot
member 1706 for massagis %\\\\““‘unm \\\\ other substrate, depending on the
application. \\\
Figure N shows a \\\\\ ion adjustment feature that can be
added to either of thtf s showr \\\ nd 17. An adjustment screw 1802
can be manipulate §‘< o alter the posi \\\\i\ spring clamp | 804 that acts as a
movable clampi @ 1 point for the spri \\\\‘ +. Moving the movabie spring
clamp 1804 i\:\}s‘\i\\wrd in Figure 18. g_f_ri\\\n the spring-like member and
thus tends f\@\\\\mcrease the resgnant { :ﬁﬁic\.\\\u power-consumption level,
Convers g\\ moving the movable 5 iwtz;,ui\\\én Figure 18, lengthens the
speing m’ member and decreases t equency\
\\‘ Figure 19 illustrates of'an un:;‘ wendation of the ORM

sown in Figure 17, In this implen

stomer bristles 1602-1906 o tra
human skin or another substrate. Tt

aumerous elastomeric bristles, allon

336

X
assage foot\s enhanced to include

X
X
oscillation oY the massage foot to
\
risties, ar pad \ brush comprising

fyvibration to a surface even at low
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operational powers, when a rigid o1

\\ply stop moving for inability t©

\\ Figure 20-23C iilust
a mofb&incorpm‘ated within a pris
moving &d non-moving compoen
produce mo{ion. The non-mevin
magnetic ﬁelé\ A stator can be
imp]ementations\,\\a stator adapted :

. T
using combinationsypf one or more

=3

=X illustrates
\

S
&
$

&

from the cutside o

surrounds a central core and‘g{*

the substrate 2002 is a pn«—,.\*\\\ g
\

where :

&
&
&
&
$
$
§
&
$
&
$
&
§
S

§
S

# iythe core radius in inche:

2y

;
Py,

Fis the number of turns; a

\‘
$
i

S is the total width of the v

tte,
"‘-';4

Fhe \?‘d ctance of the resulting ceil

as g&:s;s as through the selection of ¢
A first connection

terminate the ends of the spirai-shag
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pliant massage foot would instead
mal forces.

pe of ORM. Thﬁ\QRM comprises
rd ("FCB"). T;lfc motor includes
ct via elecgwumacrnetm forces to

include %f"“tator that generates a

g one fn more ¢oifs, In certain

L=

ith @“*\:onar substrate is produced

néuctlve traces.

&

Y,

&

& The first coil layer 2000 includes
is wound in a clockwise direction
iral. The spiral-shaped trace 2064
2602, In some implementaticns,
width and thickness of the trace
general, thicker and wider traces
with lower resistance and higher
yre diameter and spirals having a
ondingly higher inductance. The

ir core at the center of the spiral is

‘\
X
X
b
:5. X
Y
\
by abter R the above parameters
\
X
B
\

1 certain imple ?&w tations, the first
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connection pad 2006 andfor the sec

ore conductive vias connecting

multiple l\a\gsrs of traces.
\\\figure 2¢ additicnal
zlements in a pa¥icular motor imple
2804 is a circular B\Ening 2018. Th
620, The armature 2020} can be m:
moves in a direction sul "tamiaiiy p

respense to a drive ou

whsppiied
N
the armature 2020 in the uru&\x ope

X
oub
N\
[n certain implemdy

movement perpendicular w th

from conductive material, such as m \

traces and connection pads on the {§

circuit-board manufacturing tes \\@\“%

statest by i

laminated foil decals segy

f/,,

N

some implementationg

$

&
$
S

2602.

$
&
N

the traces ar

R

Figure 21 illustrates

&

constructed u@r‘g techniques alrea

//,’

8

layer 2000. S spirai-

connecticy pad 2104 to the ending «
§

posi x-«‘ﬁ” over the coil layer of F

shaped trace 2

Yty

ano thsi’r so that the second connec

3'§wction pad 2104 in Figure 21,

With the ending connection pad

connections beiween the second ¢
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“,
2,
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“,
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“,

,
i,

\
X
X

X
X
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sad 2008 are incerporated into one
't to other coil layers or to electrical
onnection pads 2810, 2012, 2014,

neorporated into »"?as that connect

S
N
N
§
$
&
$

: placement @f a number of motor

&
\‘

he center @r ‘the spiral-shaped trace
des

1g prov a space for an armature

R
151 ‘h

S

o

1,,/
“,

i or a magnetic material and

o

e

e “surface of the substrate 2002 in

A centering spring 2022 retains

s substrate 2002, and allows limited

es and connection pads are made
iminum, or conductive alloys. The
00 can be fabricated using printed-

implementations, foil decals are
construction of multi-tayer coils is
g: multi-fayer PCB construction;

and 2-sided PCB construction. In

N
\\\\ds are embedded into the substrate

X
A
X
¥ :\\\The second coil layer 2100 1s
X
¢ the\penstruction of the first coil
X
X
ockwi &\e\\ irection from the starting
X
P106. Th?;\umf layer of Figure 20 is
X
X
e twa layoys
X
\ werlays the starting
X
tion pad 201\in

b
PCB ¥

\\
:008 in Figure 1 and the starting

are aligned with one

n Figure
1 Figure 2¢ aligns

+ 21, é\ form clectrical
X
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connection pad 2104. When the fir 0 in Figure 20 and the second coil
layer E\gﬁ in Figure 21 are connect 1d energized, the inductance of the
layers is éiditivc. In one mode of o t Nows into the coil i\wer of Figure
28 starting\ the first connection ¥ise around the & i to the second
connection pa‘ 2008, through a via mnection pad 3 $4, and clockwise
o the ending co\\gecticn pad 2106, onai coil Ig s increases the total
inductance of the \\suiting coil. A ction padilGS, 2110, 2112, and
2114 provide connec\:\f{m points an ias that\\@%nnect to additional coil
layers. In certain imp]ei\\emaiims, 1}emen be added to the ¢l using
similar methods ta those é&\scribed 1t§%naf coll layers are separated by
insulating layers or piaced\\&{ opp ‘,‘ insulating substrate. In certain
implementations, the muEti-kay\é&ca ator in a motor.

Figure 224 iﬂusrm\(\ . 1 of a stator having two coil layers.

X

4 are laminated onts an insulating

second coil layers 2202 and 2204

connected to each other with a via

2208. The stator is driven by a firg \ 2210 and a second connection pad

N X
2212, In certain implementatighs, \\\ nection pad 2312 is routed to the

front surface of the PCB Uig){ avia \\\ 14 is provided for an armature that
moves perpendicularly to@“u surf: \\\\\'ale in response to energizing the
stator. The first and §<‘§‘-ond coil \;\Q'E“:Stt'uﬂtﬂd using the coil layers
illustrated in Fig,ures,\\\\',3%i and 21. or :e\-\.atters arranged sg¢ that the coil
layers produce a e: e direction ramgﬁ\ the opening 2214. The
implementationsﬁ%sstrated in Figu -xtcmi“\i\‘ﬁ\i ter include additional coil
layers Iaminate\\:‘\rs“‘\‘ to both sides ofay \\\\\\

Figure 22B illustrate ofa sta.to\}\Ssea:ving four coil layers.
A first-§ ;‘ﬁ‘\:\ coil layer 2250 and a il layer ‘EZEE}i\are laminated onto a
front supface of an insulating plana .such as a Pi\\\\*‘ A first-back coil
tayer 2256 and a second-back coil 1 minated onto a\\%\\aﬂ surface of the
insulating planar substrate 2254. A lectrically conna\is the end of the
first-front coil layer 2258 to the beg d-front coil layer 2252, A second

339
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via 2262 electrically connects the end of the first-back coil layer 2256 to the beginning
of Q\ond-back coil layer 2258. Cross-substrate via 2264 connects the end of first-
front céi{ ayer 2250 to the end of first-back coil layer 2256, When current enters at an
entry con\\wtmn pad 2266 and passes through the four coi w\:ﬁ the current travels
with a smgle\@'ectwn of rotation until the current exits at gﬂ E\lt connection pad 2268,
The mductancé\gf the stator in Figure 22B is apprnmnﬁteiy double that of the stator
shown in Figure 28A.

Figu?\Z?C illustrates a cross-secii 0%‘

A front coil layer 22808 nd a back coil layer 3 82 arc laminated onte opposing sides

%,
"//,,
“,
’/I

../

‘of a stator having two coil layers.

“a,

>

2
"

of an insulating planar suba\trate 2284, such abﬁ‘a PCB. A via 2288 electrically connecls
the front coil layer 2280 to Rp back coil iai‘\ er 2282 forming a coil wound in a single

\ZE‘-G Cogligction pads 2292 and 2294 provide electrical

$
S
&

contacts for connecting the coil \s drive cutrent,

\\‘
\‘

direction around the gpening 3

In some tmplemen\j@ ons s. the coil layers that make up the stator are not

\‘ A .

interconnected t¢ form a singly coil, \\fur example, cross-substrate via 2264 may be
RY

omitted, and the two ?n\a{\\ coil iay&g\ 2250 and 2252 are electrically driven

independently from the tgg hac ¥ coil !a}e \2256 and 2258. In other implementations,

i,

1,
%,

the two front coil lavers §250 and 2252 are *\{*ml -wound with respect to the two back
hY - ,
\\, the magnetic fields generated in the

P,
/,,

coil layers 2256 and ;“‘:“S In this configuratis

N

opening 2270 b a& two front codl Javers agpp )
P E Y 3 3!

e magnetic field generated by the
S \
\
two back coil {agrs. X
& X
X , .
PUBs are suitable substrates for mamr‘\x the coils and mutors described

in the ¢ cn? document. A PCB can be constructed usiys a PCB process where layers
S X

r/,

Ofprmted opp or are separated by a hard laminate core, f»\\x\ example, using FR-4 glags-
X

\“ X
3 X
ot epoxy. A PCB made from polyimide can suppixt a greater density of coils
& X
N X
and indreased mechanical flexibility. A PCB made from a ci\( tmic, such as aluminum
X

N
:, provides increased heat resistance. The stators ddgcribed above can be

X
] B
ructed with any of these PCB materials. \\\
\
In certain implementations, the coil layers descrin c\’i abhove are arranged
\
to form onc or more coils that overlay the fiont and/or back surfates of a PCB. The

coils form a stator that drives the armature of a motor.

340
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Figure 23A illustrates a motor with a driving force that is perpendicular
to the surdee of a substrate. The motor 2304 is constructed on a substrate 2302 . such
asaPCB. A

front surface o 9

st front coil layer 2304 and a second front coil layer 2306 overlay the
\‘substrate 2302, A first back coil Jayer 2308 and a : gecond back eoil
layer 2310 overla,}\yi back surface of the substrate. A first ‘vﬁ 73]2 electrically

N
connects the first 's‘ro§§\

"I/

i layer 2304 to the second front (.mjflaycr 2306 10 Sy a

"f/

front coil, and a second + \ 2314 electrically connects the ﬁ(a”t back coil layer 2308 to

&

’//

the second back coil lay er>\l {t 1o form a back coil. Fxom‘ coil connections 2316 and

e
"a

2318 provide electrical con?

ctivity for driving tit front coil, and back coil

connections 232¢ and 2322 prm\“x\s electrical conneglivity for driving the back coil.

&
&
&

/

A magnetic syt a\‘324 hevings north pole 2326 and a south pole

3328 is positioned in an opening in *h\\;ubst‘ afe 2302 through the center of the front

"y, //

&

and back coils. In order ti: drive the m\{gﬁt* armature 2324 intc vibration, a first

1

asciflating current is applied te the front wiiections 2316 and 2318, and a second

oscillating current is applied to the b By &k eo E *{m werions 2320 and 2322, When the

motor is operated, the current that ‘t\g\‘\\ through i \ o front coil and the current that flows
$ AN . .

through the back coil flow \\&‘sth opposite ¢ ‘\g\w\' ns of rotation.  In certain

. . . S N

implementations, this is acco oigulished by applying t Q\\\. ni¢ oscillating current to both

N
&

fron: and back coils ‘\:0\\1\

in an alterpative

"f”

S

X
1mplementat10n, where 1§ coils are not counter-wound, \P& second wscillating current

S
&

\ ’
180 degrees our of ghase with the first oscillating current \\\i e resulting oscillating
\

magnetic field prmsﬁw a magnete-motive force to the north ‘X\le 26 and the south

& X
- . S . \
pole 2328 in syschrony, driving the magnetic armature R\\mh vibration at a
X
X\
‘riional trs the frequency at which the oscillating ca \ent is applied. |

X
$ X
an alternativg implementation, the second front coil layer 2306 is cmnNected to the first
X
$ X
back coil {gver 2308 with a third conductive via to form a single-drive kt wter-wound

'/,,,,,
gy

frequency proy

$

&
¥
&

n,,

X
stator th@* is driven with a single ascillating current to produce vibratory \,\\a tiont of the
\
,\m‘at}ﬂ . »
‘ The magnetic armature is constructed from an axially polarized magnet.

In one implementation, the magnet is a neodymium grade N-42 disk magnct. The size
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and shape of the magnet is adapted based. in part, on the desired vibration profile of
the motor.

\\ Figure 23B illustrates the motor with the magnetic armature in an

upwarNgrosition. When a first driving current is applied to a front coil 2330. the front

coil 23 ”\vz‘nerates a downward magnetic flux 2332, In response to the downward

magnetic ﬂ& 2332, an upward vertical force is exerted on the north pole 2338, Asthe

o

first driving ;E ent is applied. a second driving current is applied m af’ﬁéck cail 2338

and an upward m3

ciie flux 2344 is generated. In response to ﬁ‘ upward magnetic

flux 2340, an upx\;
response to the upwa \\

ssical force is exerted on the south pnﬁ‘: 234" of the magnet. in

forces, the magnetic ary ,,m@m 2334 moves upwards as

\
itjustrated in Figure 23B.%
Figure 23C Nustrates the nu my‘ “with the magnetic armature in &
downward position. When \{ firection oFthe first and second driving currents is
X S

reversed, the forces on the north $\"‘E\.‘ ng‘*w and south pole 2362 are reversed. When

the first reversed current is apphed&‘d frant coil 2364, the front coil 2364 generates

an upward magnetic flux 2366, %\\\ a\\w nward vertical force is exeried on the north

pole 2360. When the se \k“\d reverisg\\current is applied to a back coil 2368 a

&
&

downward magnetic ﬂm S370 s

e

« A downward vertical force is exerted on

/'

the south pole 2362 grf the magnet arsszzsius‘t\'.\l 372 In response to these twa forces,
S N - N
the magnetic ar nm ure 2372 moves downwards N s illustrated in Figure 23C.

/// -

"f ie drive currents are alternated X cause the magnetic armature to

vibrate pgs \*\‘:L ndicularly to the surface of the subnm ¢ at a chosen frequency. In one

& \
implem‘intahon the front coil and back coil are coun ix-waund with respect to each

&)

. The front and back coils are connected with a com& ctive via or wire and driven
A
\ .

1 one drive current. This arrangement causes the froni\\ii d back coils to generate

simultaneous magnetic flux signals in opposing directions, § ﬁ?if:h. in turn. acts on the

AN
north and south poles of the magnetic armature to drive the \\ agnetic armature into
X
s X
vibration. EY
\\

In alternative implementations, additional coil layersxwe employed. For
example, an 8-layer PCB can have four front coil layers and four back coil layers. The

four front coil layers are connected to form a front coil, and the four back coil layers

342
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fmciﬂatioﬁ\

) O\
illustration

are connected to form a back coil. In certain implementations, the front coil and back
\\\\ Next, a slightly more mathematically descriptive explanation of
X N . .
rescnance, and the { faclor is provided.
SN

coil N counter wound, and driven with a single drive current as explained above.
X

Figures 24A-D provide
\ urieass physical and mathematical concepts related 1o pscillation. Great
insight into E.ﬁ\&\n\nenic oscillators can be provided by C£1sz§§o§§ring a simple, one-
dimensional a;‘r\% Figure 24A illustrates a spring thaj
direction. Ina i%;':;t&«'sgram 2402, the spring is shown si‘i\\\\an equilibrium, resting state
with a point or mass \N\t\ at the end of the spring ;

$
&

etan be extended in the x
X
second diagram 2406, thé\{;ﬁring has been 1

&
&
S

HNeated at the positionxy=0. Ina
wiiegTighteg
the mass 2404 now located N a position x. &\ is well known, the extended spring has
potential energy that results ss’:\imrce
X

srd, along the x direction, wit
other words, were the spring relda ;

tF

F, X308 that points in the opposite direction. In

2

¢ mass would travel leftward, oscillate back
,\ti) the O position shown in diagram 24{(2. Were
the spring frictionless, [m‘.'x-'m';‘:s‘s““f;rashsss would continue to oscillate back and forth,
in a manner similar to the M\"}f ORM ;}\%;:ribcd in Figures 4A-B. indefinitely.
The ﬁ’ict.l-l;;\e‘».\\?i‘ig spring can?\ﬁ mathematically modeled as follows:
Fo(x) “\\\k\‘
where £, (x) is tt&\ force exerted by the sps‘éng;\\\\
x is the\\gs'*:\;sition of the spring end; and \\\
kis tke force constant. \\\\
2¢  The force };{:nstant k is a property of the spring, inc\,"\ding all of the parameters that
:cst:nts‘im\g&“f to its elasticity, compressibility. and oth;:r\gzysical characteristics of the
;ﬂn?\ In more compiex, realistic situations, many dif? X
th\\uu: constants assaciated with harmonic oscillators,

ither harmonic-oscillation modes within a physical devic
be modeled as:

b } 2
[i{x) ==k,
: 2
where L7 {x) is the potential energy of the spring system.
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Uf&g Newtan's second law, the equation that models the force exerted by the spring
when\jt is extended or compressed can be modeled as a simple, second-order
o

differenNal equation:
\\\ m¥ = Fx=-kx,
where mr = n&of oscillator; and
2.\ ]
dar o\

AN
This diflerential equek?n\Q can be simplified as:

1 form:
+Ce'™,
stants that are determined hy the initial

i

In this equation, 'y and (% avgerbitrary ¢ N
conditions of a particuiar spi;"?g system. ’I‘his>\v\\§mien can be recast as:
Sx()= B cos(wr) + B}\n% (i),
where B, = C, + (' a&d \\\
15 A S \
B, = i(C, U5 \
A final, perhapy st elegant form of the solution is: X
¢ {e-dy \\\
x{t} = Re[de™ ], X
N\
A\
N\
X

N\
&u%ar velocity of the
c:\s an initiai phase

&
&
N
&
S
&
N
&
&
S
$
&
N
23
w3

&

S , -
where 48" = B, —iB, = .
suation, A4 is the amplitude of the oscillation, o is an s

2

In this &
20 osciidtion, as discussed above with reference to Figure 24B, and
off3¢t. This [inal expressicn describes the mapping of a rotation t{)\ésseas harmenic
) X
nseillation, as discussed above with reference to Figure 4B, shown afgdn, in Figure
& 24B, with annotations faken from final expression for the solution t t?z:\\d:fferennal
X
X
\
X
X
N

equation.
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As mentioned above, a frictionless spring would continue to oscillate
indefinitely after being released from an extended position. Hﬂwe»en in actual

systerps, there are always resistive forces. such as friction, that dqm'pen the osciilation

&
&

SC that\\xer time, the amplitude of the oscillation decreases apd the oscillation finaliy

&

5 stops. Thizymore complex and more realistic scenario camﬁe modeled by including a

&

resistive- fou%rm in the second-order differential eqyfﬁon

\\ WX + by 4 kx mﬁj
where — bx is a rem\(ve force; and «
. dx \ o“‘
X = \\
dt \\ &

N
Defining several new constynts as foi}myﬂ‘

j‘\mxtural frequency

N\

fied secaxnd&icr ordinary differential equation, the
N\

x(;} = Ae’” CNQ)IF -6)

\
\

N\
\
15 when, as inghcated above, the damping constant /4 l&a value less than the value of

i frequency @,. the system in under- dampéq\ and the amplitude of the

s
N

!l\:f\\um decrease non-linearly, as shown in Figure 24(\ When £ is greatet than

&

& the system is over-damped, in which case only a single Eic:llanon may oecur, 4s

R
&
§

&
5

7

own in Figure 24D.
Most physical systems have one or more natural uencies at which
ws. In ORMs,

&
N
R

&

//// &

they oscillate, when mechanically perturbed from their equi!:brlu N
a motor is used to continuously perturb the system in order to d.\ the ORM to
oscillate and generate vibration. A device in which an ORM is invory

in response to a driving vibration generated by the ORM. In this c:m& an external
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\\

driving force F {¢) is applied by the ORM to drive continuous oscillation of the device

EN
'\Qﬁch it is included. An external-force-driven linear oscillator can | 2 modeled by

the fd{lowing expression:
\ §
nzﬁ+-b.&+;ixxF(t), &

e
////

5  where F {\13 an external driving force.

With the deﬁNon

\

AN
hY
16 A solution for this expressu\&

N
PR
(LLU

& = arctan

e
f;zj

v N
In this expression, the W 15 the doy s‘g\ TEgRenyy

is somewhat less thag the natural frequency .

/
/%

/,,,,

the square of the ihplitude, which is proportional Y t
X

15 3
amplitude is l\*;\ imized when the denominator <\{ this expression is a value
approaching x}x‘ Maximizing the expression can be Cd)\a\\d out either by varying the
physical d \ﬁ\\ce in order i vary the natural frequency fun\\\ tile the external-d
force 1m}ifency remains fixed w, or by varying the driv ss\ﬁ\§ requency « when the

20 natursl @fcquv‘m ¥ wo is fixed. When wr varies and o is fi xed\\\‘ is maximum when e

&
N

Ynd when o varies and ¢o, 4 is maximum when @ =

of the driving foree, which

.5 can be seen in the expression for

) X
! the energy of the vibration, the
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15

30

ose 1o or equal to the naturaj frequency o of the physical system. A quality factor

{7 &gn be expressed, in terms of the natura! frequency and damping factor, . 3
\\\ i \\s*\\\\
AN s &
\ 2p

\
This is the\gciproca‘; of the ratio of the width of the amplitude peak@dt haif its maximum
value to the Nral frequency @

\\\ An ORM Controller §
AN

Figury 25 shows a block diagram of asheneric device, appliance, or

&

'
’/11

system that employs 0 Ms to generate vibration. K vibration may be generated for

\

application to peopie ar%\als or objects for vagius purposes, including therapeutic

’//
(L "’l/

e haptic feedback, such as vibration in

mobile phones, vibration-bisdd  notifleatigh, or vibration-based communications.

containing device or system that g ¢ used in a wide variety of different types of
applications or included in larger § os and systems. In Figure 25, the device,
appliance, or system is re guter rectangle 2502, T4 device includes

four ORMs 2504-2507. The

N

&
Sisove, In nencm.

srent types of vibration sensors,

\\\s ¥ration in one, two, or three

$ \
different orthegona&,ilrectmns (Other types of sens \A may inciude membranes

including piezoelesiriguct

&
$

”/
/,,/’/

attached to movingieails that generate efectronic signals wyen the membrane vibrates,

similar 10 a resgese audic speaker. In addition, the des or system contains a

S
§
N
¥

controller 251@ The controller includes ORM control logic N\\’ that transmits control

\
signals, in c\,‘mm cases electrical signals that also serve to power § \e ORMs. The ORM
control lngg{x may be implemented as a sequence of processor m\\uctlrns when the
\
controliet 2516 s a processor or processor-controlled coniroller st 3*‘;\ stem. In many

of the ORM devices and systems, the controller accesses some type of electronic

memory 2520, which stores processor instructions and other types of data for
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98]
o

arnenting ORM control fogic 2518, Not shown in Figure 25 are various standard
£ w?\;\cments and signa! lines, including a power supply and pcr:ytr-transmmmw
cucu% display screens, push buttons, ather uses- nterfac\—re!afcfér)mpomnh and
other typy of logic and logic-controlled subcomponents partmiﬁl to particular types

of devices, 1&{}1 as transceivers and communications substku@\ within mobile phones.

s,

&
\

A set of doubicxieaded arrows, such as double-headed sregv 2522, represent the fact

\\e“
&

ts and features of the device

&
N
N

that the controtierSgay control many other subcomporig

3
R
&
&

or system in additiong the ORMs. ¢

s
In the &\

simple mathematical m

us discussion of O\.\é‘aidii on, vxbratmn and resonance,

"”/,

fo
N

s for one- dlm §sional harmonic oscillation  were

devc:oped However, in the ;\nem DRM- cw\ammg device or system, there may be

of complex spatial-vibration modes.g \
modes may be highly depcndcnt oft th the a@ct geometry. weight and balance. and the

*giments of a particular device or system.

Asaresult, there may be s ‘%\ s different n} ol resonant frequencies for the device

or system. \\\
Figures 3§A-B illustrate multiple re\\\\. ant frequencies within a device

N \
or system. In Figurs \sit\ \, the vibrational energy. « .\\qmre of the amplitude of the

"
jn i
(=%
-
3
fat]
[y
Q
:
Z
o
=
[
-
-
«
jos of
<3
.
f
e
=
5
£
o~
X
w
@
he)
=1
o
o
(o]
juu ]
—+
wi
=
=
B
%

The plotted curde 2606 shows numerous different vibration-0 51 ey peaks 2610-26135.
The heights gnd positions of these peaks along the frequenc\ xis 2604 may vary
3 X

§
&

¢ with slight changes 1 the physical characteristics G\\s device or system

X
X
that is vigvated by ORM components. 3\

\
Figure 26B shows a more complex type of v1brat10n-1es\§9nse plot. The

§

wb,mw: response is represented by a surface 2620 in the plot shown t\Fagure 26B.

>
; ”'/,,

consideral
N

/

isured amplitudes or sibration energies. produce a surface 2620\& a three-

dimensional Cartesian coordinate system that includes an  x-direction vibration

frequency axis 2522, a y-direction frequency axis 2624, and a vibration-energy axis
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26. The device or system for which the vibration-response surface 2628 is obtained
inc \des two ORMs, ene of which generates vibrations in the x dlre%prﬁn and one of
wlm%enerates vibrations in the v direction. The twa ORMs cat]"> be independentiy
comroN to generate vibrations in their respective directions agﬁtfferem frequencies.
The x. ¥ égne 2628 below the piotted vibration-energ ;face 2620 represents all
possible r-d1?\tmn vibration frequencies and y-direction ;ﬁlat;on frequencies that can
be generated by\Qe twes ORMSs within the device or sygem As shown in Figure 26B,
the surface 1nciud\\hree local vibration-energy nm\ﬁiv 2630-3632. These three local

v“

maxima are each as?Echated with x-direction t‘\g‘quencw and yp-direction frequency

S
&
o

\
components 2634. Thu$ in the case shawn in Figure 26B, two ORMs which generate

&

%,
'//,

S
S

vibrations in twe dlfferem\dxreuums with®ls the device or system may generate a

D

&
&

&

complex v1bration~resp0nse \r wit @‘*espect to the frequencies at which the two

ORMs arc operated. Depeadi z\§0 )
S

response may be a hvper-dimenss; § : surface in a much higher dimensional frequency

space,

characteristic resonant frequ g\ies Nat represent maximal vibration energy or

N

S
&

&

§ X
amplitude with respect to ti¢ frequenci: Nz which individual CRMs are driven with

the device or system. g

’a
Yt

general, the numiNyr of resonant frequencies is equal to the

%

//
Yy,

N

number of vibrational w‘ﬁw. ess of freedom in t

- device, appliance, or system.

A vi t‘\\%:llon response obtained E\a device or system by measuring
sensor output can hs?: used to identify and tabulate ﬁ(\n natural resonant frequencies for
the device or sy: {&‘ M. Figure 27 preovides an exampl\} \s&.onant frequency table for the
generic ORM«§ mtaining device discussed above w1th\>ference to Figure 25. Fach

;
”fm

row in the e g\nant frequenyy table 2702, such as row 2 h)\represent: a local maxima,

&
N

o

3

or peak, i ‘n i‘m vibration response for the generic device. §=\ ¢ example table shown
X
in *«awur‘\:ﬂ? each peak is characterized by an amplitude in t\ x 2706, 32707, and z
& X
2708 a.Lr*rectlons as well as by the frequency of vibration repres ~z§>’\d by the peak « 2710
$ X

and m the frequency at which each of the four ORMs are dr1ven\\\ the ORM control
\

logic 2712-2715. Thus, to achieve maximum vibration energy of'¢ ’§ vibration of the

i

/

X
generic device at any of the resonant frequencies for the devics, the OWMs are driven

at the control frequencies for that resonant frequency.
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\ Figures 28A-C illustrate how an ORM control scheme combines with a
resonant fréquency to preduce a vibration response, Figure 28A shows the vibration-
response for a i\mp]e device, vitwation of which is stimulated by a single ORM. There
is a single naturah\freque ncy e 2802 corresponding to the wbratlon-enetg»y peak 2804
in the vibration- res\ nse plot of vibration energy with respanse to fr juency. Figure

288 shows a plot of t\\u Trf.que ncy of vibeation generated by an L}ﬁl\/ with resp;ct to

time over a time mterw“ \“a‘

natural frequency e 2818 for the *i\wmc in which ﬂ]e ORM is included. At a final
point in time £ 2820, input to the OR x\ss dxscontw(ued Figure 28C shows a vibration-

response curve for the device ¢

according to the control curve 2814 thise
shown in the vibration-response curve 2%; <

initiation of the control scheme be&sreﬁ perce; \Txie device vibration occurs, at time #,

\

2826. The vibrational energy, or spipliingde of vilation, very steeply increases from

//

this point on as the ORM is coniatiied to approach ang equal the natural frequency w1

X

the vibrational ener gy>\\

¢ being driven. Ht)wev&

for the device. At time £282¢ the device relatively steeply

falls, since the ORM is no ¢ vibrational energy does

X

not immediately fat] w ¢ 8% in the control curve, but aver \\\\,oﬁ periad of time 2828
after the ORM ceases 1o driven. \\\\

The 3 ti device, as discussed above, Lmdv:\\a memory that may
store various typestof contro! schemes, or control patterns, for\\l\\\e ORMs that are
controlied by th«e QRM control logic. Figure 29 shows a few ex\}*{\ sy of control
patterns that may be applied to ORMSs by the control lagic within the\g‘nenc device.

\}

control over a specified duration of time 2904, and an oscillating crntret

The examplehatterns include a linear ramp-up and ramp-down pattern 2 & constant
G The
\

patterns may be parameterized by the duration of the pattern 290% and the S aximum

input to the ORM 2910. The input may be specified as the current or vaitd

LS
certain types of ORMs. Other ORMs may be controlied by digital control signals in
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whigh numericaliy encoded commands are transmitted to the ORM. The contral
A

Hat cz‘:\\\can be scaled in both time and frequency in order to generate a variety of
AN
equnvale\wbraﬂon responses for the ORM with similar forms, but t different maximum
\

s‘
«‘

mplitudes § \@d over different pericds of time.
\\ set of scalable control patterns, such as thosé shown in Figure 29, and

atable of res w\gﬁequenmes such as that shown in Flguyé 27, can be used 1o generate
a table of dlfferem\p ves of vibration that can be gen.c’i ated in the generic device by

controlling the ORM\Wlthm the device accordmgfo scaled control patterns. Figure

e,

\
30 shows an example u\‘ra Jon-type table that lpﬁy be prepared for the generic device
\
shown in Figure 25. Eacl \ rowe in the table £u01 as row 3004, represents a different
vibration type that can be x\\imcd in t]}é generic device hy controliing the ORMs
X

o e . N,
within the device. For exam: x\’ag. a cul phone may use a variety of different haptic

&
&

vibration signals to alert the e §‘ Me user of many different types of events. Each

different vibration signal corre §

X
X
wﬁon«"\\;:fe identifier 3006, an amplitude range for the

to a different vibration- type. Each vibration

type is characterized hy & vi}
vibration 3008, a referenc:’ i forkg ¢ vibration 3010, and the contro} pattern and

scaling parameters for t& pattern for eact of the ORMs 3012-3G15. Each vibration
‘\e \

type can be scaled wgihin the amplitude ms‘i\ge and may also be scaled for a desired
: : X
duration. \\\

2\ usinig either esternal or 1me=n§§ sensors (o characterize the natural
resonant freg;wc‘ wies for a physical device or sy ﬁ‘nm that .contains ORMs, a large
number of\sﬁxfi crent vibration responses for the p'N51ca device or sysiem can be

compalcx\ vased on the resonant frequencies as well as\g set of ORM control patterns,

\
¢ $ X
In alteghative vibration-contro! approaches, the differeniy \lvpes of vibration responses

may

\
S computed, on the fly, rather than tabulated based\\\} a set of control patterns,

Hgwever, in all cases, characterization of the resonant fre\uencncs of the device or

fem that is vibrated by the ORMs contained within ,M\dewce or system is a
X

* necessary step in producing predictable vibration responses wa\\i controd.

Figures 31-36 provide control-flow diagrams to 13&1\{; -ate control logic
used in the generic device, discussed above with reference to Figure 23, to produce

well-defined vibration modes or vibration responses in the physical device or sysiem.

351



15

20

25

30 information to a device user.

Dockel Ko, 35045008
34

NE{gure 31 illustrates the inner control luop of the control logic within the physical

d\\\: shown in Figure 25. The inner control loop waits, in step 3 !G‘,, for a next event
X

and et handles the event that occurs. When the event is a cjﬁracterlze vibration

event, a‘w\g\’ rmined in step 3104, the routine characrerize wfwﬁuon is called to handle
the event ﬁxwtep 3106. When the event is a gener ate~v1brat ‘\‘n event, as determined in

//

i

step 3108, a Qs \ erate-vibration routine is called in step BJ i0 to generate a vibration in

respanse to the g "nerale vibration event. When the nykt event is a user-input event, as

determined in step 112, a process-input routine 1;; ‘called. in step 3114, to handle the

input from the user, \Ixhpses 3116 are usad szlgure 3} to indicate that many other

types of events are haw

S
\.

i by the inner evq}ft loop of the contro! logic. When, after

Jusued in step 3120 with control ﬂﬁwmb back to

step 3104, Otherwise, control s ﬁ

\b ck to step 3102 where the inner event {sop waits
S\

for a next event t¢ occur. \\
X
The characte\s eovibvarn event 3104 is an event that is raised by
\

control-lagic routines, 1} ﬂ&l-emuanon

wdlers, and by other control fogic in order to
control the ORMSs ay sensors within \\\‘Qe generic device to caity oul a re-
characterization of 1%\‘\v1bratmn -response Tor\&\x physical device, as discussed above
with reference to rgf“u e 26A-B, in order to up} o the resonant-frequency table, such

M\\‘

b
as the resonant- {s& guoncy table discussed above \W\\\‘. reference to Figure 27. In devices
that employ vibrativn-type table, such as the v xﬁ{\a\i'
A

reference o f“ igure 30, the vibration-type table is also

~type table discussed with

ated folowing update of the

”,

X
resonant-fFeguency table. \\\\
$ A
e‘ X
A generate-vibration event is raised by con?xoi logic in order to vibrate

\
ri¢ device for a variety of different reasons. As o*h\v mple, the device may

be xé}va‘cd in response to user input. As another example, Lm\gwice may be vibrated
X

RN
\x}}r‘n the control logic determines that any of various alert cond®ions have arisen. As

//

st another example, generate-vibration events may be raised in \\z}&r tey communicate
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Figure 32 provides a control-flow diagram for the charaglerize-vibration

%,
sy,

event handler, called in step 3106 of Figurer 31. In step 3202, e routine calls a

N

&
N
$

subroutine sweep in order to generate a sampling of a vibration-rs: v curve, surface,
or hyper-dimensionai surface. In step 32{4, the routine calls a glore-vibratisn-maxima

subroutine in order to identify the resonant frequencies §

1 the curve ar surface

\@mpled in step 3202. Finally, in step 3206, the routing'calls a compute-and-store-

N
N

vijration-type-controls subroutine in order to update ﬂ*@, vibration-type table based on

\resonant frequency determination made in ps 3202 and 3284,

s,
’o

Figure 33 provides a cmntm!-ﬂow\ 1agram for the subroutine siveep,

called in step3202 of Figurer 32. In step 33*‘.“ s"m subroutine sweep initializes a data

%

=

g a vibration response, ss%slscussed above, the vibration response
cwyve, sampied surfags s“, sampled hyper-dimensional surface. In

the for-loop of step\ 3 4 3360, a irex :\1&3\‘:, ¢y sweep of each ORM is initiated, A

=5
(¢
£~
=
o
=
(3]
el
w;
z
o}
«
3
n’
o
[}
o
=
I
&
1]
=
r-’o,,

& continuously sweeps each ORM over a wide

range of driving frequencies. “Lach RN repeats a single frequency sweep over a

ing a number of iterations, the multi-dimensional

take place. There are, of & wmse many aitematt“'* methods for sampimn the multi-
dimensional driving-fe g\s‘\s iCy space in order tc gene‘ ie a sampled vibration-response
curve, surface, or hypessurface, \

&
§
R

S

Figurad 34 provides a control-flow dix

"»

?'%,

maxima subroutme wiled in step 3204 of Figure 32, Instep 3

/,,,
Wity

local maxima in tig v:branm-response curve or surface produced b

R

"ty

within. a cursi surfac,e or hyper-surface. Then, in the for L}up of steps ¥484-3400,

data that characterizes each ofthe local maxima are tabulated in the resonant-frequency
table.
Figure 35 provides a control-flow diagram for the compute-and-store-

-

vibration-type-control subroutine calied in step 3206 of Figure 32, In a for-loop of
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~i\5 3503-3509, each possible set f ORM/centrol-pattern/resonant-frequency triples
is co\u gred. The currently considered iriple is used to estimate the vibration mode

and mtet\m of the resuliing device vibration, in step 3504. In step 3595’ the nearest

! \gg», 10 the estimated vibrssion mode is identified, n‘thereﬁ one If a nearest

vibration typa\ found, as determined in step 3506, and when thg‘éurrent ORMicontrol-

pattem/resona*‘*\requenLy triple provides a device lesporufé closer to the vibration

type than the condgl parameters currently assocratedfwith the vibration-type, as

determined in step 353{{ then, in step 3508, the wbraj&irn -type lable entry for the found

vibration type is u mi\f with the current co rol parameters represented by the
Yp P P

currently considered ORM \(mm{ pattern/ rg,t’onant frequency triple. Of course, in

certain cases, there may h‘\tm mar" posmble ORM/ mntm}—pattemf‘resonant»

frequency triples to consider m\

,\;1<.ble amount of time, in which casc the
resonant-frequency data may he other ways to find the best contral parameters

for the vibration types in the viblton-type table.
Figure 36 peoy XRi-flow diagram for the generate-vihration
handler calied in step 31 Hi&Y Figure 31, [ \s\; 3602, the handler receives a vibration

type, duration, and smpifiade associated with mtl_sﬁrenerate—vii\ aiive event that is being
handled,

niOl parameters and patterns are
selected from the v* bration-type table. In step 3606, \lw ORM conirol parameters are

scaled aconrding to the received duration and amphmj»\ In step 3608, a stop time at

The current document is directed to various approaches usedd within the

control logic of an ORM-containing device. appliance, or system, 1o accurately and
precisely controt the ORMs to produce time-dependent driving osciliatinns in
conformance with desired control patterns. As discussed above, the combination of

controfling ORMs in accordance with control patterns and the accurate characterization

354



Lh

10

20

25

3G

Dincket No, 33099.008

(78]
el

of % { resonant frequercies of the device, appliance, or system together aliow for

wrad \&fh t¢ generation of many different types of vibration resp(}nses of the device,

X
apphanc\\x\* system to the driving oscillations of control- pattern-cnpfm ted ORMs.
N
\\ As further discussed below, many current cogzrol regimes fail to

accurately rep‘gﬁucc the desired driving time-dependent O%Iatmns in each ORM
within a device, 3 }\\1 jan

ce, or system. As g result, the v1bx lon response of the device,

appliance, or S}’Ste\\ may vary significantly from a de’sued vibration response and,

perhaps more 1mporta§\\- may not he accurately re P-roduch at different points in time,

due to the inability to aulwately and determmyﬁcatly contral the ORMs 0 produce

&
&
S

X
driving oscillations in cositig (astee with des;/ed controi patterns.

A first approac\ c more aecurately controliing ORMs is to use pulse-

\ &
width modulation control signai®yather than conventional constant-duration control

pulses. Figures 37A-D illustrate pile-width modulation control of an ORM. Figure

37A shows a desired vibration stsp wd¢ for an ORM that represents a desired time-

\

dependent driving ssciflating *\or mdawn\ot least a portion of the vibration response

of a device, appliance, or s¢stesyy in which thy \URM 15 included. The desired vibration

response of the ORM is s ine-wave-like 3702 \zqilatnon that is plotted, in Figure 374,

on an amplitude vw\‘\ % time coordinate sys u:\? 3704. Figure 37B illustrate a

&
$

hypothetical conts @i regime that attempts to prodf&(c the desired driving oscillation

o,

discussed above s“w v reference to Figure 37A in a hyy \ihetlcal ORM. Constant-width

§
&

N
&
S
&

viltage pulsey such as voltage pulse 3706, are input to\he ORM te drive the weight

Or mass in gwwald and backward directions along the o\\\‘:s wn path. These pulses

\
the com *nt—wxdth pulses are a rather crude approximation o \he desired sine-wave-
hke ¥ fihration response, the control regime shown in Figure 37]3 w mpeises a series of

<~>».;t1ve voltage, D-voltage, and negative-vollage constant- w:dih\guises 3706 and

\
g\c 3178 over the
- \

control pulses, as curve 3716. In general, the pulse widths are co;irplicd by an

3710-3713 that produce a vibration response, superimposed in Fi
oscillating clock or clock-based timing signal. The vibration-response curve 3716

differs significantly from the desired driving oscillation shown in Figure 37A. Figure

37C shows the desired vibration response 3702 plotted together with the vibration
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resp-‘\mse\f\@duced by the constant-width voltage-pulse control 3716. In fact, this is
actually a rr\m\\zvel} favorable case, because the sequence of positive. (-voltag 9«3' ~and
negative volt>: raises shown in Figure 37B has a period close to the pe;ﬁd of the
desired sine- wa\:\\i ike vibration response.  Otherwise, the actual vnbyﬁmn response

&
&

N
would differ even i gre greatly from the desired vibration respgme often having

e

irregularly shaped way

puisc-wadth-mnduiat@ﬁ contml of the ORM. In

sopSiant-width v oltage pulses to

P

R-width pulses. Muorsover, much

shorter pulses can be used to rau e\;\rec:lsely cog tz@t«i the vibration response of the ORM.

\\

X
In essence, pulse-width modulalm;z\\ﬂiows Sy
N

used. rather than a constant- fn_qucncx\\ sitrel signal. Because a variable-frequency

fable-frequency controi signal to be

control signal can contain a much ; \ amount of information than a constant-

< N\
x:\\ ldtz‘»s?gsdulatlon contro! signals can be used to

s

s

frequency control signal, the pus'\

\\

much maore precisely steer the wéhvation re ap \\e of the ORM towards a desired wave

form. Asshown in Figure «:i\e many more v ta\&\m pulses are used in order to achieve

",

$

gm response of the ORM, \}\ﬂ example, in the constant-width-

the sine-wave-|ike viiy

pulse control shown i ‘§ Figure 37B, a positive-vol: v\ pulse 3706, a §-vultage pulse,

and a negative-vait

2 pulse 3710 are used to attempt ¥\ approximate the first period

of the desired vi?'.v ion response. By contrast, as shown &\qure 37D, four positive-

o + \\
voltage pulsess ../ 20-3722 and 3726 and three negative~vialf

&
&

employed k produue the first periad of the desired vibration rm\\anse Moreover, these

au pulses 3723-3725 are

seven m@\w have varying pulse widths and are irregularly spaw‘gS along the time axis.

\\«
S

Another problem associated with conventional gcn\\m of ORMs is that

thsﬁ'{-‘ibration response produced by a control pattern is often very ::xf*erent from the
vibration response that might be predicted from the contrel pattern \\ desired. For

exampie, in Figure 38A., a contro! pattern is shown that involves a s \\mx»\

signal 3802 from an initial time # 3804 to a final, end time #r 3806. Ui s wrse, this
control pattern may correspond to a large number of positive-voltage pulses in the time
interval # to #2 The vibration response of the ORM is shown in Figure 38B. In this

figure, the horizontal time axis 38C8 has been rescaled to show more detail. The control
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\gtanbampl(tude vibrations over the time interval , to rn  Howed, as shown in

F(gtﬁ\BSB the actua! vibration response of the ORM. shown as egfve 3814, includes
an mltﬁ\kramp -up interval 3812 in which the amplitude of t‘ .

* vibration response
\
steadily mﬁ&eases to the desired amplitude, a middle peuod *3 4 in which the ORM is

oscillating aNe desired amplitude, a short period 381 6 \s? ;‘ -end of the time interval
fi 1o tr during wiich. in antivipa

ion of the sharp co{;‘tr al-pattern edge at time 4 the

control voltage isk{opped te & so that the vibrati "‘ will fall to a low level at time 1

and a fourth undesir%mp-down interval 38}3‘ extending well past the time #4 during
which vibration of the C\IQM continues at igdreasingly smaller amplitudes.

Figure 39 i1 i\N\-«trates 0g cation of the naive controi pattern, shown in

tter approximation of the desired constant-
gierval 4 to #7 In a first plot 3902, the naive control
) \\*04 the naive control pattern is modified in order
",llatien that is desired. First, a large-vultage

\
% quickly force the ORM to begin vibrating.

“ ‘ot te time i a ;m\\\ voltage input 3908 is provided in order

t¢ control the (i ?~ ta oscillate at the desires \&

\
&

j“plltude Prior to time 11, a negative-

voltage control $gnsl 39190 is input to the OR \m order to sharply drive the ORM

N
towards osm 1§ tion cut of phase with the desired & Wmc oscillation during the time
intcrval 1, t@ [f‘ This negative-voltage control mgnal\ then refaxed linearly 3912 in
order to ~§*o; ORM vibraticn in 4 relatively short period D\;me As shown in plot 3914

in Figyde 39, the vibration response of the ORM much Q\r; closely approximates a

d constant-amplitude vibration between time intervals \\m i

; Many different types of contrel inputs can be usei\m shape the vibratien
respnnse of an ORM. For example, short control pulses can m«\ the vibration to a
different phase, resulting in cancellation of the previously Ehfab]lShCK\ oseitation. The
various types of inputs depend on the type and form of control signals that can be
transmitted to the ORM, which, in turn, depends on the type of ROM, the driving force
used to induce oscillation of the moving mass within the ORM, and the type of logic

circuitry that receives input signais and translates them into oscillations.
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\\ Thus, in addition to pulse-width modulation, a wide variety of different
ty pes\\f complex centrol signals may be devised in order to achieve ihe vibration
response/\d\eswed from the simple control patterns discassed above, 11'1(,‘,ttldmo control
pattern 380 Ashown in Figure 38A. Many different control-signal gﬁ'ameters may be
5 wvaried in orde\@ control an ORM to provide a desired v1bratmgfreqp'mse including

varying the voltags of the control signal, using pulse-width rs mulanon to finely tailor

the control signal tc}\;\mduce a desired vibration responsgs and adiusting the control
signal to include pre-re}pgnse and post-response signag’y““&) remove undesired ramp-up
and ramp-down periods in Me vibration response.
i In addition to&rvmcr the input geiitrol to an ORM, an ORM may be
designed 1o include a variety of\li{f’ferent ms

range of vibration responses of 1 \O*{ .

shanical controls 1o further increase the

Figures 4GA-40F illusirate movable

mechénical stops and mechanical iatcif wa types of mechanical controf features that

may be included in various types o % Equivalent electromagnetic features may

15 be included in other types of OR} is.

é

NOA iflustrates a first type of ORM. Ina

first diagram 4002, the ORM i shmvn in an mm\'. svium, non-vibrating position. The

ORM includes a movcab]\,\

ghi or mass 4002 t\t is connected to two ends of the
(JRM 4004 and 4006 by Gprmgs 4108 and 4010, Diagyam 4012 shows the ORM svhen

! has been moved, by applicatic

the movable mass 4§ n\QFa translational force, such

20 as an electromagndic forse, to the furthest position in the k\\ﬁward direction aiong the
X

vscillation pathﬁ In this positicn, spring 4010 is compras) Qd and spring 4008 is

X
extended. m 0th cases, the springs have potential energy thalproduces forces that

s

%

X
force the movable mass 4002 back in the rightward direction ‘L\&\ ards stop 4012,

D;amw 40 14 shows the ORM with the movable mass in the ;?sc;hest rightward
25 d‘ux\&*on \

X
3 Figure 40B shows the equilibrium and largest-amplitude g \tzom ofa

rwwable mass in a different tvpe of ORM. In a first diagram 4416, the ORM shcwn

¢ in an equilibrium position. The ORM features an arc-like uscillation path 471 S along
which the meoving mass 4020, attached to a rotor 4022, osciliates. The maving mass
30 4020 is attached to the rotor 4022 by a flexible support 4024. Diagram 4034 shows the

ORM with the movable mass in the furthest leftward position and diagram 4028 shows
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the ORM with the movable mass in the furthest rightward direction, similar te the
positions shown for the ORM of Figure 40A. in diagrams 4312 and 4014,

Figure 40C illustrates movable mechanical stops inciuded in the ORM

y

Ngeussed above with reference to Figure 40A. The movable stops are depicted by
5 fe;%s 4036 and 4032 in a first diagram 4034, Of course, the depictions do not
necessayly reflect the shape, size. and structure of mechanical stops needed to stop

maotion < ¥ moveable mass in the varicus different types of ORMs, hut are instead

oy
\

response of the ORM to a given co

able  Stips can significantly alter the vibration

x

mput This may inciude changing the

amplitude of the vibration response, ¢ Requency of the vibration response, and

nﬁ\a to the ORM when the moving mass
strikes the stops versus the E)rwm@ end stops 400\, d 4004, In general, the vibration-

changing the force imparted by the 3

2G  response alterations are compi\g‘» functions of the g»\{\m material composition, and

driving forces used in the

Figures 49E-F iliustrate use of the movabidguss, discussed above with

reference to F]cules 6 and 40D, as latches. As shown i \\a first diagram 4648 in

Figure 40E, the ms*\ abie stops have been repositioned 4050 \{ 4052 claser to the

[x]
L]

center of the 0sg .iatxon path. As shown in diagram 4054, the | }\

wand movable stop

4056 has bt@%"- deployed when the moving mass 4002 has just reixbed its leftward,

stopped Sition. As a result, motion of the moving mass is stop m\i\s\ walting in an
X

immediate cessation of the driving oscillation produced by the ORM and}a\s\. igher force

X

exerted in the last oscillation on the left-end stop 4004 of the ORM. i

30 shows the right-hand movable stop 4052 deployed to latch the moving mass 4002 atits

furthest right-hand position. Figure 40F shows similar deployment of the movable
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e

N\
stops, in the ORM ¥iscussed above with reference to Figure 40B. (o latch the moving

mass at its leftward axd rightward extents. Latching of the moveabie mass may trap
o8
the moveable mass in a\l'\%h potential-energy state, so Lthat immediate, rapid osc wf:‘\m

may ensue when the latc\\is released. Latching may aiso significantly

rclaxation of the oscillation althe end of control~pattern execution.

&
&
&

X
The current das\iwent is directed to employing the shrious different
X

types of alternative control of ORMy o ““‘\{.\z\. desired vibration

\
responses. This invalves use of a mm.,h greater amount ofnz,@s‘mal on about the ORM

than used in the vibration response iz X discussed ab

information that may be stored in order n\' wore accuragty control ORMs according fo

\

the methods and considerations disclosed -.\\QE\ T *j’e' i document. The information is
Y \\‘
stored in five different tables. An ORM tabled l} stores contro! information for each
¢

// b //

different ORM in a device, appliance, or ;‘l

identifier for the ORM 4104, an indicationdf \RM type 4103, an indication «f the

&
\\
}

dem.  This information includes an

minimum pulse width that can be i mp wnm\ mgnal 4106, an indication of the

minimum amplitude 4107 and ma\\\w fo amplitude §1\108 of an input contrel signal,

N
X
indications of whether or not lnw:fx.v‘lcal or elavtramagiitic latches are available in the
X

ORM 4110 and 4112, the oscifation path length within {i\§§ ORM 4114, the number of
X
movable stops, or path bisgks included in the ORM 413 <\\\and the positioning range
& X
for cach moveable stop 416-4117. An e:\m«tvpes tabie 4120

includes various diffigh

latches, movemen\o\*\* movable stops, and output of control pulm\ of various different

4/,
//

widths and any \s‘;’ ludes. An events table 4122 includes ordered pan\ afevent types and

X

S

S

relative timegthat each represents one of the many different types v f\ontrol events that
& Y

can be m,,om to ORMs. Each control event includes an event 1D 4] 3\ &n event type

4124, and a relative time that specifies a time point within a contyol &;attern 4136 at

which the event occurs. Table 4128 includes the actual contro! acno\,s that a logic

controller employs to initiate each type of event in each type of ORM. \3\"1' each type
of control, the table inciudes an indication of the event type 4130, the ORM tvpe 4131,
acontrol 1D 4132, a signal type 4133, a signal strength 4134, and any of many different

other characterizations of'the type of control 4135 executed by the control logic in order
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Lo conirel an ORM to produce a particular type of event. Finally, table 4148 lists all of

the different types\Qf contral patterns that can be used to controel DRMs. These are
N\

equivalent to the prebigusly discussed controf patterns. Each controf pattern includes

a control-pattern identiN 4142, an indication of the number of events in the control

N\
pattern 4144, and the eventNdentifiers for those events 4146-4149,

N\
Figure 42 prf\:des an aiternative implementatics

of the routine

"generate vibration." dmuﬁsed\{mve with reference to Figurs 8¢, The alternative
N
information incorporaies more acc‘&{ate control of ORMs I.IS& g the information and

techmques discussed above with referéqce 1o Figures 37A~48. In step 4202, the routine

- time for a desired device,

e fbr-i@op of steps 4204-4212, the

. . . A
appliance, or system vibration response. Thes, in
X

routine prepares for controlling each of the (2RAH in the device, appliance, or system.

In step 4205, a control-pattern 1D is selected ‘ﬁ\the vibration-type table for the GRM,

3

\
modified with respect ter the previ Ouslv 3 dser Lbeu\\ vation-type table to include the

identifiers of control patterns that are sibulated in t*m control-patterns table 4149, In

step 4200, the identified contral patlern is selected {io ﬁs{ the control-patterns table. In

the inner for-loop of steps 420

3

12, each event is seleb\m\ from the control pattern
selected in step 4206, For event. a corresponding evé }t control entry is selected
from the event~sontrol §

i
e

. in step 4208. The controls A\\ scaied, in step Q3{9,

according to the des duration and amplitude for the v 2‘*3‘“\“ respanse. In step

4219, the time asssciated with the event, selected from the i:'\-‘snis‘\itahle. is also scaled.
X

o ; . . 3
In step 4211, tht scaled controls and times are added to a list of titge-vrdered events,
bY
the cantrols for which are issued to the ORM during generation of the\;gesired vibration

X

response. In step 4214, the routine waits until the desired start time ﬁg\ the vibration
response. Note that the desired start time takes into consideration any \\\{\ -vibration-
respanse controls needed to produce the desired vibration response. Then, \\the while-
loop of steps 4216-4222, the routine carries out ORM contro! over a set of t.\s:m points
spanning the desired vibration-response duration. In the inner for-loop of steps 4217-
4220, the routine initiates a control sequence for each of the time-ordered cvents for

each of the ORMs at the points in time in which the control sequence is specified for

issuance. Then, in step 4221, the routine waits for a next update-control time point.
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The above-discussed methods for more accurate and reliable control of

\ ORMs provide increased opportunities for generating increasingly complex vibration
\\ responses in devices, appliances. and systems that contain ORMs, However, with
wcreasing complexity, attention is needed to simplifying and increasing the efficiency
o?\(r«\ nz-oscillation sensing in order to provide feedback-based contlg&’in ORMs. In

‘o

addll\s\n with more accurate control, it is possible to increase the cﬁinpﬁexn) of ORM
time- de\p‘g‘\dent driving oscillations, significantly mcrcasuj,g‘\sthe types of time-
dependent\invmg oscillations that can be encoded m Qntlo} patterns and thus
increasing the\ievnce appliance. and system v1brat|f\;s‘ res mahses to contralled ORM

10 driving {)smllatlo\ni
Figurs 43 ilustrates hoth m

ORM timewdependent\qﬁving ascillatiops

s for increasing the complexity of

similar to that provlded by ? Rgure, sﬁ\ discussed above. However, as shown in Figure
15 43. each of the ORMs, suu,‘ i

ORM 2534, is coupled to an additional passive
oscillator, such as pasuiv: -;\s 4332, In various different implementations, a

given ORM may be cowh hed to me, {

&

3, or more passive oscillators. When an ORM

&

wled to one or nu

is mechanically cq] » addlt ional passive oscillators, the passive

oscillators greagd) increase the namber o\deoxees of freedom for vibration of the
\
20 combined UQ\‘- and one or more passive osci 3‘{3&0!5 The mathematical models for the

vibratiz e“m sdes and resonant frequencies b come far more complex, involving

eigy ‘;mlue praeblems arising from coupled differeny ;t equations. As discussed above,

\‘\

\
h huimber of resonant frequencies for a system is ge: X atby proportional to the number

\ \f'vibrational degrees of freedom. Furthermore, caupil\\g passive oscillators to GRMs
25 may provide new, complex vibrational modes wit NN dlffémnt frequencies and
amplitudes. Thus, vibration components comprising an OR\* and ohe or more passive
oscillators can significantly increase the complexity of the\;z*wdependent driving

oscillations produced by these vibration components, and therg \». greatly expand the

. I \
types, frequencies, and modes of vibration responses produced in B\\devwe. appliance,
X
30 orsystem containing the complex vibration components. X
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\\ {n the simpler system shown in Figure 25, two vibration sensors 2510

and 2?‘\]\%&: included. These vibration sensors detected vibration in vre. two, or

three arthoy wonal directions of the device, appliance, or system 2502 in which multiple

ORMs are inclded. However, as shown in Figure 43, sensars that provide information

also provide informa

ORMs as well as the cont:
appliance, or system 2502.

designed to sense drivix

positions and compenents of an ()RM»ca‘J;}*%NHg device, appliance, or svstem, an

spportunity is provided for hierarchical \s:‘srx“ing\m‘{d cortesponding feedback control

within adevice, appliance. or system. \e‘ many cases, N\»uulput from a vibration sensor

0 §ccurate feedback

S
\\\‘
&
N

control signals. For example, t 8 vibration sensed by the ¥

may be difficult to translate i mation and corresponding

\yﬁ‘m sensors 2510-2511
may be indirectly related to ‘s\e individual driving "Sblllall(mb\ *\Mmed by the ORM-
prising ORM 2504

and mechanical}y couge { passive oscillator 4302, In such cases. sig:

based vibration compeneps, such as the vibration component cos

2
”o %, (’
e,

2

..(

-ant inference

aa?g infer the driving oscillations of the vibra

(’/y,

is necessary to logi

 Lomponents

vibration and the driving escillations that produce the sensor vibration. Many Ny
common techniques for sensing ORM driving oscillations in order to provide jocd
feedback to ORMs may suffer similar problems. Furthermore, there may be many
different types of interferences and couplings between electromechanical driving
forces, electromagnetic sensors. and other device components that mask or entirely
prevent accurate infercnce of the real-time characteristics of ORMs and the vibration-

response of the entire device. appliance, or system. Faor this reason, simpler and direct
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types of sensing and control can provide cnormous benefits in achieving desired

Vi ibration responses of the «ntire device, appiaance or systen, particularly in devices,
X

SEns¢ ternal to ORMs and passive oscillators as well as sensors within. o coupled
to, ORM m\i passive oscilfators. =
‘--\‘ o

gure 44 iliustrates one type of ORM driving- usge’fatlon sensor that
¥ pravide feedback information for ORM ;xintmi In Figure 44, 4

linear ORM 44{2, u\~\§ in previgus ekamples is again sbms\ n as an C\ampie ORM.

4404 within the ORM as it is dn c:llate The sensor information may be

varjous different types of &e

&
&
\\

of Figure 44, a smal ontrol-flow diagram is pro
information is e a“ When a controtler receives a target frequency e, at which the

ORM is to us:;wtc in step 4422, the control logic or soniy

",
s,

the weight Qsi’\ mass, in step 4424, and then, in the while-} Q of steps 4426-4439),
contmuv} & monitor the sensor output and modify contral lﬂpl!\f\Q + the ORM in order
that {‘k\fﬂ‘RM oscillates at the target frequency ew,. This mw}lves\ '.

ading the sensor
;:?atagcx determine the actuai frequency of oscillation wa, in step 4427, then determining

3, Slitference between the target and actual frequencies in step 44 using the

N
-.@Mmmed difference to compute modifications to the current contro! of ihe\?». M and

modify the control in a way estimated to result in the ORM achieving th

frequency @, in step 4429, and executing the modified conitrol in step 4434. In many
cases, the computations are sufficiently complex that the feedback-hased control needs
to be implemented by contro! routines running on a processor. Furthermore, because

the sensors 4410 and 4412 are essentially external to the actual oscillating mass or
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weight and oscillation path, the data that they output does not directly correspond to
position and velncity data for the moving mass or weight, but is instead a signal
proportional to the current induced in the sensor coils by the moving mass. A fair
\@ount of interpretation is required to convert the sensor mformatmy into velocity and

po\\,\« 1 information, or even inte information related to the astil frequency @, of

oseit ‘\Gn Moreover, there may be significant electromaszsttic interference between

the drm«

,\ml 4406 and the sensor coils 4410 and 44| :A oxﬂ titing the aceuracy at which
the actua #t \a~:cn0) s O mass position and velocn;agan be determined. Sensor-coil-
based int uur\\w may also suffer from mgmﬁc@t lag times between passing of the
maving weight 1\w ag sensar coil and s\@‘eratmn ofa correspandmg signal. Ina

complex system m\\w w:h many diffe

different ORMs, as s \ as sensors ;mt detect the vibration response for a device,

appliance. or system coa..i & ORMS use of inferential feedback information,

such as that provided by the\.

best.
Figure +\‘*‘1ilu HE c\an alternative approach to sensing the driving
& X

oscillations producedsfyan ORM. In\\is approach, rather than inferential sensing. as

&
&

described above \\“th reference to Fxgu\\ 34, the ORM 4502 includes a dircet sensor

\
4504 that o ;Wéw determines the position ayd velocity of the moving weight or mass
=X\

4506. Thl\\“dlrect position and velocity infolpstion is output to an internal ORM

control M\Elc 4508 that can directly use the pe ~m®§ and velocity information to update

a‘

CRM gaontrol in order to achieve a target frcquency \ The iower portion of Figure 45

43§, includes a small controi-flow diagram. s,nmiart that included in Figure 44, to

§*° ustrate internal contrel using the data provided ane or s\g sre direct sensors, When a
& \

target frequency ; is received in step 4512. the control init \e oscillation of the mass

instep 4514, In addition. in step 4616, the control logic init a\\*s sensor cutput, Then,

in the whie-loop of steps 4518-4521, the control logic m'xmuzn\ “receives position
and velocity data from the one or more direct sensors and executes¥nunediate control
based on that position and velocity data. In step 4519, the cnn tmi\\\\sﬂrc reads the
position and velocity data from the sensor. This may involve a s:crt\\* amount of

3
computation, such as computing the difference and position with time over several
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readings, but because of the direct nature of the position sensing, is not inferential and

\ is less computationally intensive than in the case of indirect sensing. Then, in step
\

]
<

30

45 0, the appropriate control is computed based on the tar 'get frequency m, and the
c\qtcnt position and velocity of the moving mass p and v. This computation may be
ma&e\based on a predetermined function, based on tables w 1tn yﬁ‘ﬁles or computed as
anot hé\qfthe initiation steps. including initiation steps 45 lf&and 4516, Finallyv. in step
4521, [hé\ computed contro! is executed by the copfrc: ler. In many cases, the
determmatsbq\ol the appropriate control e rrespondyfg 10 sensed velocity and position
data can be m\aQe by logic circuitry, rather rhal}’a programmed processor.  In many
cases, the pomtloﬁﬂ(nd velocity data is more agc rate and far more timely provided than
position and velocn?‘@aﬁz derived from mﬁfrec.t sensing and inference.

There &r\man ¥ d:fterepf approaches to direct sensing of the position

and velocity of a mo \.1'\ VIRSE \w\%u an ORM. Figures 46A-B illustrate severa!

&
&

\» - As shown in Figure 46A, the ORM may contain a

series of apertures, such as dpgr\\;-e 4602, through which an illumination source shines
light. Across the tubular ¢innel \ taining the oscillation path, there is a photodiode

S

sensor {or each apertur@ ‘such as p:\‘{mh wde sensor 4604 cmrespondmg to aperture

A series of capiy «d photodiode-sensor ou *w\x at consecutive pants in time provides

N
S
&
&

% needed to accurately compute\g ¢ velocity of the moving mass. As

shown in };o“so use 46B, anather approach to compn \*m the position and velocity of the

G mm*mass involves a series of regularly spaced ;\

\ .
as ‘*@‘nure or presence sensor 4618. Similar to the\photodiode-sensor output, the
N,

X . .
e\}‘ui from the pressure or positions sensors provides aatiern in which the position

\\\‘ hY
S
S

X,
' the moving mass can be recognized. Various types of Hi{-effect electronic sensors,
X

jMIrE OF prescnce sensors, such

RS . .
reflection-path sensors, and ather types of sensors may employed to directly

X

determine the position and velocity of a moving mass within &R,
\
To clarify, direct sensors directly sense. in real *»m?\the location of the
moving mass of an ORM. Optical sensors, such as that shown in Figure 46, use light

sources to directly identify the location of the moving mass, and the rate of change of
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the accurately identified positions is straightforwardly converted into a very guod

approximation to the instantaneous velocity of the moving mass by simple arithmetic

\nperanons A direct sensor provides position and velocity data in real time, cnm;rained

};\ncapa]ly by the time needed for propagation of light, the time needed fm;fopagatw 1

of dlgctrical-current propagatics, sensor response times, and the twfe needed for

&
N

carrying out a small number of computer-instruction executions. }’ﬁese times are all
far faster han the time nceded for an ORM moving mass to mgVe far enough for the
motion to p\ uce a different sensor reading, so that, in ewyfce, a direct sensor easily
produces an a\,\rate real-time positicn and velocity fy&the moving mass. Indirect
sensors, by cont: i\ do not directly detect the pasmoyand velocity of an ORM moving
mass. For examp 3\§ discussed with reference/o Figure 44, above. the sensur-coil
sensors may exhibit a ;p‘\al changes prior to«ﬁ 'd following the moving mass being

-a‘

'xd as a reauld’ of current changes in the driving coil.

&
&

located adjucent to them

Therefore, only by retros ect CG!T]?@ fational analysis can an approximate location
p R P

&

of the moving mass be mdlrect! d. Furthermore, the sensor-coils may respond
) Y resp

differently to the moving ma "én’g on a variety of external Factors and even

dependmg on the velos \\\

”o

oscillation fregu a\s\‘i is changing. Yibration Gc-\‘mrs are even less aecurate, since the

N
&
S
&

kS
directions and @iplitudes of the vibrations of an c\‘gme device may not align with the

«\‘

direction ofmm smgsvass vibration, may vary due h\man} different external factors,

¢ orientation of the device with respect h‘ gravitational field, the loca!

ical environment of the device, the model of the\:‘ < gemask trajectory they

usgur inferring moving-mass position, and other such l"acmr\\\ In these cases. inferring
,??z\e position and velocity of the ORM moving mass is genes .zi\}\ associated with large
errers and computational time lags. Direct moving-mass posnt:m}\\\nd -velocity sensors

%
Xt
therefore provide accurate and real-time, nearly instantancous mo\\-g—mas: position

and velocity data. Indirect moving-mass position-and-velocity sens:

do not provide

- .. . n\\:\
real-time, nearly instantaneous mcving-mass position and velocity data, and do not
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achieve the accuracy, in the non-real-time positicn and velocity vaiues they produce

N
\ that is achieved hy direct sensors.
\

X
X Although the present invention has been described in terms of particular
X

18

[\
]

25

E@}bodiments. it is not intended that the invention be limited to these embodiments

dift »JL\ design and implementation parameters may be varied ! x deor to provide

&
&

dtfferent\z;s,c entations of the ORM control logic d:scussed ap Suve, including choice

of type of lc r\ comtrol, programming language, in the cas

controller, m{‘:i?N“ 58

sensors that directly dsie"n\mu the velocity and position of the

s,

&

\ R
ascillating mass wnhm ‘s{(}RM can be used in d § srent types of ORMs. Varisus types

of electromagnetic scmur}

to directly determine ascil] at\g mi \\ﬂ pomtmn and velocity and induce direct,

cotresponding control of the (}ha

The foregoing dys

=

xan,, for purposes of explanation, used specific
& X

nomenclature to provide a i@?@:.uh un\fg; standing of the invention. However, it will

\ the art that th\\g\emﬁc detaiis are not required in order to
\
practice the invention. & the foregoing x.@;\ptmm of specilic embodiments of the

be apparent to ane skilled §

/,,,”
’/

present invention af ‘s-resemed for purpose o}\illustratmn and description. They are
\

not intended to “«s,\‘ ‘\haustlve or to limit the iny L\noz to the precise forms disclosed.

\

Lions and variations are possible m\{m’ of the above teachings, The

Many madifi

//

embodims m*‘ are shown and described in order tc ’:\\vi explain the principles of the

inventnm and its practical applications, to thereby enﬁg“ others skilled in the arl o

best om:ze the invention and various embodiments w1th \a wouy modifications as are

X

suited to the particular use contemplated. Tt is intended th: atyhe scope of the invention

X
be defined by the following claims and their equivalents: \\\
AN
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\
A\
\ CLAIMS
A\
\

AN
i. )\1 oscillating resonant module comprising:

a nass that is driven by energy supplied to the oscillating reyﬁfiaﬂt module to travel

&

back and fort\a\ong an nscillation path that represents a segment )f a space curve;

’4

one or 'I\\&i direct scnsors that output real-time i ndlcatya'ns of the position of the mass

&
&

th at specific points in time; and ¢

&
&

within the asullatmb\q

&
&
&

a control comyiaient that

&

5
&
1

itilating resonant module,

\\

+ signals input ta the o
receives o m“ \z s the one or r:i‘s\. sensors, and

\5\\ produce a rredetcrmmcd vibration response

N

that drives the mass to oscillate, coms \endmv to one or more most recently received sensor

»
&
S

autputs.

2, The oscillating resonas @?; & z 1 wherein the one or more sensars are selected
£

N

from among one or more: ¢ X
\\\
A Y
X
: \
X
i X
optical sensgts. Y
X
A
S N
3. The \mxllatmg resonant module of claim | wherein the ‘Q““oi compenent determines,

from the restived sensor output, the vejocity of the mass from the\ sitions of the mass at two

; N
or more Haints in time, AY
: X
X
X
4, The oscillating resonant module of claim 3 wherein the controi \Qt output by the

contrsi component to the actuator, is computed as the output value of a funelon that takes, as

s

input, the current position of the mass.

5. The oscillating resonant module of claim 3 wherein the control output, cutput by the
control component to the actuator, is computed as the output value of a function that takes, as

input, the curreat position of the mass and the current velocity of the mass.
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X
\\\
\\\6. The osciliating resonant medule of claim 3 wherein the control output, output by the
(ﬁ{m} component to the actuater, is computed from pre-computed values indexed by the
curréx@asition of the mass and the current velocity of the mass.
5 \\

7. The\s\\scillating resonant module of claim 3 wherein the cantmig{fﬁ)ut output by the

control compaiert to the actuator, is computed from pre-co mputqd‘ \ralues indexed by the

current position 0;\% mass and the current velocity of the mass "
N

i 8. The oscillating

combination of the oscillating

modules,

i5 9 The oscillating resonant 3

moduies are driven by the s

10, A physical devigt that exhibits a vibratiosigesponse when mechanical driven by one or

o X
more oscillating getonant modules included in i\i physical device, the physical device
$ hS
%

20 comprising: Y

&

th e ane or more oscitlating resonant modules, eac\s-f which responds to contral inputs
\

e driving oscillations and includes a sensar that ¥ \rowdes sensor data to a control

X
coy §=\ nent within the oscillating resonant maodule;

«\

\\
A
one or more vibration sensors; \\
%

a stored characterization of the natural vibration frequenci the physicai device; and

a controller that uses accesses the stored characterization X the natural vibraiion

“,

LN
frequencies of the physical device to contro} the one or more oscillating resonant modules to

2,

drive the physical device to exhibit a predetermined vibration respanse.

36 11. The physical device of claim 1§ wherein each of the one or more oscillating resonant

modules comprises:
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, amass that is driven by energy supplied to the oscillating resonant module to travel
back\z\ t forth along an oscillation path that represents a segment of a space curve;

n?f\or more direct sensors that output real-time indications of the position of the mass
within the >\\llat10n path at specific points in time; and

a umtr\u wapanent that

{ves control signals input t the oscillating resonant module

recewt\s\ output from the one or mere sensors, and

X . .
controls ¢ tined vibration response

tiation of the mass to produce a predetg;

according to the received cadrel signal by repeatedly gener: atinge control output, to an actuator

%
that drives the mass to oscilis ‘\\ corresponding to one or 23\ 5 Most recently received sensor
X
outputs. X
X
\
\ r

12, The physical device of claim \\\ ergis i«!'the characterization of the natural vibration

A
frequencies of the physical device is dawm ned by simultaneously sweeping the driving

oscillations of the one or more osci lh\*mU £ \u}ant modules over driving-oscillation ranges

and monitoring the physical devi \c v;bratlon Seponse using output from the one or more
p 3 \ g

vibration sensors to identify thg =~\:mum-ampllm\§ frequencies.

hY
Y
s X . . . .
13, The physical device of claim 12 wherein the Ch\"g{I acterization of the natural vibration
. X §
frequencies of the physical device is determined periodica}s by the controlier.

N
X
X

A}

14, The physical device of claim 10 further including stoled contral informatinn for the

\
one or more oscillating resonant modules for each of one or ¢ xre predetermined vibration

responses that is based on the stored characterization of the natural \\;bl‘ﬂllbﬂ frequencies of the
\

X
physical device. X
.
%
X
X
X

X
15. The physical device of claim 10 wherein at least one of the eaci\ai the one or more
o . . X
uscillating resonant modules is mechanically coupled to one or more fe
N
Xy
resonant modules to provide a wider range of vibration responses for the cofibination of the

ssive oscillating

osciltating resonant module and the one or more passive oscillating rescnant modules.
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Wi resonant module comprising:

driven by energy supplied to the osciliating resonant sptie to travel

cillation path that represents a segment of 2 spete curve;

&
=)

alang a second oscillation path 13 represents a segment of a spacgiurve; and

a control component that S

that drives the first mass to oscillate.

&
& RY

& X

& %

18, The oscillating ressnant module’of claim 17 l"urmfr comprising:

one or more direct sensorsahat cutput real-time ing

19, The oscillatisiz resonant module of claim 17 further comprisiny;
N

one or mdve sensors that cutput indications directly correlated \\‘;\z the position of the

within the second osciliation path at specific points in sé;’net\\\g{

X

controf component to generate corresponding control outputs to the actuator 3\3* drives the first
X
X

second o

are used by the

mass to oscillate. LN

X
X
Y

X
a vibration response in the physical device. K

P . . cy s L R .
24. The oscillating resonant madule of claim 17 included within a physical devie to drive
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\,
AN
AN

\\ ABSTRACT OF THE DISCLOSURE

The curreN document is directed to various t

and systems to privideVibrational forces. The vibrational

=

forces are produced by back-and-fai; vscillation of, aWeight or member along a path, generally

&
o

asegment of a space curve, A controficy #¢'such of one or more ORMs to produce driving

vt es
santes
&

&

oscillations according to a contral cur control pattern for the ORM that specifies the

frequency of the driving osciflatine with 3\@& to time. The driving oscillations, in turn,

&

elicit a desired vibration vz

ORMs are included. I¥5¢ desired vibration S

Nge is achieved by selecting and scaling

controf patterns inview of known resonance frequencidy of the device, appliance, or system.

N

\\v
RN
\\
N

AN
N
AN

AN
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the application and must be separately submitted in the manner set forth above. If the inventor lives
at a location which is different from the inventor's mailing address, the inventor's residence (either city
and state or city and country) must also be separately submitted in the manner set forth above. For
lists of valid state and valid country codes, see the Instructions for Application Data Sheet available at
https://www.uspto.gov/patent/forms/forms-patent-applications-filed-or-after-september-16-2012.
Mailing address information is needed for the following inventor(s): Robin Elenga, Dan Knodle, and Brian
Pepin
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The application is informal since it does not comply with the regulations for the reason(s) indicated below.
The required item(s) identified below must be timely submitted to avoid abandonment:

« A substitute specification in compliance with 37 CFR 1.52, 1.121(b)(3), and 1.125, is required. The substitute
specification must be submitted with markings and be accompanied by a clean version (without markings) as
set forth in 37 CFR 1.125(c) and a statement that the substitute specification contains no new matter (see 37
CFR 1.125(b)). The specification, claims, and/or abstract page(s) submitted is not acceptable and cannot be
scanned or properly stored because:

« The application papers (including any electronically submitted papers) are not in compliance with 37 CFR
1.52 because pages 1-22 contain text that is unreadable or of insufficient clarity.
Application papers (including any electronically submitted papers) must be presented in a form having
sufficient clarity and contrast between the background of the paper and the writing thereon to permit the
Office to electronically reproduce the papers by use of digital imaging and optical character recognition.
See 37 CFR 1.52(a)(1)(v).

+ Replacement drawings in compliance with 37 CFR 1.84 and 37 CFR 1.121(d) are required. The drawings
submitted are not acceptable because:

» The drawings must be reasonably free from erasures and must be free from alterations, overwriting,
interlineations, folds, and copy marks. See Figure(s) 41.

Applicant is cautioned that correction of the above items may cause the specification and drawings page count to
exceed 100 pages. If the specification and drawings exceed 100 pages, applicant will need to submit the required
application size fee.

+ The statutory basic filing fee is missing.
+ The application search fee must be submitted.
* The application examination fee must be submitted.
+ Surcharge as set forth in 37 CFR 1.16(f) must be submitted.
The surcharge is due for any one of:
+ late submission of the basic filing fee, search fee, or examination fee,
+ late submission of inventor's oath or declaration,
« filing an application that does not contain at least one claim on filing, or
+ submission of an application filed by reference to a previously filed application.

SUMMARY OF FEES DUE:

The fee(s) required within TWO MONTHS from the date of this Notice to avoid abandonment is/are itemized
below. Small entity discount is in effect. If applicant is qualified for micro entity status, an acceptable Certification
of Micro Entity Status must be submitted to establish micro entity status. (See 37 CFR 1.29 and forms
PTO/SB/15A and 15B.)

+ $ 75 basic filing fee.

+ $ 80 surcharge.

+ $ 330 search fee.

+ $ 380 examination fee.

+ $( 0) previous unapplied payment amount.

+$ 865 TOTAL FEE BALANCE DUE.

ltems Required To Avoid Processing Delays:

Applicant is notified that the above-identified application contains the deficiencies noted below. No period for
reply is set forth in this notice for correction of these deficiencies. However, if a deficiency relates to the inventor's
oath or declaration, the applicant must file an oath or declaration in compliance with 37 CFR 1.63, or a substitute
statement in compliance with 37 CFR 1.64, executed by or with respect to each actual inventor no later than the
expiration of the time period set in the "Notice of Allowability" to avoid abandonment. See 37 CFR 1.53(f).
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+ A properly executed inventor's oath or declaration has not been received for the following inventor(s):
Robin Elenga
Dan Knodle
Brian Pepin

Replies must be received in the USPTO within the set time period or must include a proper Certificate of Mailing
or Transmission under 37 CFR 1.8 with a mailing or transmission date within the set time period. For more
information and a suggested format, see Form PTO/SB/92 and MPEP 512.

Replies should be mailed to:

Mail Stop Missing Parts
Commissioner for Patents
P.O. Box 1450

Alexandria VA 22313-1450

Registered users of EFS-Web may alternatively submit their reply to this notice via EFS-Web, including a copy
of this Notice and selecting the document description "Applicant response to Pre-Exam Formalities Notice".
https://sportal.uspto.gov/authenticate/AuthenticateUserLocalEPF.html

For more information about EFS-Web please call the USPTO Electronic Business Center at 1-866-217-9197 or
visit our website at http://www.uspto.gov/ebc.

If you are not using EFS-Web to submit your reply, you must include a copy of this notice.

Questions about the contents of this notice and the
requirements it sets forth should be directed to the Office
of Data Management, Application Assistance Unit, at
(571) 272-4000 or (571) 272-4200 or 1-888-786-0101.

/mgabre/
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PTO/AIA/15 (03-13)
Approved for use through 01/31/2014. OMB 0651-0032
U.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE

UTILITY
PATENT APPLICATION
TRANSMITTAL

(Only for new nonprovisional applications under 37 CFR 1.53(b))

\

Under the Paperwork Reduction Act of 1995 no persons are required to respond to a collection of information unless it displays a valid OMB control number
Attorney Docket No. 35099.008C1

First Named Inventor

Robin Elenga

Title

Oscillating-Resonant-Module Controller

Express Mail Label No.

VIA EFS WEB )

APPLICATION ELEMENTS

See MPEP chapter 600 concerning utility patent application contents.

ADDRESS TO:

Commissioner for Patents
P.O. Box 1450
Alexandria, VA 22313-1450

1. D Fee Transmittal Form
(PTO/SB/17 or equivalent)

2. Applicant asserts small entity status.
See 37 CFR 1.27

3.[ ] Applicant certifies micro entity status. see 37 CFR 1.29.
Applicant must attach form PTO/SB/15A or B or equivalent.

4. Specification [Total Pages 55 ]
Both the claims and abstract must start on a new page.
(See MPEP § 608.01(a) for information on the preferred arrangement)

5. Drawing(s) (35 U.S.C. 113) [Total Sheets 53 ]

6. Inventor’s Oath or Declaration [Total Pages ]
(including substitute statements under 37 CFR 1.64 and assignments
serving as an oath or declaration under 37 CFR 1.63(e))

a. D Newly executed (original or copy)
b. D A copy from a prior application (37 CFR 1.63(d))

7. Application Data Sheet  * See note below.
See 37 CFR 1.76 {(PTO/AIA/14 or equivalent)

8. CD-ROM or CD-R
in duplicate, large table, or Computer Program {Appendix)

I:} Landscape Table on CD

9. Nucleotide and/or Amino Acid Sequence Submission
(if applicable, items a. — c. are required)

a. D Computer Readable Form (CRF}

b. D Specification Sequence Listing on:
i. D CD-ROM or CD-R (2 copies); or
ii.|:] Paper

C. I:l Statements verifying identity of above copies

ACCOMPANYING APPLICATION PAPERS

11.

12.

13.

14.
15.

16.

17.

18.

. D Assignment Papers
(cover sheet & document(s))
Name of Assignee

37 CFR 3.73(c) Statement
(when there is an assignee)

D Power of Attorney

English Translation Document
{if applicoble)

Information Disclosure Statement
{PTO/SB/08 or PTO-1449)

D Copies of citations attached
Preliminary Amendment

Return Receipt Postcard

(MPEP § 503) (Should be specifically itemized)

Certified Copy of Priority Document(s)

(if foreign priority is claimed)

Nonpublication Request

Under 35 U.S.C. 122(b)(2)(B)(i}. Applicant must attach form PTO/SB/35
or equivalent.

Other:

(N O 1 I O N AR O

interest in the matter. See 37 CFR 1.46(b).

*Note: (1) Benefit claims under 37 CFR 1.78 and foreign priority claims under 1.55 must be included in an Application Data Sheet {(ADS).
(2) For applications filed under 35 U.S.C. 111, the application must contain an ADS specifying the applicant if the applicant is an
assignee, person to whom the inventor is under an obligation to assign, or person who otherwise shows sufficient proprietary

19. CORRESPONDENCE ADDRESS

The address associated with Customer Number: 34395

OR D Correspondence address below

Name

Address

City State

Zip Code

Country Telephone

Email

Signature

/Robert W. Bergstrom/

Date

March 2, 2020

Name
\_{Print/Type)

Robert W. Bersgtom

Registration No.
(Attorney/Agent) 39906 )

This collection of information is required by 37 CFR 1.53(b). The information is required to obtain or retain a benefit by the public which is to file (and by the USPTO
to process) an application. Confidentiality is governed by 35 U.S.C. 122 and 37 CFR 1.11 and 1.14. This collection is estimated to take 12 minutes to complete,

including gathering, preparing, and submitting the completed application form to the USPTO. Time will vary depending upon the individual case. Any comments on
the amount of time you require to complete this form and/or suggestions for reducing this burden, should be sent to the Chief Information Officer, U.S. Patent and
Trademark Office, U.S. Department of Commerce, P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMS TO THiS ADDRESS. SEND

TO: Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.

If you need assistance in completing the form, call 1-800-PT0O-9199 and select option 2.
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Application Data Sheet 37 CFR 1.76

Attc
ApE

Title of Invention

OSCILLATING-RESONANT-MODU

The application data sheet is part of the provisional or nonprovisio
bibliographic data arranged in a format specified by the United Ste
This document may be completed electronically and submitted i
document may be printed and included in a paper filed application

Secrecy Order 37 CFR 5.2:

D Portions or all of the application associated with this
37 CFR 5.2 (Paper filers only. Applications that i

Inventor Information:

Inventor 1

Legal Name

Prefix| Given Name

Middle

Robin

Residence Information (Select One) () US Resid

City | Seattle

‘ State/Provi

Mailing Address of Inventor:

Address 1 3420 - 10th Avenue West
Address 2

City Seattle

Postal Code 98119

Inventor 2

Legal Name

Prefix| Given Name

Middle

Dan

Residence Information (Select One) (e) US Resid:

City | Seattle

‘ State/Provi

Mailing Address of Inventor:

Address 1

3420 - 10th Avenue West

Address 2

City Seattle

Postal Code

98119

Inventor 3

Legal Name

Prefix, Given Name

Middle

Brian

Residence Information (Select One) () US Resid

EFS Web 2.2.12
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ich it is being submitted. The following form contains the
mark Office as outlined in 37 CFR 1.76.
onic format using the Electronic Filing System (EFS) or the

Sheet may fall under a Secrecy Order pursuant to
 Order may not be filed electronically.)

Remove

Family Name Suffix

Elenga

JS Residency () Active US Military Service

ountry of Residencé l us

s/Province } WA
| us

Family Name Suffix

Knodle

JS Residency () Active US Military Service

ountry of Residencé ‘ us

/Province 1 WA
| us

Remove

Family Name Suffix

Pepin

JS Residency () Active US Military Service
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Atto

Application Data Sheet 37 CFR 1.76

App

Title of Invention OSCILLATING-RESONANT-MODU

City | Oakland State/Provi

Mailing Address of Inventor:

Address 1 2355 Broadway
Address 2

City Oakland

Postal Code | 94612

All Inventors Must Be Listed - Additional Inventc
generated within this form by selecting the Add butto

Correspondence Information:

Enter either Customer Number or complete the C
For further information see 37 CFR 1.33(a).

[] An Address is being provided for the corresp

Customer Number 34395
Email Address

joanne@olympicpatentwort

Application Information:

Title of the Invention OSCILLATING-RESONAN

Attorney Docket Number| 35099.008C1

Application Type

Nonprovisional

Subject Matter Utility

Total Number of Drawing Sheets (if any) 53

Filing By Reference:

Only complete this section when filing an application by referen
application papers including a specification and any drawings ar
provided in the appropriate section(s) below (i.e., "Domestic Ben

For the purposes of a filing date under 37 CFR 1.53(b), the descri
reference to the previously filed application, subject to conditior

Filing date (YYY

Application number of the previously
filed application

Publication Information:
[] Request Early Publication (Fee required at time

Request Not to Publish. | hereby re

] 35 U.S.C. 122(b) and certify that the invention ¢
subject of an application filed in another country
publication at eighteen months after filing.

EFS Web 2.2.12
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ountry of Residencé us

y/Province ‘ WA
us

ocks may be R

nformation section below.

ation of this application.

' Add Email Remove Eman}

ROLLER
(I Entity Status Claimed

jgested Figure for Publication (if any) | 45

1(c)and 37 CFR 1.57(a). Do not complete this section if
smestic benefit or foreign priority information must be
nformation” and “Foreign Priority Information”).

1gs of the present application are replaced by this
of 37 CFR 1.57(a). :

Intellectual Property Authority or Country -

‘R 1.219)

ached application not be published under
tached application has not and will not be the
lateral international agreement, that requires
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Attc
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Application Data Sheet 37 CFR 1.76

Title of Invention OSCILLATING-RESONANT-MODU

Representative Information:

Representative information should be provided for all |
this information in the Application Data Sheet does not con
Either enter Customer Number or complete the Represen
Number will be used for the Representative Information du

Please Select One: (e Customer Number t

Customer Number 34395

Domestic Benefit/National Stage Infc

This section allows for the applicant to either claim ber
National Stage entry from a PCT application. Providing
the specific reference required by 35 U.S.C. 119(e) or
When referring to the current application, please leave

Prior Application Status | Pending

Application Number Continuity Type

Continuation in part of

Prior Application Status | Expired

Application Number Continuity Type

15/043584

Claims benefit of provision:

Additional Domestic Benefit/National Stage Data ma'
by selecting the Add button.

Foreign Priority Information:

This section allows for the applicant to claim priority to a fore
constitutes the claim for priority as required by 35 U.S.C. 11¢
that is eligible for retrieval under the priority document exchs
automatically attempt retrieval pursuant to 37 CFR 1.55(i)(1)
responsibility for ensuring that a copy of the foreign applicati
property office, or a certified copy of the foreign priority appli

EFS Web 2.2.12
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3 a power of attorney in the application. Providing
ttorney in the application (see 37 CFR 1.32).
n below. If both sections are completed the customer

stitioner ’ (O Limited Recognition (37 CFR 11.9)

3.C. 119(e), 120, 121, 365(c), or 386(c) or indicate

ormation in the Application Data Sheet constitutes
1.78.

Number” field blank.

Filing or 371(c) Date
(YYYY-MM-DD)

plication Number

} 2016-02-14

Filing or 371(c) Date
(YYYY-MM-DD)

plication Number

H 20156-02-13

ithin this form

oviding this information in the application data sheet
55. When priority is claimed to a foreign application
)f the information will be used by the Office to

:» PDX program, applicant bears the ultimate

e Office from the participating foreign intellectual
1the time period specified in 37 CFR 1.55(g)(1).
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Application Data Sheet 37 CFR 1.76

Attc
Apg

Title of Invention | OSCILLATING-RESONANT-MODU

Application Number

Coun’cryi

Additional Foreign Priority Data may be generated

Add button.

Statement under 37 CFR 1.55 or 1.7¢

Applications

This application (1) claims priority to or the benef
contains, or contained at any time, a claim to a ¢l

] 16, 2013.

NOTE: By providing this statement under 37 CFF
16, 2013, will be examined under the first inventc

EFS Web 2.2.12
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7YYY-MM-DD)

Access Codé (if applicable)

y selecting the

rst Inventor to File) Transition

n filed before March 16, 2013 and (2) also
hat has an effective filing date on or after March

s application, with a filing date on.or after March

s of the AlA.




Under the Paperwork Reduction Act of 1995, no persons are

Atte
App

Application Data Sheet 37 CFR 1.76

Title of Invention OSCILLATING-RESONANT-MODU

Authorization or Opt-Out of Authori:

When this Application Data Sheet is properly signed a
authority to permit a participating foreign intellectual p1
paragraph A in subsection 1 below) and the European
application (see paragraph B in subsection 1 below).

Should applicant choose not to provide an authorizatic
authorization by checking the corresponding box A or

NOTE: This section of the Application Data Sheet is ¢
application. After the initial filing of an application, an.
authorization for access by a foreign 1P office(s). Inste

1. Authorization to Permit Access by a Foreign Int

A. Priority Document Exchange (PDX) - Unless bo»
undersighed hereby grants the USPTO authority to |
(JPQ), the Korean Intellectual Property Office (KIPO),
China (SIPO), the World Intellectual Property Organiz:
participating with the USPTO in a bilateral or multilater
application claiming priority to the instant patent applic
and its related bibliographic data, (2) any foreign or d«
instant application and its related bibliographic data, a

(-

B. Search Results from U.S. Application to EPO - |
the undersigned hereby grants the USPTO authority
results from the instant patent application when a Eurc
application is filed. See 37 CFR 1.14(h)(2).

The applicant is reminded that the EPO’s Rule 141(1)
copy of search resuits from the instant application with
the instant application.

2. Opt-Out of Authorizations to Permit Access by

A. Applicant DOES NOT authorize the USPTO
application-as-filed. If this box is checked, the US
any documents and information identified in subs:

B. Applicant DOES NOT authorize the USPTO
application. If this box is checked, the USPTO wil
application.
NOTE: Once the application has published or is other
application in accordance with 37 CFR 1.14.

EFS Web 2.2.12
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rmit Access:

ipplication, applicant has provided written
access to the instant application-as-filed (see
20) access to any search results from the instant

ssection 1 below, applicant must opt-out of the
sction 2 below.

1d processed with the INITIAL filing of an
Sheet cannot be used to provide or rescind
B/39 or PTO/SB/69 must be used as appropriate.

ty Office(s)

2 (opt-out of authorization) is checked, the

ean Patent Office (EPO), the Japan Patent Office
tual Property Office of the People’s Republic of

| any other foreign intellectual property office

ant exchange agreement in which a foreign

ass to: (1) the instant patent application-as-filed
in to which priority or benefit is claimed by the
filing of this Authorization. See 37 CFR 1.14(h)

ubsection 2 (opt-out of authorization) is checked,
>0 access to the bibliographic data and search
ication claiming priority to the instant patent

Patent Convention) requires applicants to submit a
ropean patent application that claims priority to

r«ctual Property Office(s)

pating foreign IP office access to the instant
roviding a participating foreign IP office with

EPO any search results from the instant patent
the EPO with search results from the instant

ilable, the USPTO may provide access to the
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Application Data Sheet 37 CFR 1.76

Title of Invention OSCILLATING-RESONANT-MODU

Applicant Information:

Providing assignment information in this section does not ¢
to have an assignment recorded by the Office.

Applicant 1

If the applicant is the inventor (or the remaining joint invento
The information to be provided in this section is the name ar
1.43; or the name and address of the assignee, person to w!
who otherwise shows sufficient proprietary interest in the me
applicant under 37 CFR 1.46 (assignee, person to whom the
proprietary interest) together with one or more joint inventors
identified in this section.

(® Assignee (O Legal Represe

(O Person to whom the inventor is obligated to assign.

If applicant is the legal representative, indicate the aut

Name of the Deceased or Legally Incapacitated Inven

If the Applicant is an Organization check here. )

Organization Name

RESONANT SYSTEMS, INC.

Mailing Address Information For Applicant:

Address 1 1406 NW 53rd

Address 2 Suite 2a
City Seattle
Country ] Us

Phone Number

Email Address

Additional Applicant Data may be generated within this

Assignee Information including Non

Providing assignment information in this section does
37 of CFR to have an assignment recorded by the Offi

EFS Web 2.2.12
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ance with any requirement of part 3 of Title 37 of CFR

- 37 CFR 1.45), this section should not be completed.
gal representative who is the applicant under 37 CFR
under an obligation to assign the invention, or person
licant under 37 CFR 1.46. If the applicant is an

zd to assign, or person who otherwise shows sufficient
:ntor or inventors who are also the applicant should be

Clear

1.5.C. 117 (O Joint Inventor

*erson who shows sufficient proprietary interest

atent application, the inventor is:

’rovince WA
Code 98107
imber

g the Add button.

Assignee Information:

compliance with any requirement of part 3 of Title
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Attc
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Application Data Sheet 37 CFR 1.76

Title of Invention | OSCILLATING-RESONANT-MODU

Assignee 1

Complete this section if assignee information, including non-
application publication. An assignee-applicant identified in tt
publication as an applicant. For an assignee-applicant, com;
patent application publication.

If the Assignee or Non-Applicant Assignee is an Org:

Organization Name RESONANT SYSTEMS, INC.

Mailing Address Information For Assignee includii

Address 1 1406 NW 53rd
Address 2 Suite 2a

City Seattle
Countryi us

Phone Number

Email Address

Additional Assignee or Non-Applicant Assignee Data
selecting the Add button.

Signature:

NOTE: This Application Data Sheet must be signed in
Data Sheet is submitted with the INITIAL filing of tI
subsection 2 of the “Authorization or Opt-Out of A
also be signed in accordance with 37 CFR 1.14(c).
This Application Data Sheet must be signed by :
entity (e.g., corporation or association). If the applicar
patent practitioner, all joint inventors who are the appl
power of attorney (e.g., see USPTO Form PTO/AIA/8"
See 37 CFR 1.4(d) for the manner of making sigr

Signature |/Robert W. Bergstrom/

First Name | Robert W. Last Name Be

Additional Signature may be generated within this foi

EFS Web 2.2.12

390

PTO/AIA/14 (11-15)

Approved for use through 04/30/2017. OMB 0651-0032

I.S. Patent and Trademark Office; U.S. DEPARTMENT OF COMMERCE
a collection of information unless it contains a valid OMB control number.

ber | 35099.008C1

information, is desired to be included on the patent
1ation™ section will appear on the patent application
tly if identification as an assignee is also desired on the

ere. X
it Assignee:

Srovince WA

Code 98107

imber

d within this form by

37 CFR 1.33(b). However, if this Application
1d either box A or B is not checked in
Yermit Access” section, then this form must

1er if one or more of the applicants is a juristic
oint inventors, this form must be signed by a

ore joint inventor-applicants who have been given
joint inventor-applicants.

cations.

Date (YYYY-MM-DD)| 2020-03-02

Registration Number | 39906

e Add button.
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Application Data Sheet 37 CFR 1.76 o
PF

Title of Invention | OSCILLATING-RESONANT-MODU

This collection of information is required by 37 CFR 1.76. °
is to file (and by the USPTO to process) an application. Cc
collection is estimated to take 23 minutes to complete, incl
sheet form to the USPTO. Time will vary depending upon
complete this form and/or suggestions for reducing this bui
Trademark Office, U.S. Department of Commerce, P.O. Bc
COMPLETED FORMS TO THIS ADDRESS. SEND TO: C
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sparing, and submitting the completed application data
Any comments on the amount of time you require to

it to the Chief Information Officer, U.S. Patent and
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This application i
15/043,584, filed February 14, 201
Application No. 62/116,144, filed F

TECHNICAL FIELD

The current docume
particular, to vibration modules that
types of electromechanical devices

responses.

BACKGROUND

Vibration-inducing 1
years in a wide variety of different
systems. Examples include vibra
vibration-driven appliances, such a
electric toy football games, and man
common electromechanical system
unbalanced electric motor.

Figures 1A-B illustr:
generating vibrations in a wide vari
small, relatively low-power electri
which a weight 106 is asymmetri
asymmetrically mounted to the sh
direction of the axis of the shaft. A
off-center on the electric-motor st
motion produced by the unbalanced
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high speed by the electric motor.
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levices. As shown in Figure 1A, a
tates a cylindrical shaft 104 onto
:d. Figure 1B shows the weight
vn at the weight and shaft in the
ire 1B, the weight 106 is mounted
es 2A-B illustrate the vibratibnal
thown in Figures 1A-B. As shown
zht creates an elliptical oscillation
en the shaft is rotated at relatively

rs displacement of the weight and
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shaft from the stationary shaft axis
and shaft along the shaft axis, as i
provided at the periphery of the disk
rotation of the shaft. When the sha
the weight traces an ellipsoid 206 a;
smaller ellipsoid 210. Were the sha
a position 212 in the center of the
asymmetrically-mounted weight at
weight-distribution characteristics «
together create forces that move the
the shaft is rotated at relatively hig
shown in Figure 2B, by a major a:
direction of the major axis of vibra
ellipsoids, shown in Figure 2A, anc
amplitude of vibration in this directi
and forth along a defined path is
amplitude/minor-axis-amplitude rat
path, but, because the vibration is
possible to achieve oscillation back
path traced by the shaft center may
the unbalanced electric motor is equ
shaft, and is therefore constrained t
At low rotational speeds, little vibre
While effective in
associated with the unbalanced-elec
shown in Figure 1A, commonly use
discussed above. Unbalancing the
vibrations that can be harnessed for
unbalanced forces within the motor-
Enormous care and effort is undert:

vehicles, and other types of machir
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tated, looking down on the weight
n Figure 2A, a small mark 202 is
of electric-motor shaft to illustrate
1 speed, a point 204 on the edge of
the shaft 208 traces a narrower and
center of the shaft would remain at
; rotation, but the presence of the
aft, as well as other geometric and
otor, shaft, and unbalanced weight
along the elliptical path 210 when
1ovement can be characterized, as
or axis 222 of vibration, with the
s direction of the major axis of the
1e major axis corresponding to the
lications, in which oscillation back
ers seek to force the major-axis-
2 as possible, to approach a linear
otational force, it is generally not
a defined path. In many cases, the
ilar. The frequency of vibration of
nal frequency of the electric-motor
lich the motor can rotate the shaft.
L

ations, there are many problems
ition-generating units, such as that
devices, systems, and applications
ric motor not only produces useful
ions, but also produces destructive,
y rapid deterioration of motor parts.
y balance rotating parts of motors,

1sequences of unbalanced rotating
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parts are well known to anyone fa;
such devices and systems. The 1
particularly hand-held devices and :
for generating vibrations may rang
hours of use, after which the vibra
precipitously as the electric motor
motors are relatively inefficient at p
of power is consumed by an unbalai
force than the theoretical minimun
force. As aresult, many hand-held
generating vibrations quickly con
motors, as discussed above, oscillat
or space curve, cannot generalls
Unbalanced electric motors genera
total vibrational-force/frequency sy
with respect to frequency for variot
is shown as a continuous hypothetic
discrete. As shown in Figure 3, for
held appliances, only a fairly narro
in Figure 3) generate a significant v
relatively modest. The bulk of enc
used to spin the shaft and unbalanc
forces within the motor. Only a r
translated into desired vibrational fi

Because of the abc
employed unbalanced-electric-m
manufacturers, and, ultimately, us
devices, appliances, and systems co
generating units for incorporatior

systems.

394

Docket No. 35099.008

mobiles, machine tools, and other
of many devices and appliarices,
smploy unbalanced electric motors
ns of hours to a few thousands of
produced by the devices declines
i deteriorate. Unbalanced electric
onal motion. A far greater amount
iotor to produce a given vibrational
1 to produce the given vibrational
sloy unbalanced electric motors for
during use. Unbalanced electric
-and forth along a predefined path,
by unbalanced electric motors.
only a very limited portion of the
shows a graph of vibrational force
lanced electric motors. The graph
gh, of course, actual data would be
ower electric motors used in hand-
lencies centered about 80 Hz (302

Moreover, the vibrational force is
by an unbalanced electric motor is
to overcome frictional and inertial

sortion of the consumed energy is

isadvantages with the commonly

1-generation  units,  designers,
ariety of different vibration-based
ore efficient and capable vibration-

msumer appliances, devices, and
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SUMMARY

The current documer
modules ("ORMs"), including [
incorporated in a wide variety ¢
vibrational forces. The vibrational
of a weight or member along a path,
controls each of one or more OR1
control curve or control pattern for 1
oscillations with respect to time.
vibration response in the device, ap
are included. The desired vibrati
control patterns in view of known

system.

BRIEF DESCRIPTION OF THE D
Figures 1A-B illustr
generating vibrations in a wide vari
Figures 2A-B illus
unbalanced electric motor shown in
Figure 3 shows a gr
for various types of unbalanced ele:
Figures 4A-D illustr:
resonant module” in the current doc
Figures SA-G illustr
Figures 6A-B illustr
ORMs, to change the direction of «
oscillation within the ORM.
Figure 7 provides a
5A-G.
Figures 8A-C provic
program, executed by the CPU, tha
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arious types of oscillating resonant
vibration modules, that can  be
levices, and systems to provide
uced by back-and-forth oscillation
nent of a space curve. A controller
Iriving oscillations according to a
ecifies the frequency of the driving
cillations, in turn, elicit a desired
m in which the one or more ORMs
wchieved by selecting and scaling

encies of the device, appliance, or

«d electric motor typically used for
levices.

tional motion produced by the
al force with respect to frequency

is meant by the phrase "oscillating

1 type of ORM.
switch that can be used, in various

o a coil that drives back-and-forth

>f the ORM, illustrated in Figures

diagrams that illustrate the control

ion of an ORM.
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Figure 9 represents t
can be achieved by different impler

Figure 10 shows a pl
that space that can be operationally
ORMs.

Figures 11-18 show
of ORMs.

Figure 19 illustrates
shown in Figure 17.

Figure 20 illustrates

Figure 21 illustrates

Figure 22A illustrate

Figure 22B illustrate

Figure 22C illustrate

Figure 23A illustrate
to the surface of a substrate.

Figure 23B illustrate
position.

Figure 23C illustra
downward position.

Figures 24A-D p:
mathematical concepts related to os

Figure 25 shows a
system that employs ORMs to gene

Figures 26 A-B illust
or system.

Figure 27 provides a
ORM-containing device discussed

Figures 28A-C illust

resonant frequency to produce a vit
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uencies and vibrational forces that
M and ORM control programs.
ide/frequency space and regions in
ibalanced electrical motors and by
ferent alternative implementations
of an implementation of the ORM
Jer.

1 of a stator having two coil layers.
« of a stator having four coil layers.
t of a stator having two coil layers.
driving force that is perpendicular
a magnetic armature in an upward
with a magnetic armature in a
ions of wvarious physical and
»f a generic device, appliance, or
sonant frequencies within a device
ant-frequency table for the generic

ence to Figure 25.

M control scheme combines with a
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Figure 29 shows a fe
to ORMs by the control logic withi

Figure 30 shows an
for the generic device shown in Fig

Figures 31-36 provi
used in the generic device, discuss
well-defined vibration modes or vit

Figures 37A-D illust

Figure 38A illustrate
signal 3802 from an initial time # 3:

Figure 38B illustrate

Figure 39 illustrates
Figure 38A, in order to achieve
amplitude oscillation in the time int

Figures 40A-40F il
latches, two types of mechanical cos
of ORMs.

Figure 41 shows exi
more accurately control ORMs accc
in the current document.

Figure 42 provides
"generate vibration," discussed abo

Figure 43 illustrates
ORM time-dependent driving osc
feedback control.

Figure 44 illustrates
can be employed to provide feedbac

Figure 45 illustrates
oscillations produced by an ORM.

Figures 46A-B illust
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ontrol patterns that may be applied
/ice.

m-type table that may be prepared

diagrams to illustrate control logic
eference to Figure 25, to produce

s in the physical device or system.
modulation control of an ORM.
rn that involves a constant-voltage
id time ¢ 3806.

ation response of the ORM.

the naive control pattern, shown in

imation of the desired constant-

mechanical stops and mechanical

it may be included in various types

on that may be stored in order to

‘hods and considerations disclosed

implementation of the routine
> to Figure 36.
for increasing the complexity of

Il as increasing and simplifying
M driving-oscillation sensor that
r ORM control.

approach to sensing the driving

ible direct-sensing approaches.
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DETAILED DESCRIPTION

The current docur
modules ("ORMs"), including var
("linear ORMs™), that can be used w
devices, and systems, to generate vi
by oscillation of a weight or compc
curve, rather than as a by-produ
unbalanced electric motors. The «
motion effectively addresses man
motors. Combining an ORM witl
produced by the ORM falls close t
ORM is included, results in optima
and frequency of vibration produce
of the device. Oscillation within a
forces produced by the ORM to dr
that incorporates the ORM. The cu
various types of ORMs are describe:
is discussed, and a third subsectior

which the current document is direc

Figures 4A-D illustr:
resonant module” in the current
unbalanced electric motors often
appliances, an oscillating resonant
back and forth along a path. The pa
general case, can be potentially an;
illustrates operation of a linear osc
labeled with the time "0," the linear
the mass or weight 406 centered w
and 412. When the linear ORM is

shown in diagram 414. The small
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to various oscillating resonant
near oscillating resonant modules
ety of different types of appliances,
ORMs produce vibrational forces
ORM along a segment of a space
nced rotation, as in the case of
e of the ORM vibration-inducing
ociated with unbalanced electric
rol, so that the driving frequency
requency of a device in which the
dtion with respect to the amplitude
s well as maximal vibration energy
late into highly directional driving
esponse in an appliance or device
ncludes a first subsection, in which
sction on which an ORM controller
-ate methods for ORM control, to

:d in detail.

is meant by the phrase "oscillating
contrast to the above-discussed
ite vibrations in vibration-driven
; a weight, or mass, that oscillates
ar path, or line segment, but, in the
nent of a space curve. Figure 4A
> module. In a first diagram 402,
lat time 0 (404 in Figure 4A), with
th 408 bounded by two stops 410
eight begins moving to the left, as

n the disk-like mass 406 indicates
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the direction of movement. The nr
until the mass strikes the left-hand
the mass reverses and the mass begi
in diagram 418. In diagrams 419 an
of travel during time intervals 4 an¢
strikes the right-hand stop 404 and
direction, as shown in diagram 422
indefinitely during operation of the
along the linear path. The perio
oscillation can generally be control
Figure 4B illustrates
the weight along a circle to the actu:
as discussed above with reference
weight is plotted along a circle 43(
position is vertically mapped, as in
line 436 within the circle 430, to a ¢
the circle. The position of the weij
direction, as long as the linear ORM
442. Attime 1, indicated by point 4
by vertical dashed line 446, to poin:
point 450, the position of the mas:
represented by point 454 along the
Thus, as the position of the mass pl
point 454, the direction of movemu
continuing in the opposite directior
Small horizontal arrows, such as arr
the linear motion of the mass of th
points. Thus, the back-and-forth
described by a logical revolution of
1, then the position x at time ¢ of

expressed as:
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y move, as shown in diagram 416,
ich point the direction of travel of
in the opposite direction, as shown
continues in its rightward direction
1s shown in diagram 421, the mass
ion, traveling back in the leftward
ndicate that this process continues
e mass oscillates back and forward
and the maximum amplitude of
gnals input to an ORM.,
1 continuous logical movement of
of the weight within a linear ORM,
In Figure 4B, the position of the
rresented by point 432, the weight
:d line 434 as well as by the solid
on the linear path 440 shown below
. the circle, in a counter-clockwise
icated by the dashed circular arrow
the position of the mass is mapped,
ath 440. At time 2, represented by
ath 440 is point 452. At time 3,
on of the mass is again point 448.
;ircle has moved from point 444 to
has reversed and the mass is now
tion in which it originally moved.
>elow the linear path 440, illustrate
etween each pair of adjacent time
1e mass in a linear ORM can be
circle. If the circle has a radius of

r the actual path of travel can be
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x(

where o is the angular velocity at w
the circle.

Figure 4C illustrates
a short space-curve segment 460 i
coordinate system 462. The weight
may oscillate back and forth along
in Figure 4C 458, the weight or 1
indicated by the small curved arro
second plot 462 in Figure 4C, once
space-curve segment, it reverses dir
plot 464 in Figure 4C, once the wei
curve segment, it again reverses dir
that this back-and-forth oscillation
curve-segment path of the weight in
and operation of the ORM.

Figure 4D illustrate
weight or mass of an ORM may os
second path is a partially elliptica
additional different types of space-

Figures SA-G illustr
use the same illustration conventior
ORM includes a cylindrical housing
weight, can move linearly along th
within the cylindrical housing or t
an implementation, with polarity ir
and the "-" sign 512 on the left-han
506 is capped by two magnetic disl
sign 518 and the "-" sign 519. Th

oriented opposite from the magnet
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)

:presenting the mass moves around

«curve segment path. In Figure 4C,
I in a three-dimensional Cartesian
sillating resonant module ("ORM")
rve-segment path. In the first plot
m left to right along the path, as
ved arrow 460. As shown in the
ass reaches the left-hand end of the
‘e to the left. As shown in the third
hes the left-hand end of the space-
s to the right. Ellipses 466 indicate
e the ORM operates. The space-

1ed by the physical implementation

| example paths along which the
t path is a circular arc 470 and the
472. As mentioned above, many
aths for ORMs are possible.

rtype of ORM. Figures 5A-G all
1 with reference to Figure SA. The
ch a solid, cylindrical mass 504, or
cylindrically shaped chamber 506
zight is a magnet, in the described
+" sign 510 on the right-hand end
ight 504. The cylindrical chamber
vith polarities indicated by the "+"
1ets 514 and 518 are magnetically

“the weight 504, so that when the
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weight moves to either the extre:
chamber, the weight is repelled by ¢
of the cylindrical chamber. In other
to facilitate deceleration and reve:
minimize or prevent mechanical-im
off the cylindrical chamber. Fin
cylindrical housing, or tube 502 ¢
housing.

Figures 5B-G illust:
When an electric current is appl
corresponding magnetic force 524 i
cylindrical chamber, which acceler:
force 524. When the weight reache
magnet 514, as shown in Figure 5C
like magnet 514 and the weight :
decelerating the weight and reversi
as shown in Figure 5D, current is a
producing a magnetic force 532 i

magnetic force shown in Figure 5F

_ opposite to the direction in which tt

Figure 5E, the weight then moves ri
decelerated, stopped, and then acce.
disk-like magnet 516. An electrica
direction 534 as in Figure 5B, again
direction as in Figure 5B. Thus, t
reversing polarity, generated by alts
and by the repulsive forces betwee
each end of the hollow, cylindrical
forth within the cylindrical housing

cylindrical chamber with each reve:
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me right sides of the cylindrical
ke magnets at the left or right ends
like magnets act much like springs,
1 of motion of the weight and to
> weight and the end caps that close
conductive wire 520 girdles the

+ the mid-point of the cylindrical

f the ORM shown in Figure 5A.

520 in a first direction 522, a
direction parallel to the axis of the
04 in the direction of the magnetic
lose to the corresponding disk-lvike
ce due to the repulsion of the disk-
terated in the opposite direction,

As the weight reverses direction,
osite direction 530 to the coil 520,
irection from the direction of the
ates the weight 504 in a direction
lerated in Figure 5B. As shown in
s shown in Figure SF, the weight is
sosite direction by repulsion of the
applied to the coil 520 in the same
»solid cylindrical mass in the same
1 of a magnetic field with rapidly
ction of current applied to the coil,
ignet and the disk-like magnets at
veight linearly oscillates back and

. directional force at the ends of the
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Clearly, the amplitu
vibrational forces produced within
chamber in which the weight oscill:
weight, the acceleration of the weig
ORM. All of these parameters are e
the ORM can be designed to produx

The frequency of 1
determined by the frequency at whi
changed. Figures 6A-B illustrate
ORMs, to change the direction of ¢
oscillation within the ORM. Figure
described next with respect to Figt
directional signal d 602 and direct-
signal d 602 controls four switches
the input control signal d 602 is hig
609 are closed and switches 606 ¢
indicated by curved arrows, such a
604 to ground 612 in a leftward dire
signal d is low, or "0," as shown in
coil is reversed. The H-bridge swit
various different types of electrical
rapidly alternate the direction of cu

Figure 7 provides a
SA-G. The ORM, in addition to the
shown in Figure 5A, includes a po
electromechanical buttons or swit
reference to Figures 7A-B, a centra
powered microprocessor, and one
components are packaged together

device, or system.
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on and other characteristics of the
elated to the length of the hollow
applied to the coil, the mass of the
the coil, and the mass of the entire
t parameters for the ORM, and thus
- of different amplitudes.

of the solid, cylindrical mass is
of the current applied to the coil is
ritch that can be used, in varibus
0 a coil that drives back-and-forth
: the same illustration conventions,
oridge switch receives, as input, a
power 604. The direction-control
as transistors in Figure 6A. When
wn in Figure 6A, switches 608 and
n, and therefore current flows, as
610, from the power-source input
2 coil 614. When the input-control
lirection of the current through the
zures 6A-B, is but one example of
anical switches that can be used to
>0il of an ORM.

>f the ORM, illustrated in Figures
sing, coil, and internal components
er interface, generally comprising
lge switch, discussed above with
t ("CPU"), generally a small, low-
mechanical sensors. All of these

ithin a vibration-based appliance,
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As shown in Figure
executed by the CPU microprocessc
on-board memory to store the c«
execution of the control program, ¢
memory chip 704 or flash memory
inputs from the user controls 706
controls may include any of
electromechanical-control devices.
dial to select a strength of vibratios
coil, a switch to select one of variot
The user controls generate signals
provides power, as needed, to us
associated memory, to the H-bridg
sensors 732. The voltage and cur
components may vary, depending ¢
of'the components. The H-bridge sv
the CPU. The power supply 712 re
the current supplied to the H-bridge
receives input 730 from one or mc
signal corresponding to the streng
linearly oscillating mass 734. Sen
piezoelectric devices, pressure-sen
generate signals corresponding to tt

Figures 8 A-C provic
program, executed by the CPU, that
a control-flow diagram for the hi
execution, in step 802, upon a poy
button or other user control. In s
values, including the variables: (1))
ofthe device; (2) strength, a numeri

strength of operation, correspondir
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is controlled by a control program
roprocessor may contain sufficient
and other values needed during
may be coupled to a low-powered
ntrol program. The CPU receives
These

oushbuttons, switches, or other

omprise a user interface.

e, the user controls may include a
»onds to the current applied to the
itional modes, and a power button.
U 708-710. A power supply 712
, to the CPU 716 and optional,
nd, when needed, to one or more
» the power supply to the various
il characteristics and requirements
3s a control-signal input d 722 from
input 724 from the CPU to control
transfer to the coil 726. The CPU
mical sensors 732 that generate a
currently being produced by the
le one or more of accelerometers,
¢ other types of sensors that can
sired vibrational forces.
liagrams that illustrate the control
»n of an ORM. Figure 8A provides
| program. The program begins
voked by a user through a power
local variables are set to default
icates the current operational mode
ionding to the current user-selected

:al current applied to the coil; (3)
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vl0, a previously sensed vibrations
strength; (6) freq, the current frequi
in the coil; (6) d, the control output t
that indicates that the frequency is
control program waits for a next ev
executing loop, or event handler,

handled by the control program. I
events may be initiated by interrupt
in more primitive implementations,
or dropped. In the implementation
one for controlling the change in

currently established frequency, ani
which the control program monitor
than using a formal timer mechani
counted loops or other simple prog
tasks. When an event occurs, the ¢
which is represented by the conditic
and appropriately handle that eve
determined in step 806, the value
output to the H-bridge switch, witt
frequency-related event. The frequ
value of the variable freq. Otherw
event, as determined in step 810,
Otherwise, when the event correspc
interface, as determined in step ¢
Otherwise, when the event is a pow
from deactivation of a power button
powers down the device, in step 82
Any other of various types of ever
handler 824. These events may i

operation of the device.
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vll, a currently sensed vibrational
€ direction of current is alternated
witch; and (7) inc, a Boolean value
increased. Next, in step 804, the
ling steps represent a continuously
avent that occurs is appropriately
1entations of the control program,
1s and stacked for execution while,
1at overlap in time may be ignored
igures 8A-C, two timers are used,
. current applied to the coil, at a
ontrolling a monitoring interval at
force currently produced. Rather
lementations may simply employ
ques for periodically carrying out
segins a series of tasks, the first of
determine what event has occurred
frequency timer has expired, as
mal d is flipped, in step 808, and
timer being reset to trigger a next
rval is determined by the current
/ent is a monitor timer expiration
"monitor” is called in step 812.
in the user input through the user
"control" is called in step 816.
s determined in step 818, resulting
1 the control program appropriately
ol program terminates in step 822.
ur are handled by a default event

error conditions that arise during
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Figure 8B provides
called in step 812 of Figure 8A. In
input to an integer representing the «
stores the integer value in the varic
determines whether or not the ORM
default mode, the ORM uses contil
force produced by the ORM by
frequency as close as possible to tl
complex operational modes may
represented by step 834 in Figu
systematically and/or periodically
multi-component vibrational modes
and systems. These more comple
further described in the control-floy
is the default mode, in which the
force generated by the device, in st
the local variable inc is set to TR
increasing the frequency at which tl
frequency. When [vl] is greater
vibrational force has been recently
routine "monitor" increases the fi
resets the frequency timer. Otherwi
842, then the control program h
frequency, and therefore, in step 84«
the variable inc to FALSE, and cort
fashion, when the variable inc is ini
Ivl1 is greater than /vi0, as determin
value stored in the variable fieg, in s
when vl is less than /vI0, as det

increases the value stored in the var
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liagram for the routine "monitor,"
itine "monitor" converts the sensor
al force produced by the ORM and
in step 832, the routine "monitor”
erating in the default mode. In the
control to optimize the vibrational
seking to operate the ORM at a
uency for the ORM. Other, ndbre
various more complex routines,
complex vibrational modes may
ncy or produce various complex,
1applications, appliances, devices,
splication dependent, and are not
the case that the operational mode
seeks to optimize the vibrational
ine "monitor" determines whether
i the control program is currently
es in order to obtain the resonance
letermined in step 838, then the
creasing the frequency, and so the
in step 840, and correspondingly
ess than /vl0, as determined in step
ie frequency past the resonance
.gram decreases the frequency, sets
ets the frequency timer. In similar
» determined in step 836, and when
he routine "monitor" decreases the
ts the frequency timer. Otherwise,
v 860, then the routine "monitor"

ie variable inc to TRUE, and résets
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the frequency timer in step 862. Fi
monitor timer is reset, in step 864.

Figure 8C provides
called in step 816 in Figure 8A. 1
controls has occurred. In step 86
currently selected mode and vibrat
control features in the user interface
an output value p corresponding to t
strength, and outputs the value p to
an appropriate current to the coil. |
a new monitor timer interval and re

The control progran
example of many different implemx
out, depending on requirements «
inherent in a particular ORM, the ty
interface, the nature of the power s
implemented for the ORM.

Figure 9 represents 1
can be achieved by different imple
Figure 9 has the same axes as the g
Figure 9 includes many different
vibrational forces and frequencie
implementation. Again, an ORMs
characteristic of the geometry and
each ORM is naturally operated at a
to achieve maximum vibrational f
possible implementations, to a rela
forces, as in the case of unbalanc
implemented to produce desired v
frequencies, and desired vibratio

vibrational forces. The contrast is
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in /vl] is transferred to /vI0 and the

diagram for the routine "control,"
1wvoked when a change in the uéer
mode and strength are set to the
epresented by the current states of
162, the routine "control" computes
cted strength, stored in the variable
ly so that the power supply outputs
64, the routine "control" computes
timer accordingly.

_reference to Figures 8A-C is one
sontrol program that can be carried
1€ parameters and characteristics
puts received from a particular user

ypes of operational modes that are

uencies and vibrational forces that
ORM and ORM control programs.
‘gure 3. However, unlike Figure 3,
curve 902, each representing the
btained from a particular ORM
least one resonant frequency that is
ous components of the ORM, and
:to this resonant frequency in order
her than being restricted, over all
nge of frequencies and vibrational
itors, ORMs can be designed and
i over a wide range of vibrational

over a wide range of desired

n in Figure 10. Figure 10 shows a
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plot of the amplitude/frequency
operationally achieved by unbal:
Unbalanced electric motors can |
combinations roughly within tl
amplitude/frequency space. By
implemented to produce amplitudc
Thus, linear ORMSs can achieve mu
operational frequencies than can be
and can produce much higher amp]
by relatively low-powered unbalan:
and other commonly encountered
vibrational forces are needed, balai
infeasible, due to the destructive
general, a single implemented lir
amplitude/frequency space than cur
operate at fixed amplitudes and/or 1
Figures 11-18 show
of ORMs. Figure 11 provides a
discussed above with reference to |
1102 and 1104, mechanical sprit
traditional helical springs made fro
durable material or mechanical de
depressed or compressed. Note th
cross section, as discussed above
shapes, including rectangular or he:
Figure 12 shows a si
power supply are incorporated into
relative masses of the moving mas
maximized, thus maximizing the vi

consumption.
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ions in that space that can be
motors and by linear ORMs.
to produce amplitude/frequency
:«d square region 1002 within
r ORMs can be designed and
tbinations underlying curve 1004.
tional frequencies and much lower
ned by unbalanced electric motors,
tional forces than can be achieved
otors used in hand-held appliances
stems. Furthermore, when larger
10tors are generally impractical or
within the electrical motors. In
access a much larger region of
vibration modules, which generally
3, as further discussed below.
ferent alternative implementations
ration of an ORM similar to that
: that, in place of the end magnets
itively be used. These may be
1gs made from a compressible and
to restore its initial shape when
1d chamber may be cylindrical, in
to Figure 5A, or may have other
ctions.
;ation in which the control unit and
3 1202. In this implementation, the
aining components of the ORM is

produced at a given level of power
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Figure 13 shows
implementation, additional coils 13
and a centering magnet or coil 130¢
that, when the direction of the curre
an oscillating rotational force is gen
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via 2262 electrically connects the end of the first-back coil layer 2256 to the beginning
of second-back coil layer 2258. Cross-substrate via 2264 connects the end of first-
front coil layer 2250 to the end of first-back coil layer 2256. When current enters at an
entry connection pad 2266 and passes through the four coil layers, the current travels
with a single direction of rotation until the current exits at an exit connection pad 2268.
The inductance of the stator in Figure 22B is approximately double that of the stator
shown in Figure 22A.

Figure 22C illustrates a cross-section of a stator having two coil layers.
A front coil layer 2280 and a back coil layer 2282 are laminated onto opposing sides
of an insulating planar substrate 2284, such as a PCB. A via 2288 electrically connects
the front coil layer 2280 to the back coil layer 2282 forming a coil wound in a single
direction around the opening 2290. Connection pads 2292 and 2294 provide electrical
contacts for connecting the coil to a drive current.

In some implementations, the coil layers that make up the stator are not
interconnected to form a single coil. For example, cross-substrate via 2264 may be
omitted, and the two front coil layers 2250 and 2252 are electrically driven
independently from the two back coil layers 2256 and 2258. In other implementations,
the two front coil layers 2250 and 2252 are counter-wound with respect to the two back
coil layers 2256 and 2258. In this configuration, the magnetic fields generated in the
opening 2270 by the two front coil layers oppose the magnetic field generated by the
two back coil layers.

PCBs are suitable substrates for making the coils and motors described
in the current document. A PCB can be constructed using a PCB process where layers
of printed copper are separated by a hard laminate core, for example, using FR-4 glass-
reinforced epoxy. A PCB made from polyimide can support a greater density of coils
and increased mechanical flexibility. A PCB made from a ceramic, such as alumihum
oxide, provides increased heat resistance. The stators described above can be
constructed with any of these PCB materials.

In certain implementations, the coil layers described above are arranged
to form one or more coils that overlay the front and/or back surfaces of a PCB. The

coils form a stator that drives the armature of a motor.
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Figure 23A illustrates a motor with a driving force that is perpendicular
to the surface of a substrate. The motor 2300 is constructed on a substrate 2302 , such
as a PCB. A first front coil layer 2304 and a second front coil layer 2306 overlay the
front surface of the substrate 2302. A first back coil layer 2308 and a second back coil
layer 2310 overlay the back surface of the substrate. A first via 2312 electrically
connects the first front coil layer 2304 to the second front coil layer 2306 to form a
front coil, and a second via 2314 electrically connects the first back coil layer 2308 to
the second back coil layer 2310 to form a back coil. Front coil connections 2316 and
2318 provide electrical connectivity for driving the front coil, and back coil
connections 2320 and 2322 provide electrical connectivity for driving the back coil.

A magnetic armature 2324 having a north pole 2326 and a south pole
2328 is positioned in an opening in the substrate 2302 through the center of the front
and back coils. In order to drive the magnetic armature 2324 into vibration, a first
oscillating current is applied to the front coil connections 2316 and 2318, and a second
oscillating current is applied to the back coil connections 2320 and 2322. - When the
motor is operated, the current that flows through the front coil and the current that flows
through the back coil flow with opposite directions of rotation. In certain
implementations, this is accomplished by applying the same oscillating current to both
front and back coils provided the coils are counter-wound. In an alternative
implementation, where the coils are not counter-wound, the second oscillating current
is 180 degrees out of phase with the first oscillating current. The resulting oscillating
magnetic field provides a magneto-motive force to the north pole 2326 and the south
pole 2328 in synchrony, driving the magnetic armature 2324 into vibration at a
frequency proportional to the frequency at which the oscillating current is applied. In
an alternative implementation, the second front coil layer 2306 is connected to the first
back coil layer 2308 with a third conductive via to form a single-drive counter-wound
stator that is driven with a single oscillating current to produce vibratory motion of the
armature.

The magnetic armature is constructed from an axially polarized magnet.

In one implementation, the magnet is a neodymium grade N-42 disk magnet. The size
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and shape of the magnet is adapted based, in part, on the desired vibration profile of
the motor.

Figure 23B illustrates the motor with the magnetic armature in an
upward position. When a first driving current is applied to a front coil 2330, the front
coil 2330 generates a downward magnetic flux 2332. In response to the downward
magnetic flux 2332, an upward vertical force is exerted on the north pole 2336. As the
first driving current is applied, a second driving current is applied to a back coil 2338
and an upward magnetic flux 2340 is generated. In response to the upward magnetic
flux 2340, an upward vertical force is exerted on the south pole 2342 of the magnet. In
response to the upward forces, the magnetic armature 2334 moves upwards as
illustrated in Figure 23B.

Figure 23C illustrates the motor with the magnetic armature in a
downward position. When the direction of the first and second driving currents is
reversed, the forces on the north pole 2360 and south pole 2362 are reversed. When
the first reversed current is applied to a front coil 2364, the front coil 2364 generates
an upward magnetic flux 2366, and a downward vertical force is exerted on the north
pole 2360. When the second reversed current is applied to a back coil 2368 a
downward magnetic flux 2370 is generated. A downward vertical force is exerte.db on
the south pole 2362 of the magnetic armature 2372. In response to these two forces,
the magnetic armature 2372 moves downwards as illustrated in Figure 23C.

The drive currents are alternated to cause the magnetic armature to
vibrate perpendicularly to the surface of the substrate at a chosen frequency. In one
implementation, the front coil and back coil are counter-wound with respect to each
other. The front and back coils are connected with a conductive via or wire and driven
with one drive current. This arrangement causes the front and back coils to generate
simultaneous magnetic flux signals in opposing directions, which, in turn, acts on the
north and south poles of the magnetic armature to drive the magnetic armature into
vibration.

In alternative implementations, additional coil layers are employed.‘ For
example, an 8-layer PCB can have four front coil layers and four back coil layers. The

four front coil layers are connected to form a front coil, and the four back coil layers
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are connected to form a back coil. In certain implementations, the front coil and back
coil are counter wound, and driven with a single drive current as explained above.

Next, a slightly more mathematically descriptive explanation of
oscillation, resonance, and the O factor is provided. Figures 24A-D provide
illustrations of various physical and mathematical concepts related to oscillation. Great
insight into harmonic oscillators can be provided by considering a simple, one-
dimensional spring. Figure 24A illustrates a spring that can be extended in the x
direction. In a first diagram 2402, the spring is shown in an equilibrium, resting state
with a point or mass 2404 at the end of the spring located at the position x = 0. In a
second diagram 2406, the spring has been pulled rightward, along the x direction, with
the mass 2404 now located at a position x. As is well known, the extended spring has
potential energy that results in a force Fx 2408 that points in the opposite direction. In
other words, were the spring released, the mass would travel leftward, oscillate back
and forth, and eventually settle back to the 0 position shown in diagram 2402. Were
the spring frictionless, however, the mass would continue to oscillate back and forth,
in a manner similar to the linear ORM described in Figures 4A-B, indefinitely.

The frictionless spring can be mathematically modeled as follows:

F, (x) =—kx,

where F, (x) is the force exerted by the spring;
x is the position of the spring end; and

k is the force constant.
The force constant & is a property of the spring, including all of the parameters that
contribute to its elasticity, compressibility, and other physical characteristics of the
spring. In more complex, realistic situations, many different factors may contribute to
the force constants associated with harmonic oscillators, including interaction With
other harmonic-oscillation modes within a physical device or module.
The potential energy of the spring system illustrated in Figure 24A can

be modeled as:

where U (x) is the potential energy of the spring system.
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Using Newton's second law, the equation that models the force exerted by the spring
when it is extended or compressed can be modeled as a simple, second-order
differential equation:
mx = Fx = —kx,

where m = mass of oscillator; and

. d’x

X=—r.

ar

This differential equation can be simplified as:

. —k )
¥=—x=-0'x,
m

k
where @ =, [—.
m

The general solution for this simple, second-order differential equation is, in one
form:
x(t)=Ce” +Ce™.
In this equation, Ci and C; are arbitrary constants that are determined by the initial
conditions of a particular spring system. This solution can be recast as:
x(1) = B, cos(wt)+ B, sin(wr),

where B, = C, + C,; and

B, =i(C,-C,).
A final, perhaps most elegant form of the solution is:

x(t) = Re[4e" 7,

where d4e™ = B, —iB, = C.
In this equation, 4 is the amplitude of the oscillation, @ is an angular velocity of the
oscillation, as discussed above with reference to Figure 24B, and ¢ is an initial phase
offset. This final expression describes the mapping of a rotation to linear harmonic
oscillation, as discussed above with reference to Figure 4B, shown again, in Figure

24B, with annotations taken from final expression for the solution to the differential

equation.
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As mentioned above, a frictionless spring would continue to oscillate
indefinitely after being released from an extended position. However, in actual
systems, there are always resistive forces, such as friction, that dampen the oscillation
so that, over time, the amplitude of the oscillation decreases and the oscillation finally
stops. This more complex and more realistic scenario can be modeled by including a
resistive-force term in the second-order differential equation:

mx+bx+kx=0,

where —bx is a resistive force; and
. dx
X =,
dt

Defining several new constants as follows:

b .
[ =—= damping constant, and
2m
k
®,=,|— = natural frequency
m
and solving the above modified second-order ordinary differential equation, the
following result is obtained:
x(t) = de”" cos(w,t - 5)
where @, = \Jw,” - #°; and
B < w,.
when, as indicated above, the damping constant /3 has a value less than the value of
the natural frequency @, the system in under-damped and the amplitude of the
oscillations decrease non-linearly, as shown in Figure 24C. When /3 is greater than
@,, the system is over-damped, in which case only a single oscillation may occur, as

shown in Figure 24D.

Most physical systems have one or more natural frequencies at which
they oscillate, when mechanically perturbed from their equilibrium states. In ORMs,
a motor is used to continuously perturb the system in order to drive the ORM to
oscillate and generate vibration. A device in which an ORM is incorporated vibrates

in response to a driving vibration generated by the ORM. In this case, an external
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driving force F (1) is applied by the ORM to drive continuous oscillation of the device

in which it is included. An external-force-driven linear oscillator can be modeled by

the following expression:
171)'c'+b)'c+kx:F(l),
where F (¢) is an external driving force.

With the definition:

the mathematical model becomes:
X+28%+ 0, x = f(1).
A solution for this expression is:
x(1)=Acos(wt - 5)
where f (1) = f, cos(wr);

A = Jo. and

(a)o2 -’ )2 +45°0*
6 = arctan {——2—4@—}

2 2
@, —@

In this expression, the constant e is the driving frequency of the driving force, which
is somewhat less than the natural frequency wo. As can be seen in the expression for
the square of the amplitude, which is proportional to the energy of the vibration, the
amplitude is maximized when the denominator of this expression is a value
approaching 0. Maximizing the expression can be carried out either by varying the
physical device in order to vary the natural frequency wo, while the external-driving-
force frequency remains fixed w, or by varying the driving frequency @ when the

natural frequency wo is fixed. When wo varies and o is fixed, 4 is maximum when wo
= w; and when o varies and wo, 4 is maximum when @ = \Jo,” ~2° . This is where

the term "resonance" arises. The resonant frequency is the frequency at which the
amplitude 4 is maximized. As can be seen, this occurs, in general, when the driving

frequency of the motor or other mechanical-force-input mechanism has a frequency
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close to or equal to the natural frequency wo of the physical system. A quality factor
Q can be expressed, in terms of the natural frequency and damping factor, as:

B

28

This is the reciprocal of the ratio of the width of the amplitude peak at half its maximum

Q=

value to the natural frequency @,.

An ORM Controller

Figure 25 shows a block diagram of a generic device, appliance, or
system that employs ORMs to generate vibration. The vibration may be generated for
application to people, animals, or objects for various purposes, including therapeutic
purposes, or may instead be generated to provide haptic feedback, such as vibration in
mobile phones, vibration-based notification, or vibration-based communications.
Thus, the current document is directed to particular features of a generic ORM-
containing device or system that may be used in a wide variety of different typés of
applications or included in larger devices and systems. In Figure 25, the device,
appliance, or system is represented by an outer rectangle 2502. The device includes
four ORMs 2504-2507. The ORMs may be of any of many different types, including
the types of ORM discussed above. In general, the ORMs convert input energy, such
as an electrical current, to mechanical vibration. The device also includes several
vibration sensor 2510-2511. There are a variety of different types of vibration sensors,
including piezoelectric accelerometers that measure acceleration in one, two, or three
different orthogonal directions. Other types of sensors may include membranes
attached to moving coils that generate electronic signals when the membrane vibrates,
similar to a reverse audio speaker. In addition, the device or system contains a
controller 2516. The controller includes ORM control logic 2418 that transmits control
signals, in certain cases electrical signals that also serve to power the ORMs. The ORM
control logic may be implemented as a sequence of processor instructions, when the
controller 2516 is a processor or processor-controlled controller subsystem. In many
of the ORM devices and systems, the controller accesses some type of electronic

memory 2520, which stores processor instructions and other types of data for

420



10

15

20

25

30

Docket No. 35099.008
30

implementing ORM control logic 2518. Not shown in Figure 25 are various standard
components and signal lines, including a power supply and power-transmitting
circuitry, display screens, push buttons, other user-interface-related components, and
other types of logic and logic-controlled subcomponents particular to particular types
of devices, such as transceivers and communications subsystems within mobile phdnes.
A set of double-headed arrows, such as double-headed arrow 2522, represent the fact
that the controller may control many other subcomponents and features of the device
or system in addition to the ORMs.

In the previous discussion of oscillation, vibration, and resonance,
simple mathematical models for one-dimensional harmonic oscillation were
developed. However, in the generic ORM-containing device or system, there may be
multiple ORMs, activation of which produce very complex three-dimensional spatial
vibration. Vibration modes of individual ORMs may couple to produce a large number
of complex spatial-vibration modes. The physical characteristics of these vibration
modes may be highly dependent on the exact geometry, weight and balance, and the
material type of the housing and internal components of a particular device or system.
As aresult, there may be numerous different natural resonant frequencies for the device
or system.

Figures 26A-B illustrate multiple resonant frequencies within a device
or system. In Figure 26A, the vibrational energy, or square of the amplitude of the
vibration, is plotted with respect to frequency. The vertical axis represents the energy
and vibration 2602 and the horizontal axis represents the frequency of vibration 2604.
The plotted curve 2606 shows numerous different vibration-energy peaks 2610-2615.
The heights and positions of these peaks along the frequency axis 2604 may vary
considerably with slight changes to the physical characteristics of a device or system
that is vibrated by ORM components.

Figure 26B shows a more complex type of vibration-response plot. The
vibration response is represented by a surface 2620 in the plot shown in Figure 26B.
Measured amplitudes or vibration energies produce a surface 2620 in a three-
dimensional Cartesian coordinate system that includes an x-direction vibration

frequency axis 2522, a y-direction frequency axis 2624, and a vibration-energy axis
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2626. The device or system for which the vibration-response surface 2620 is obtained
includes two ORMs, one of which generates vibrations in the x direction and one of
which generates vibrations in the y direction. The two ORMs can be independently
controlled to generate vibrations in their respective directions at different frequencies.
The x, y plane 2628 below the plotted vibration-energy surface 2620 represents all
possible x-direction vibration frequencies and y-direction vibration frequencies that can
be generated by the two ORMs within the device or system. As shown in Figure 26B,
the surface includes three local vibration-energy maxima 2630-2632. These three local
maxima are each associated with x-direction frequency and y-direction frequency
components 2634. Thus, in the case shown in Figure 26B, two ORMs which generate
vibrations in two different directions within the device or system may generate a
complex vibration-response surface with respect to the frequencies at which the two
ORMs are operated. Depending on the types and numbers of ORMs, the vibration
response may be a hyper-dimensional surface in a much higher dimensional frequency
space. In all cases, however, the device or system generally has some number of
characteristic resonant frequencies that represent maximal vibration energy or
amplitude with respect to the frequencies at which individual ORMs are driven with
the device or system. In general, the number of resonant frequencies is equal to the
number of vibrational degrees of freedom in the device, appliance, or system.

A vibration-response obtained for a device or system by measuring
sensor output can be used to identify and tabulate the natural resonant frequencies for
the device or system. Figure 27 provides an example resonant-frequency table for the
generic ORM-containing device discussed above with reference to Figure 25. Each
row in the resonant-frequency table 2702, such as row 2704, represents a local maxima,
or peak, in the vibration response for the generic device. In the example table shown
in Figure 27, each peak is characterized by an amplitude in the x 2706, y 2707, and z
2708 directions as well as by the frequency of vibration represented by the peak w 2710
and by the frequency at which each of the four ORMs are driven by the ORM control
logic 2712-2715. Thus, to achieve maximum vibration energy of the vibration of the
generic device at any of the resonant frequencies for the device, the ORMs are driven

at the control frequencies for that resonant frequency.
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Figures 28 A-C illustrate how an ORM control scheme combines with a
resonant frequency to produce a vibration response. Figure 28A shows the vibration-
response for a simple device, vibration of which is stimulated by a single ORM. There
is a single natural frequency w; 2802 corresponding to the vibration-energy peak 2804
in the vibration-response plot of vibration energy with response to frequency. Figure
28B shows a plot of the frequency of vibration generated by an ORM with respect to
time over a time interval that represents an ORM control scheme. In Figure 28B, the
vertical axis 2810 represents the frequency at which the ORM is driven by ORM-
control input and the horizontal axis 2812 represents time. The control curve 2814
indicates that the ORM is non-linearly driven over an initial time period 2816 to the
natural frequency w1 2818 for the device in which the ORM is included. At a final
point in time #2820, input to the ORM is discontinued. Figure 28C shows a vibration-
response curve for the device containing the ORM when the ORM is operated
according to the control curve 2814 discussed above with reference to Figure 28B. As
shown in the vibration-response curve 2822, there is an initial lag time 2824 following
initiation of the control scheme before a perceptible device vibration occurs, at time #
2826. The vibrational energy, or amplitude of vibration, very steeply increases from
this point on as the ORM is controlled to approach and equal the natural frequency w;
for the device. At time #,2820, the vibrational energy of the device relatively steeply
falls, since the ORM is no longer being driven. However, the vibrational energy does
not immediately fall to 0, as in the control curve, but over a short period of time 2828
after the ORM ceases to be driven.

The generic device, as discussed above, contains a memory that may
store various types of control schemes, or control patterns, for the ORMs that are
controlled by the ORM control logic. Figure 29 shows a few examples of control
patterns that may be applied to ORMs by the control logic within the generic device.
The example patterns include a linear ramp-up and ramp-down pattern 2802, a constant
control over a specified duration of time 2904, and an oscillating control 2906. The
patterns may be parameterized by the duration of the pattern 2908 and the maximum
input to the ORM 2910. The input may be specified as the current or voltage, for
certain types of ORMs. Other ORMs may be controlled by digital control signals in
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which numerically encoded commands are transmitted to the ORM. The control
patterns can be scaled in both time and frequency in order to generate a variety of
equivalent vibration responses for the ORM with similar forms, but different maximum
amplitudes and over different periods of time. -

A set of scalable control patterns, such as those shown in Figure 29, and
atable of resonant frequencies, such as that shown in Figure 27, can be used to generate
a table of different types of vibration that can be generated in the generic device by
controlling the ORMs within the device according to scaled control patterns. Figure
30 shows an example vibration-type table that may be prepared for the generic device
shown in Figure 25. Each row in the table, such as row 3004, represents a different
vibration type that can be produced in the generic device by controlling the ORMs
within the device. For example, a cell phone may use a variety of different haptic
vibration signals to alert the cell phone user of many different types of events. Each
different vibration signal corresponds to a different vibration- type. Each vibration
type is characterized by a vibration-type identifier 3006, an amplitude range for the
vibration 3008, a reference duration for the vibration 3010, and the control pattern and
scaling parameters for the pattern for each of the ORMSs 3012-3015. Each vibration
type can be scaled within the amplitude range and may also be scaled for a desired
duration.

By using either external or internal sensors to characterize the natural
resonant frequencies for a physical device or system that contains ORMs, a large
number of different vibration responses for the physical device or system can be
compiled based on the resonant frequencies as well as a set of ORM control patterns.
In alternative vibration-control approaches, the different types of vibration responses
may be computed, on the fly, rather than tabulated based on a set of control patterns.
However, in all cases, characterization of the resonant frequencies of the device or
system that is vibrated by the ORMs contained within the device or system is a
necessary step in producing predictable vibration responses via ORM control.

Figures 31-36 provide control-flow diagrams to illustrate control logic
used in the generic device, discussed above with reference to Figure 25, to produce

well-defined vibration modes or vibration responses in the physical device or system.
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Figure 31 illustrates the inner control loop of the control logic within the physical
device shown in Figure 25. The inner control loop waits, in step 3102, for a next event
and then handles the event that occurs. When the event is a characterize-vibration
event, as determined in step 3104, the routine characterize vibration is called to handle
the event in step 3106. When the event is a generate-vibration event, as determined in
step 3108, a generate-vibration routine is called in step 3110 to generate a vibration in
response to the generate-vibration event. When the next event is a user-input event, as
determined in step 3112, a process-input routine is called, in step 3114, to handle the
input from the user. Ellipses 3116 are used in Figure 31 to indicate that many other
types of events are handled by the inner event loop of the control logic. When, after
handling the most recently occurring event, there are other events that are queued for
handling which arose while handling the most recently handled event, as determined
in step 3118, then a next event is dequeued in step 3120 with control flowing back to
step 3104. Otherwise, control flows back to step 3102 where the inner event loop waits
for a next event to occur.

The characterize-vibration event 3104 is an event that is raised by
control-logic routines, timer-expiration handlers, and by other control logic in order to
control the ORMs and sensors within the generic device to carry out a re-
characterization of the vibration-response for the physical device, as discussed above
with reference to Figures 26A-B, in order to update the resonant-frequency table, such
as the resonant-frequency table discussed above with reference to Figure 27. In devices
that employ a vibration-type table, such as the vibration-type table discussed with
reference to Figure 30, the vibration-type table is also updated following update of the
resonant-frequency table.

A generate-vibration event is raised by control logic in order to vibrate
the generic device for a variety of different reasons. As one example, the device may
be vibrated in response to user input. As another example, the device may be vibrated
when the control logic determines that any of various alert conditions have arisen. As
yet another example, generate-vibration events may be raised in order to communicate

information to a device user.
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Figure 32 provides a control-flow diagram for the characterize-vibration
event handler, called in step 3106 of Figurer 31. In step 3202, the routine calls a
subroutine sweep in order to generate a sampling of a vibration-response curve, surface,
or hyper-dimensional surface. In step 3204, the routine calls a store-vibration-maxima
subroutine in order to identify the resonant frequencies from the curve or surface
sampled in step 3202. Finally, in step 3206, the routine calls a compute-and-store-
vibration-type-controls subroutine in order to update the vibration-type table based on
the new resonant-frequency determination made in steps 3202 and 3204.

Figure 33 provides a control-flow diagram for the subroutine sweep,
called in step 3202 of Figurer 32. In step 3302, the subroutine sweep initializes a data
structure for storing a vibration response. As discussed above, the vibration response
may be a sampled curve, sampled surface, or sampled hyper-dimensional surface. In
the for-loop of steps 3304-3306, a frequency sweep of each ORM is initiated. A
frequency sweep is a control pattern that continuously sweeps each ORM over a wide
range of driving frequencies. Each ORM repeats a single frequency sweep over a
different time interval, so that following a number of iterations, the multi-dimensional
ORM-driving-frequency space can be sampled. Then, in the for-loop of steps 3308-
3312, the sweep routine continuously samples the vibration amplitude or vibrational
energy produced in the device, using sensor output, while the driving-frequency sweeps
take place. There are, of course, many alternative methods for sampling the multi-
dimensional driving-frequency space in order to generate a sampled vibration-response
curve, surface, or hyper-surface.

Figure 34 provides a control-flow diagram for the store-variation-
maxima subroutine called in step 3204 of Figure 32. In step 3402, the routine identifies
local maxima in the vibration-response curve or surface produced by the sweep routine.
There are many well-known mathematical techniques for identifying local maxima
within a curve, surface, or hyper-surface. Then, in the for-loop of steps 3404-3406,
data that characterizes each of the local maxima are tabulated in the resonant-frequency
table.

Figure 35 provides a control-flow diagram for the compute-and-store-

vibration-type-control subroutine called in step 3206 of Figure 32. In a for-loop of

426



10

15

20

25

30

Docket No. 35099.008
36

steps 3503-3509, each possible set of ORM/control-pattern/resonant-frequency triples
is considered. The currently considered triple is used to estimate the vibration mode
and intensity of the resulting device vibration, in step 3504. In step 3505, the nearest
vibration-type to the estimated vibration mode is identified, if there is one. If a nearest
vibration type is found, as determined in step 3506, and when the current ORM/control-
pattern/resonant-frequency triple provides a device response closer to the vibration
type than the control parameters currently associated with the vibration-type, as
determined in step 3507, then, in step 3508, the vibration-type table entry for the found
vibration type is updated with the current control parameters represented by the
currently considered ORM/control-pattern/resonant-frequency triple. Of course, in
certain cases, there may be too many possible ORM)/control-pattern/resonant-
frequency triples to consider in a reasonable amount of time, in which case the
resonant-frequency data may be used in other ways to find the best control parameters
for the vibration types in the vibration-type table.

Figure 36 provides a control-flow diagram for the generate-vibration
handler called in step 3110 of Figure 31. In step 3602, the handler receives a vibration
type, duration, and amplitude associated with the generate-vibration event that is being
handled. In step 3604, the appropriate ORM control parameters and patterns are
selected from the vibration-type table. In step 3606, the ORM control parameters are
scaled according to the received duration and amplitude. In step 3608, a stop time at
which the vibration will finish is determined from the received duration. Then, in the
Jor-loop of steps 3610-3613, the generate-vibration handler continuously adjusts inputs

to each ORM according to the scaled ORM control parameters produced in step 3606.

Precise and Accurate Control of ORMs

The current document is directed to various approaches used within the
control logic of an ORM-containing device, appliance, or system, to accurately and
precisely control the ORMs to produce time-dependent driving oscillations in
conformance with desired control patterns. As discussed above, the combination of

controlling ORMs in accordance with control patterns and the accurate characterization
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of the resonant frequencies of the device, appliance, or system together allow for
reproducible generation of many different types of vibration responses of the device,
appliance, or system to the driving oscillations of control-pattern-controlled ORMs.

As further discussed below, many current control regimes fail to
accurately reproduce the desired driving time-dependent oscillations in each ORM
within a device, appliance, or system. As a result, the vibration response of the device,
appliance, or system may vary significantly from a desired vibration response and,
perhaps more importantly, may not be accurately reproduced at different points in time,
due to the inability to accurately and deterministically control the ORMs to produce
driving oscillations in conformance with desired control patterns.

A first approach to more accurately controlling ORMs is to use pulse-
width modulation control signals rather than conventional constant-duration control
pulses. Figures 37A-D illustrate pulse-width modulation control of an ORM. Figure
37A shows a desired vibration response for an ORM that represents a desired time-
dependent driving oscillation for inducing at least a portion of the vibration response
of'a device, appliance, or system in which the ORM is included. The desired vibration
response of the ORM is a sine-wave-like 3702 oscillation that is plotted, in Figure 37A,
on an amplitude versus time coordinate system 3704. Figure 37B illustrate a
hypothetical control regime that attempts to produce the desired driving oscillation
discussed above with reference to Figure 37A in a hypothetical ORM. Constant-width
voltage pulses, such as voltage pulse 3706, are input to the ORM to drive the weight
or mass in forward and backward directions along the oscillation path. These pulses
are plotted in Figure 37B in a voltage versus time coordinate system 3708. Because
the constant-width pulses are a rather crude approximation of the desired sine-wave-
like vibration response, the control regime shown in Figure 37B comprises a series of
positive-voltage, 0-voltage, and negative-voltage constant-width pulses 3706 and
3710-3713 that produce a vibration response, superimposed in Figure 37B OVCI; the
control pulses, as curve 3716. In general, the pulse widths are controlled by an
oscillating clock or clock-based timing signal. The vibration-response curve 3716
differs significantly from the desired driving oscillation shown in Figure 37A. Figure

37C shows the desired vibration response 3702 plotted together with the vibration
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response produced by the constant-width voltage-pulse control 3716. In fact, this is
actually a relatively favorable case, because the sequence of positive, 0-voltage, and
negative voltage pulses shown in Figure 37B has a period close to the period of the
desired sine-wave-like vibration response. Otherwise, the actual vibration response
would differ even more greatly from the desired vibration response, often having
irregularly shaped wave forms.

Figure 37D illustrates pulse-width-modulation control of the ORM. In
pulse-width-modulation control, rather than using constant-width voltage pulses to
control the ORM, the controller instead uses variable-width pulses. Moreover, much
shorter pulses can be used to more precisely control the vibration response of the ORM.
In essence, pulse-width modulation allows a variable-frequency control signal to be
used, rather than a constant-frequency control signal. Because a variable-frequency
control signal can contain a much greater amount of information than a constant-
frequency control signal, the pulse-width-modulation control signals can be used to
much more precisely steer the vibration response of the ORM towards a desired wave
form. Asshown in Figure 37D, many more voltage pulses are used in order to achieve
the sine-wave-like vibration response of the ORM. For example, in the constant-width-
pulse control shown in Figure 37B, a positive-voltage pulse 3706, a 0-voltage pulse,
and a negative-voltage pulse 3710 are used to attempt to approximate the first period
of the desired vibration response. By contrast, as shown in Figure 37D, four positive-
voltage pulses 3720-3722 and 3726 and three negative-voltage pulses 3723-3725 are
employed to produce the first period of the desired vibration response. Moreover, these
seven pulses have varying pulse widths and are irregularly spaced along the time éXis.

Another problem associated with conventional control of ORMs is that
the vibration response produced by a control pattern is often very different from the
vibration response that might be predicted from the control pattern or desired. For
example, in Figure 38A, a control pattern is shown that involves a constant-voltage
signal 3802 from an initial time 4 3804 to a final, end time 7 3806. Of course, this
control pattern may correspond to a large number of positive-voltage pulses in the time
interval f; to ¢z The vibration response of the ORM is shown in Figure 38B. In this

figure, the horizontal time axis 3808 has been rescaled to show more detail. The control
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pattern 3802 shown in Figure 38A might be initially assumed to produce a pulse of
constant-amplitude vibrations over the time interval # to ¢z However, as shown in
Figure 38B, the actual vibration response of the ORM, shown as curve 3810, includes
an initial ramp-up interval 3812 in which the amplitude of the vibration response
steadily increases to the desired amplitude, a middle period 3814 in which the ORM is
oscillating at the desired amplitude, a short period 3816 at the end of the time interval
li to I during which, in anticipation of the sharp control-pattern edge at time f7 the
control voltage is dropped to 0 so that the vibration will fall to a low level at time
and a fourth undesired ramp-down interval 3818, extending well past the time {1, during
which vibration of the ORM continues at increasingly smaller amplitudes.

Figure 39 illustrates modification of the naive control pattern, shown in
Figure 38A, in order to achieve a better approximation of the desired constant-
amplitude oscillation in the time interval 4 to ¢ In a first plot 3902, the naive control
pattern is shown. In a second plot 3904, the naive control pattern is modified in order
to produce the constant-amplitude oscillation that is desired. First, a large-voltage
input 3906 occurs prior to time ¢ in order to quickly force the ORM to begin vibrating.
From time # to a time prior to time #; a lower-voltage input 3908 is provided in order
to control the ORM to oscillate at the desired amplitude. Prior to time 7 a negative-
voltage control signal 3910 is input to the ORM in order to sharply drive the ORM
towards oscillation out of phase with the desired driving oscillation during the time
interval ¢ to & This negative-voltage control signal is then relaxed linearly 3912 in
order to stop ORM vibration in a relatively short period of time. As shown in plot 3914
in Figure 39, the vibration response of the ORM much more closely approximates a
desired constant-amplitude vibration between time intervals 7 and #1.

Many different types of control inputs can be used to shape the vibration
response of an ORM. For example, short control pulses can push the vibration to a
different phase, resulting in cancellation of the previously established oscillation. The
various types of inputs depend on the type and form of control signals that can be
transmitted to the ORM, which, in turn, depends on the type of ROM, the driving force
used to induce oscillation of the moving mass within the ORM, and the type of lbgic

circuitry that receives input signals and translates them into oscillations.
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Thus, in addition to pulse-width modulation, a wide variety of different
types of complex control signals may be devised in order to achieve the vibration
response desired from the simple control patterns discussed above, including control
pattern 3802 shown in Figure 38A. Many different control-signal parameters may be
varied in order to control an ORM to provide a desired vibration response, including
varying the voltage of the control signal, using pulse-width modulation to finely tailor
the control signal to produce a desired vibration response, and adjusting the control
signal to include pre-response and post-response signals to remove undesired ramp-up
and ramp-down periods in the vibration response.

In addition to varying the input control to an ORM, an ORM may be
designed to include a variety of different mechanical controls to further increase the
range of vibration responses of the ORM. Figures 40A-40F illustrate movable
mechanical stops and mechanical latches, two types of mechanical control features that
may be included in various types of ORMs. Equivalent electromagnetic features may
be included in other types of ORMs. Figure 40A illustrates a first type of ORM. ‘I.n a
first diagram 4002, the ORM is shown in an equilibrium, non-vibrating position. The
ORM includes a moveable weight or mass 4002 that is connected to two ends of the
ORM 4004 and 4006 by springs 4008 and 4010. Diagram 4012 shows the ORM when
the movable mass 4002 has been moved, by application of a translational force, such
as an electromagnetic force, to the furthest position in the leftward direction along the
oscillation path. In this position, spring 4010 is compressed and spring 4008 is
extended. In both cases, the springs have potential energy that produces forces that
force the movable mass 4002 back in the rightward direction towards stop 4012.
Diagram 4014 shows the ORM with the movable mass in the furthest rightward
direction.

Figure 40B shows the equilibrium and largest-amplitude positions'dfa
movable mass in a different type of ORM. In a first diagram 4016, the ORM is shown
in an equilibrium position. The ORM features an arc-like oscillation path 4018 along
which the moving mass 4020, attached to a rotor 4022, oscillates. The moving mass
4020 is attached to the rotor 4022 by a flexible support 4024. Diagram 4026 shows the

ORM with the movable mass in the furthest leftward position and diagram 4028 shows
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the ORM with the movable mass in the furthest rightward direction, similar to the
positions shown for the ORM of Figure 40A in diagrams 4012 and 4014.

Figure 40C illustrates movable mechanical stops included in the ORM
discussed above with reference to Figure 40A. The movable stops are depicted by
features 4030 and 4032 in a first diagram 4034. Of course, the depictions do not
necessarily reflect the shape, size, and structure of mechanical stops needed to stop
motion of the moveable mass in the various different types of ORMs, but are instead
used to illustrate positioning of the moveable stops and their deployment. In a second
diagram 4036, the movable stops have been repositioned 4038 and 4040 in order to
limit the length of travel of the moving mass 4002. The second diagram 4036 shows
the leftward extent of motion of the moving mass 4002 with the movable sfops
deployed and diagram 4042 shows the rightward extent of travel of the moving mass
when the movable stops are deployed. Similar illustration conventions are used, in
Figure 40D, to illustrate deployment of movable stops in the ORM discussed above
with reference to Figure 40B. Use of movable stops can significantly alter the vibration
response of the ORM to a given control input. This may include changing the
amplitude of the vibration response, the frequency of the vibration response, and
changing the force imparted by the moving mass to the ORM when the moving mass
strikes the stops versus the original end stops 4002 and 4004. In general, the vibration-
response alterations are complex functions of the geometry, material composition, and
driving forces used in the ORM.

Figures 40E-F illustrate use of the movable stops, discussed above with
reference to Figures 40C and 40D, as latches. As shown in a first diagram 4048 in
Figure 40E, the movable stops have been repositioned 4050 and 4052 closer to the
center of the oscillation path. As shown in diagram 4054, the left-hand movable stop
4056 has been deployed when the moving mass 4002 has just reached its leftward,
stopped position. As a result, motion of the moving mass is stopped, resulting in an
immediate cessation of the driving oscillation produced by the ORM and a higher force
exerted in the last oscillation on the left-end stop 4004 of the ORM. Diagram 4058
shows the right-hand movable stop 4052 deployed to latch the moving mass 4002 at its

furthest right-hand position. Figure 40F shows similar deployment of the movable
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stops, in the ORM discussed above with reference to Figure 40B, to latch the moving
mass at its leftward and rightward extents. Latching of the moveable mass may trap
the moveable mass in a high-potential-energy state, so that immediate, rapid oscillation
may ensue when the latch is released. Latching may also significantly alter the
relaxation of the oscillation at the end of control-pattern execution.

The current document is directed to employing the various different
types of alternative control of ORMs to more accurately generate desired vibration
responses. This involves use of a much greater amount of information about the ORM
than used in the vibration response table discussed above. Figure 41 shows example
information that may be stored in order to more accurately control ORMs according to
the methods and considerations disclosed in the current document. The information is
stored in five different tables. An ORM table 4102 stores control information for each
different ORM in a device, appliance, or system. This information includes an
identifier for the ORM 4104, an indication of the ORM type 4103, an indication of the
minimum pulse width that can be input in a control signal 4106, an indication of the
minimum amplitude 4107 and maximum amplitude 4108 of an input control signal,
indications of whether or not mechanical or electromagnetic latches are available in the
ORM 4110 and 4112, the oscillation path length within the ORM 4114, the numbéf of
movable stops, or path blocks included in the ORM 4115, and the positioning range
for each moveable stop 4116-4117. An event-types table 4120
includes various different types of control events. These may include deployment of
latches, movement of movable stops, and output of control pulses of various different
widths and amplitudes. An events table 4122 includes ordered pairs of event types and
relative times that each represents one of the many different types of control events that
can be input to ORMs. Each control event includes an event ID 4123, an event type
4124, and a relative time that specifies a time point within a control pattern 4126 at
which the event occurs. Table 4128 includes the actual control actions that a logic
controller employs to initiate each type of event in each type of ORM. For each type
of control, the table includes an indication of the event type 4130, the ORM type 4131,
acontrol ID 4132, a signal type 4133, a signal strength 4134, and any of many different

other characterizations of the type of control 4135 executed by the control logic in order
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to control an ORM to produce a particular type of event. Finally, table 4140 lists all of
the different types of control patterns that can be used to control ORMs. These are
equivalent to the previously discussed control patterns. Each control pattern includes
a control-pattern identifier 4142, an indication of the number of events in the control
pattern 4144, and the event identifiers for those events 4146-4149.

Figure 42 provides an alternative implementation of the routine
"generate vibration," discussed above with reference to Figure 36. The alternative
information incorporates more accurate control of ORMs using the information and
techniques discussed above with reference to Figures 37A-41. In step 4202, the routine
receives a vibration type, duration, amplitude, and start time for a desired device,
appliance, or system vibration response. Then, in the for-loop of steps 4204-4212, the
routine prepares for controlling each of the ORMs in the device, appliance, or system.
In step 4205, a control-pattern ID is selected from the vibration-type table for the ORM,
modified with respect to the previously described vibration-type table to include .the
identifiers of control patterns that are tabulated in the control-patterns table 4149. In
step 4206, the identified control pattern is selected from the control-patterns table. In
the inner for-loop of steps 4207-4212, each event is selected from the control pattern
selected in step 4206. For each event, a corresponding event control entry is selected
from the event-control table, in step 4208. The controls are scaled, in step 4209,
according to the desired duration and amplitude for the vibration response. In step
4210, the time associated with the event, selected from the events table, is also scaled.
In step 4211, the scaled controls and times are added to a list of time-ordered events,
the controls for which are issued to the ORM during generation of the desired vibration
response. In step 4214, the routine waits until the desired start time for the vibration
response. Note that the desired start time takes into consideration any pre-vibration-
response controls needed to produce the desired vibration response. Then, in the while-
loop of steps 4216-4222, the routine carries out ORM control over a set of time points
spanning the desired vibration-response duration. In the inner for-loop of steps 4217-
4220, the routine initiates a control sequence for each of the time-ordered events for
each of the ORMs at the points in time in which the control sequence is specified for

issuance. Then, in step 4221, the routine waits for a next update-control time point.

434



10

15

20

25

30

Docket No. 35099.008
44

The above-discussed methods for more accurate and reliable control of
ORMs provide increased opportunities for generating increasingly complex vibration
responses in devices, appliances, and systems that contain ORMs. However, with
increasing complexity, attention is needed to simplifying and increasing the efficiency
of driving-oscillation sensing in order to provide feedback-based control to ORMs. In
addition, with more accurate control, it is possible to increase the complexity of ORM
time-dependent driving oscillations, significantly increasing the types of time-
dependent driving oscillations that can be encoded in control patterns and thus
increasing the device, appliance, and system vibration responses to controlled ORM
driving oscillations. |

Figure 43 illustrates both methods for increasing the complexity of
ORM time-dependent driving oscillations as well as increasing and simplifying
feedback control. Figure 43 provides a simplified ORM-containing device architecture
similar to that provided by Figure 25, discussed above. However, as shown in Figure
43, each of the ORMs, such as ORM 2504, is coupled to an additional passive
oscillator, such as passive oscillator 4302. In various different implementations, a
given ORM may be coupled to one, two, or more passive oscillators. When an ORM
is mechanically coupled to one or more additional passive oscillators, the passive
oscillators greatly increase the number of degrees of freedom for vibration of the
combined ORM and one or more passive oscillators. The mathematical models for the
vibration modes and resonant frequencies become far more complex, involving
eigenvalue problems arising from coupled differential equations. As discussed above,
the number of resonant frequencies for a system is generally proportional to the number
of vibrational degrees of freedom. Furthermore, coupling passive oscillators to ORMs
may provide new, complex vibrational modes with different frequencies and
amplitudes. Thus, vibration components comprising an ORM and one or more passive
oscillators can significantly increase the complexity of the time-dependent driving
oscillations produced by these vibration components, and therefore greatly expand the
types, frequencies, and modes of vibration responses produced in a device, appliance,

or system containing the complex vibration components.
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In the simpler system shown in Figure 25, two vibration sensors 2510
and 2511 were included. These vibration sensors detected vibration in one, two, or
three orthogonal directions of the device, appliance, or system 2502 in which multiple
ORMs are included. However, as shown in Figure 43, sensors that provide information
regarding the driving oscillations produced by ORMs and passive oscillators, such as
sensors 4304 and 4305 in ORM 2504 and passive oscillator 4302, respectively, fﬁay
also provide information to local control logic, such as control logic 4306, within
ORMs as well as the controller 2516 that controls one or more ORMs within the device,
appliance, or system 2502. The sensors local to ORMs and passive oscillators may be
designed to sense driving-oscillation characteristics while vibration sensors 2510 and
2511 are designed to sense the vibration response of the entire device, appliance; or
system 2502.

By including a variety of different types of sensors within different
positions and components of an ORM-containing device, appliance, or system, an
opportunity is provided for hierarchical sensing and corresponding feedback control
within a device, appliance, or system. In many cases, the output from a vibration sensor
may be difficult to translate into accurate feedback information and corresponding
control signals. For example, the vibration sensed by the vibration sensors 2510-2511
may be indirectly related to the individual driving oscillations produced by the ORM-
based vibration components, such as the vibration component comprising ORM 2504
and mechanically coupled passive oscillator 4302. In such cases, significant inference
is necessary to logically infer the driving oscillations of the vibration components
producing the vibration-sensor signals and to compute corresponding adjustments to
ORM control. Furthermore, there may be significant temporal lags between sensor
vibration and the driving oscillations that produce the sensor vibration. Many of the
common techniques for sensing ORM driving oscillations in order to provide local
feedback to ORMs may suffer similar problems. Furthermore, there may be many
different types of interferences and couplings between electromechanical driving
forces, electromagnetic sensors, and other device components that mask or entirely
prevent accurate inference of the real-time characteristics of ORMs and the vibration-

response of the entire device, appliance, or system. For this reason, simpler and direct

436



10

20

25

30

Docket No. 35099.008
46

types of sensing and control can provide enormous benefits in achieving desired
vibration responses of the entire device, appliance, or system, particularly in devices,
appliances, and systems that include multiple vibration components, each consisting of
an ORM and one or more passive oscillators as well as various types of vibration
sensors external to ORMs and passive oscillators as well as sensors within, or coupled
to, ORMSs and passive oscillators.

Figure 44 illustrates one type of ORM driving-oscillation sensor- that
can be employed to provide feedback information for ORM control. In Figure 44, a
linear ORM 4402, used in previous examples, is again shown as an example ORM.
The linear ORM includes a mass or weight 4404 that is driven electromagnetically by
a drive coil 4406 to oscillate along a linear tube 4408. In this ORM, two sensor coils
4410 and 4412 are additionally included in order to detect motion of the weight or mass
4404 within the ORM as it is driven to oscillate. The sensor information may be
provided to an internal ORM control logic 4414 or to the controller 2516 within the
device, appliance, or system that inciudes the ORM. In certain cases, both the internal
ORM control logic as well as the device controller may receive sensor information, for
various different types of feedback-based control purposes. In the lower portion 4420
of Figure 44, a small control-flow diagram is provided to indicate how the sensor
information is used. When a controller receives a target frequency w, at which the
ORM is to oscillate, in step 4422, the control logic or controller initiates oscillation of
the weight or mass, in step 4424, and then, in the while-loop of steps 4426-4430,
continues to monitor the sensor output and modify control input to the ORM in order
that the ORM oscillates at the target frequency w.. This involves reading the sensor
data to determine the actual frequency of oscillation wa, in step 4427, then determining
a difference between the target and actual frequencies in step 4428, using the
determined difference to compute modifications to the current control of the ORM and
modify the control in a way estimated to result in the ORM achieving the target
frequency wy, in step 4429, and executing the modified control in step 4430. In many
cases, the computations are sufficiently complex that the feedback-based control needs
to be implemented by control routines running on a processor. Furthermore, because

the sensors 4410 and 4412 are essentially external to the actual oscillating mass or
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weight and oscillation path, the data that they output does not directly correspond to
position and velocity data for the moving mass or weight, but is instead a signal
proportional to the current induced in the sensor coils by the moving mass. A. fair
amount of interpretation is required to convert the sensor information into velocity and
position information, or even into information related to the actual frequency w, of
oscillation. Moreover, there may be significant electromagnetic interference between
the drive coil 4406 and the sensor coils 4410 and 4412, limiting the accuracy at which
the actual frequency w. or mass position and velocity can be determined. Sensor-coil-
based inferences may also suffer from significant lag times between passing of the
moving weight through the sensor coil and generation of a corresponding signal. In a
complex system in which many different sensors are being monitored for many
different ORMs, as well as sensors that detect the vibration response for a device,
appliance, or system containing the ORMs, use of inferential feedback information,
such as that provided by the sensor coils shown in Figure 44, may be problematic, at
best.

Figure 45 illustrates an alternative approach to sensing the driving
oscillations produced by an ORM. In this approach, rather than inferential sensing, as
described above with reference to Figure 44, the ORM 4502 includes a direct sensor
4504 that directly determines the position and velocity of the moving weight or mass
4506. This direct position and velocity information is output to an internal ORM
control logic 4508 that can directly use the position and velocity information to update
ORM control in order to achieve a target frequency w;. The lower portion of Figure 45
4510, includes a small control-flow diagram, similar to that included in Figure 44, to
illustrate internal control using the data provided one or more direct sensors. When a
target frequency o is received in step 4512, the control initiates oscillation of the mass
in step 4514. In addition, in step 4616, the control logic initiates sensor output. Then,
in the while-loop of steps 4518-4521, the control logic continuously receives position
and velocity data from the one or more direct sensors and executes immediate control
based on that position and velocity data. In step 4519, the control logic reads the
position and velocity data from the sensor. This may involve a certain amount of

computation, such as computing the difference and position with time over several
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readings, but because of the direct nature of the position sensing, is not inferential and
is less computationally intensive than in the case of indirect sensing. Then, in step
4520, the appropriate control is computed based on the target frequency w, and the
current position and velocity of the moving mass p and v. This computation may be
made based on a predetermined function, based on tables with values, or computed as
another of the initiation steps, including initiation steps 4514 and 4516. Finally, in step
4521, the computed control is executed by the controller. In many cases, the
determination of the appropriate control corresponding to sensed velocity and position
data can be made by logic circuitry, rather than a programmed processor. In many
cases, the position and velocity data is more accurate and far more timely provided than
position and velocity data derived from indirect sensing and inference.

There are many different approaches to direct sensing of the position
and velocity of a moving mass within an ORM. Figures 46A-B illustrate several
possible direct-sensing approaches. As shown in Figure 46A, the ORM may contain a
series of apertures, such as aperture 4602, through which an illumination source shines
light. Across the tubular channel containing the oscillation path, there is a photodiode
sensor for each aperture, such as photodiode sensor 4604 corresponding to aperture
4602. The current position of the moving mass can be determined from the pattern of
high and low photodiode-sensor outputs, shown above the ORM in Figure 46A 4606.
A series of captured photodiode-sensor outputs at consecutive points in time provides
the information needed to accurately compute the velocity of the moving mass. As
shown in Figure 46B, another approach to computing the position and velocity of the
moving mass involves a series of regularly spaced pressure or presence sensors, such
as pressure or presence sensor 4610. Similar to the photodiode-sensor output, the
output from the pressure or positions sensors provides a pattern in which the position
of the moving mass can be recognized. Various types of Hall-effect electronic sensors,
reflection-path sensors, and other types of sensors may be employed to directly
determine the position and velocity of a moving mass within an ORM.

To clarify, direct sensors directly sense, in real time, the location of the
moving mass of an ORM. Optical sensors, such as that shown in Figure 46, use light

sources to directly identify the location of the moving mass, and the rate of change of
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the accurately identified positions is straightforwardly converted into a very good
approximation to the instantaneous velocity of the moving mass by simple arithmetic
operations. A direct sensor provides position and velocity data in real time, constrained
principally by the time needed for propagation of light, the time needed for propagation
of electrical-current propagation, sensor response times, and the time needed for
carrying out a small number of computer-instruction executions. These times are all
far faster than the time needed for an ORM moving mass to move far enough for the
motion to produce a different sensor reading, so that, in essence, a direct sensor easily
produces an accurate, real-time position and velocity for the moving mass. Indirect
sensors, by contrast, do not directly detect the position and velocity of an ORM moving
mass. For example, as discussed with reference to Figure 44, above, the sensor-coil
sensors may exhibit signal changes prior to and following the moving mass being
located adjacent to them and as a result of current changes in the driving coil.
Therefore, only by retrospective computational analysis can an approximate location
of the moving mass be indirectly inferred. Furthermore, the sensor-coils may respond
differently to the moving mass depending on a variety of external factors and even
depending on the velocity of the moving mass. Indirect sensors cannot produce real-
time position and velocity values for an ORM moving mass, and the accuracy of the
approximations of the position and velocity may significantly deteriorate when the
oscillation frequency is changing. Vibration detectors are even less accurate, since the
directions and amplitudes of the vibrations of an entire device may not align with the
direction of moving-mass vibration, may vary due to many different external factors,
including the orientation of the device with respect the gravitational field, the Iocal
mechanical environment of the device, the model of the moving-mass trajectory they
use for inferring moving-mass position, and other such factors. In these cases, inferring
the position and velocity of the ORM moving mass is generally associated with large
errors and computational time lags. Direct moving-mass position-and-velocity sensors
therefore provide accurate and real-time, nearly instantaneous moving-mass position
and velocity data. Indirect moving-mass position-and-velocity sensors do not provide

real-time, nearly instantaneous moving-mass position and velocity data, and do not
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achieve the accuracy, in the non-real-time position and velocity values they produce
that is achieved by direct sensors.

Although the present invention has been described in terms of particular
embodiments, it is not intended that the invention be limited to these embodiments.
Modifications will be apparent to those skilled in the art. For example, any of many
different design and implementation parameters may be varied in order to provide
different implementations of the ORM control logic discussed above, including choice
of type of logic control, programming language, in the case of a processor-controlled
controller, modular organization, data structures, control structures, logic circuitry,
processor type, and many other such design and implementation parameters. Many
different types of direct sensors that directly determine the velocity and position of the
oscillating mass within an ORM can be used in different types of ORMs. Various types
of electromagnetic sensors that sense position, precious-metal brush-contact sensors,
and Reed switches are examples of the many types of direct sensors that can be used
to directly determine oscillating-mass position and velocity and induce direct,
corresponding control of the ORM.

The foregoing description, for purposes of explanation, used specific
nomenclature to provide a thorough understanding of the invention. However, it will
be apparent to one skilled in the art that the specific details are not required in order to
practice the invention. The foregoing descriptions of specific embodiments of the
present invention are presented for purpose of illustration and description. They are
not intended to be exhaustive or to limit the invention to the precise forms disclosed.
Many modifications and variations are possible in view of the above teachings. The
embodiments are shown and described in order to best explain the principles of the
invention and its practical applications, to thereby enable others skilled in the art to
best utilize the invention and various embodiments with various modifications as are
suited to the particular use contemplated. It is intended that the scope of the invention

be defined by the following claims and their equivalents:
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CLAIMS

1. An oscillating resonant module comprising:
a mass that is driven by energy supplied to the oscillating resonant module to travel
back and forth along an oscillation path that represents a segment of a space curve;
one or more direct sensors that output real-time indications of the position of the mass
within the oscillation path at specific points in time; and
a control component that
receives control signals input to the oscillating resonant module,
receives output from the one or more sensors, and
controls oscillation of the mass to produce a predetermined vibration response
according to the received control signal by repeatedly generating a control output, to an actuator
that drives the mass to oscillate, corresponding to one or more most recently received sensor

outputs.

2. The oscillating resonant module of claim 1 wherein the one or more sensors are selected
from among one or more:

mechanical sensors;

electromagnetic sensors; and

optical sensors.

3. The oscillating resonant module of claim 1 wherein the control component determines,
from the received sensor output, the velocity of the mass from the positions of the mass at two

or more points in time.

4. The oscillating resonant module of claim 3 wherein the control output, output by the
control component to the actuator, is computed as the output value of a function that takes, as

input, the current position of the mass.

5. The oscillating resonant module of claim 3 wherein the control output, output by the
control component to the actuator, is computed as the output value of a function that takes, as

input, the current position of the mass and the current velocity of the mass.
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6. The oscillating resonant module of claim 3 wherein the control output, output by the
control component to the actuator, is computed from pre-computed values indexed by the

current position of the mass and the current velocity of the mass.

7. The oscillating resonant module of claim 3 wherein the control output, output by the
control component to the actuator, is computed from pre-computed values indexed by the

current position of the mass and the current velocity of the mass.

8. The oscillating resonant module of claim 1 mechanically coupled to one or more
passive oscillating resonant modules to provide a wider range of vibration responses for the
combination of the oscillating resonant module and the one or more passive oscillating resonant

modules.

9. The oscillating resonant module of claim 8 wherein the passive oscillating resonant

modules are driven by the oscillating resonant module to which they are mechanically coupled.

10. A physical device that exhibits a vibration response when mechanical driven by one or
more oscillating resonant modules included in the physical device, the physical device
comprising:

the one or more oscillating resonant modules, each of which responds to control inputs
to produce driving oscillations and includes a sensor that provides sensor data to a control
component within the oscillating resonant module;

one or more vibration sensors;

a stored characterization of the natural vibration frequencies of the physical device; and

a controller that uses accesses the stored characterization of the natural vibration
frequencies of the physical device to control the one or more oscillating resonant modules to

drive the physical device to exhibit a predetermined vibration response.

11. The physical device of claim 10 wherein each of the one or more oscillating resonant

modules comprises:
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a mass that is driven by energy supplied to the oscillating resonant module to travel
back and forth along an oscillation path that represents a segment of a space curve;
one or more direct sensors that output real-time indications of the position of the mass
within the oscillation path at specific points in time; and
a control component that
receives control signals input to the oscillating resonant module,
receives output from the one or more sensors, and
controls oscillation of the mass to produce a predetermined vibration response
according to the received control signal by repeatedly generating a control output, to an actuator
that drives the mass to oscillate, corresponding to one or more most recently received sensor

outputs.

12. The physical device of claim 10 wherein the characterization of the natural vibration
frequencies of the physical device is determined by simultaneously sweeping the driving
oscillations of the one or more oscillating resonant modules over driving-oscillation ranges
and monitoring the physical device vibration response using output from the one or more

vibration sensors to identify the maximum-amplitude frequencies.

13. The physical device of claim 12 wherein the characterization of the natural vibration

frequencies of the physical device is determined periodically by the controller.

14. The physical device of claim 10 further including stored control information for the
one or more oscillating resonant modules for each of one or more predetermined vibration
responses that is based on the stored characterization of the natural vibration frequencies of the

physical device.

15.  The physical device of claim 10 wherein at least one of the each of the one or more
oscillating resonant modules is mechanically coupled to one or more passive oscillating
resonant modules to provide a wider range of vibration responses for the combination of the

oscillating resonant module and the one or more passive oscillating resonant modules.
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16. The physical device of claim 15 wherein the passive oscillating resonant modules are

driven by the oscillating resonant module to which they are mechanically coupled.

17.  An oscillating resonant module comprising:
a first mass that is driven by energy supplied to the oscillating resonant module to travel
back and forth along a first oscillation path that represents a segment of a space curve;
a second mass that is driven by oscillations of the first mass to travel back and forth
along a second oscillation path that represents a segment of a space curve; and
a control component that
receives control signals input to the oscillating resonant module, and
controls oscillation of the first mass to produce a predetermined vibration
response according to the received control signals by generating a control output to an actuator

that drives the first mass to oscillate.

18. The oscillating resonant module of claim 17 further comprising:
one or more direct sensors that output real-time indications of the position of the mass
within the oscillation path at specific points in time that are used by the control component to

generate corresponding control outputs to the actuator that drives the first mass to oscillate.

19.  The oscillating resonant module of claim 17 further comprising:

one or more sensors that output indications directly correlated with the position of the
second mass within the second oscillation path at specific points in time that are used by the
control component to generate corresponding control outputs to the actuator that drives the first

mass to oscillate.

20.  The oscillating resonant module of claim 17 included within a physical device to drive

a vibration response in the physical device.
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ABSTRACT OF THE DISCLOSURE

The current document is directed to various types of oscillating resonant
modules ("ORMs"), including linear-resonant vibration modules, that can be incorporated in a
wide variety of appliances, devices, and systems to provide vibrational forces. The vibrational
forces are produced by back-and-forth oscillation of a weight or member along a path, generally
asegment of a space curve. A controller controls each of one or more ORMs to produce driving
oscillations according to a control curve or control pattern for the ORM that specifies the
frequency of the driving oscillations with respect to time. The driving oscillations, in turn,
elicit a desired vibration response in the device, appliance, or system in which the one or more
ORMs are included. The desired vibration response is achieved by selecting and scaling

control patterns in view of known resonance frequencies of the device, appliance, or system.
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