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SYSTEMS AND METHODS FOR CONTROLLING A
RESONANT DEVICE FOR GENERATING
VIBROTACTILE HAPTIC EFFECTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application Nos. 60/631,649, filed Nov. 30, 2004, entitled
“Systems and Methods for Controlling a Resonant Device”
and 60/634,212, filed Dec. 8, 2004, entitled “Systems and
Methods for Controlling a Resonant Device”, the entirety of
both of which are incorporated herein by reference.

FIELD OF THE INVENTION

[0002] This invention generally relates to haptic feedback
device control. The present invention more particularly
relates to systems and methods for controlling a resonant
device.

BACKGROUND

[0003] Electronic device manufacturers strive to produce a
rich interface for users. Conventional devices use visual and
auditory cues to provide feedback to a user. In some inter-
face devices, kinesthetic feedback (such as active and resis-
tive feedback) and/or tactile feedback (such as vibration,
texture, and heat) is also provided to the user, more generally
known collectively as “haptic feedback.” Haptic feedback
can provide cues that enhance and simplify the user inter-
face. Specifically, vibration effects, or vibrotactile haptic
effects, may be useful in providing cues to users of elec-
tronic devices alerting the user to specific events, or in
providing realistic feedback to create greater sensory immer-
sion within a simulated or virtual environment.

[0004] For example, cell phones are commonly equipped
with auditory and visual cues indicating an incoming tele-
phone call. Visual cues typically include flashing lights.
Auditory cues typically include a series of tones, synthe-
sized music, or, more recently, digitally-recorded music.
However, in some instances, such visual and auditory cues
may not be useful to a user of the cell phone. For example,
a user in a movie theater will typically have the phone’s
audible ringer silenced and will have the phone in a pocket
and be unable to view the visual cues. In such instances,
vibrotactile haptic effects are desirable.

[0005] Further, highly configurable and distinctive vibro-
tactile haptic effects may be desirable. For example, cell
phones commonly allow a user to assign specific tones or
melodies to identify incoming phone calls from specific
numbers. A user may have different audible ring tones for
different friends, for work, and for family members. Such
differentiation of audible cues allows a user to quickly
recognize not only that there is an incoming phone call, but
also whom that call is from. However, as described above,
in many settings, such differentiation is not possible using
standard cell phones. Such phones typically have only a
simplistic set of vibrations to indicate an incoming telephone
call, but no mechanism for efficiently and effectively gen-
erating differentiable vibrotactile haptic effects.

SUMMARY

[0006] The present invention provides systems and meth-
ods for controlling a resonant device. One embodiment of
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the present invention provides a method for braking an
actuator comprising generating a first actuator signal, the
first actuator signal having a first frequency approximately
resonant to the actuator. The first actuator signal is config-
ured to drive the actuator. The method further comprises
transmitting the first actuator signal to the actuator. The
method next comprises a step for generating a second
actuator signal having a second frequency approximately
180 degrees out of phase to the first frequency. The second
actuator signal is configured to cause a braking force on the
actuator. The method additionally comprises transmitting
the second actuator signal to the actuator. In another embodi-
ment, a computer-readable media comprises code for a
carrying out such a method.

[0007] These illustrative embodiments are mentioned not
to limit or define the invention, but to provide examples to
aid understanding thereof. Illustrative embodiments are dis-
cussed in the Detailed Description, and further description
of the invention is provided there. Advantages offered by
various embodiments of this invention may be further under-
stood by examining this specification.

BRIEF DESCRIPTION OF THE FIGURES

[0008] These and other features, aspects, and advantages
of the present invention are better understood when the
following Detailed Description is read with reference to the
accompanying drawings, wherein:

[0009] FIG. 1 is a block diagram illustrating a system for
controlling a resonant device in one embodiment of the
present invention;

[0010] FIG. 2 is a flowchart illustrating a method for
braking an actuator in one embodiment of the present
invention;

[0011] FIG. 3 is a block diagram illustrating components
of a signal generator in one embodiment of the present
invention;

[0012] FIG. 4 shows two graphs illustrating a simulated
low frequency wave using a vibrotactile haptic effect enve-
lope and a resonant actuator with a higher frequency than the
vibrotactile haptic effect envelope in one embodiment of the
present invention;

[0013] FIG. 5 is a circuit diagram of a signal generator in
one embodiment of the present invention; and

[0014] FIG. 6 shows a graph illustrating the inversion of
a signal driving a resonant actuator and a graph illustrating
a comparison between the motion of a first resonant actuator
driven by the signal and the motion of a second resonant
actuator allowed to return to rest without braking in one
embodiment of the present invention.

DETAILED DESCRIPTION

[0015] Embodiments of the present invention provide sys-
tems and methods for controlling a resonant device.

Tllustrative Controlling a Resonant Device

[0016] In one embodiment of the present invention, a cell
phone has a resonant system for generating vibrations. The
resonant system comprises a resonant actuator and is con-
trolled by a processor that sends signals to the resonant
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system to activate and brake the actuator. For example, when
the cell phone detects an incoming call, it generates a driving
signal to drive the actuator at its resonant frequency to
generate vibration, thereby alerting the user of the cell phone
to the incoming call. Then to stop the vibrations, the cell
phone generates a braking signal at the resonant frequency
and approximately 180 degrees out of phase with the driving
signal to brake the actuator and halt the vibrations.

[0017] By activating and braking the actuator in sequence,
the cell phone can generate a wide variety of vibrotactile
haptic effects. For example, an incoming call may generate
three short, strong vibrations in rapid succession. The cell
phone can also generate vibrotactile effects synchronized to
ring tones such that the vibrotactile haptic effects correspond
to the low frequencies, or bass portions, of the ring tone. The
vibrotactile haptic effects can be played in time with the ring
tone such that the user can feel the bass portions of the ring
tone through the vibrations.

[0018] This example is given to introduce the reader to the
general subject matter discussed herein. The invention is not
limited to this example. The following sections describe
various embodiments of systems and methods for control-
ling a resonant device.

Controlling a Resonant Device

[0019] Embodiments of the invention presented herein is
used to decelerate a resonant actuator quickly once actuator
motion is no longer desirable. By applying an inverted drive
signal to the actuator (a signal that is approximately 180
degrees out of phase with the driving signal), the actuator
resists the movement of the oscillating mass, forcing the
oscillations to stop faster than they would with no interven-
tion. By actively braking the actuator, the present invention
is able to create vibration patterns that feel much “crisper”
than would be possible if the actuator were simply allowed
to return to rest with no intervention. The active braking,
therefore, significantly increases the perceivable haptic
bandwidth.

[0020] For example, an audible piece of music augmented
with a vibration track in a resonant actuator-driven handheld
device in one embodiment of the present invention is better
able to produce the rapid pulses needed to augment a snare
drum roll. A vibration track to a fast-paced piano solo also
feels like distinct notes rather than a constant vibration of
varying intensity. Many musical flourishes in several genres
occur at cadences that require the high degree of actuator
control that can be produced using various embodiments of
the invention described herein. Thus, an advantage of
embodiments of the present invention is using actuator
braking to quickly stop a vibrating actuator in order to
generate more compelling and pleasing haptic effects.

[0021] Referring now to the drawings in which like
numerals indicate like elements throughout the several Fig-
ures, FIG. 1 is a block diagram illustrating a system 100 for
braking an actuator in one embodiment of the present
invention. The system 100 comprises a signal generator 101.
There are many types of signal generators that may be used
as the signal generator 101 including but not limited to:

[0022] Digital/Analog (“D/A”) conversion
[0023]
[0024]

(a) with high sampling rate, or
(b) with low sampling rate and filtering;
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[0025] Pulse Width Modulation (“PWM”) with filtering;
[0026] Analog Oscillator;

[0027] PWM with amplitude control and an invert input/
output (“I/O”) line; and

[0028] PWM with adjustable frequency.

[0029] A D/A converter can be used to drive a resonant
device at the resonant frequency of the device. A fundamen-
tal drive signal may be a sinusoid at approximately the
resonant frequency of the device. If the available sampling
rate of the D/A converter is not high enough to ensure a
smooth sinusoid, passive filtering can be used to smooth the
drive signal in order to reduce audio noise.

[0030] Some resonant devices create significant audio
noise when driven with square wave signals. To reduce the
noise, sinusoid signals can be used that have less high
frequency components. Other resonant devices do not create
much audio noise and can be driven by square wave signals.
For these devices, the signal generator can be simplified as
the drive signal can be a resonant square wave.

[0031] In some embodiments, it may be advantageous to
use a band pass filter to extract the component of a square
signal at the desired frequency. In such an embodiment, it
may be advantageous to extract a sinusoid at approximately
the same frequency as the square signal. The filter may be
implemented physically with passive or active components
in order to avoid sampling frequency issues and quantization
problems. Generation of the same sinusoid signal in soft-
ware may require higher output resolution as well as higher
sampling frequencies.

[0032] In other embodiments, a bidirectional PWM signal
can be used to drive the resonant device. The amplitude of
the signal driving the resonant device may be modulated by
controlling the “on” time of the PWM signal while driving
at the resonant frequency. Filtering can also be used to
smooth out the square nature of this signal if required.

[0033] An alternate way to generate the drive signal is to
use an analog oscillator, where the oscillator may be set
approximately to the resonant frequency. The amplitude of
the drive signal may be controlled with an available D/A
converter and an amplifier.

[0034] In one embodiment of the present invention, a
circuit using PWM with amplitude control and an I/O invert
line can be used to generate a PWM signal to drive a
resonant actuator and control amplitude of the signal. The
PWM signal is set at the resonant frequency of the resonant
actuator. In such an embodiment, the amplitude control is
achieved with a second PWM connected to an amplifier, the
second PWM generates a modulating signal and controls the
amplitude of first and second actuator signals by varying the
pulse width of the modulating signal.

[0035] In the embodiment described above, the I/O invert
line is used to control signal inversion by transmitting an
invert signal. For example, when the invert signal is low, the
PWM signal is passed to the resonant actuator. When the
invert signal is high, a switch can reverse the leads of the
resonant actuator effectively inverting the PWM signal. In
other embodiments, the signal may be inverted by other
methods including, but not limited to, gating in a different
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signal source or inverting the drive signal using logic gates.
In this manner, one external control line can be used to invert
the PWM signal at the suitable time in order to brake the
resonant actuator.

[0036] Inoneembodiment, only a single PWM signal may
be available which can be level shifted to produce a bidi-
rectional signal. In such an embodiment, the amplitude is
partially controlled by varying the duty cycle. Full ampli-
tude is achieved when the PWM signal is set at the resonant
frequency of the resonant actuator and to generate a PWM
signal with a 50% duty cycle. Due to the band pass nature
of the resonant actuator, signals that are different than 50%
duty cycle will result in generating a lower amplitude of
vibration. Controlling the amplitude of vibrations could also
be achieved by varying the PWM drive frequency.

[0037] The amplitude-modulating technique in the
embodiment described above may require transmitting the
PWM signal through a band pass filter before transmitting
the PWM signal to the resonant actuator. The band pass filter
may be made with discrete components and would help
ensure that the resonant device has a drive signal that
matches with the resonant frequency. The amplitude of the
drive signal might be controlled through modifications of the
PWM as above.

[0038] In one embodiment, the signal generator 101 may
comprise a processor or processors (not shown). The pro-
cessor comprises a computer-readable medium, such as a
random access memory (RAM) coupled to the processor.
The processor executes computer-executable program
instructions stored in memory, such as executing one or
more computer programs for generating vibrotactile haptic
effects. Such processors may comprise a microprocessor, a
digital signal processor (DSP), an application-specific inte-
grated circuit (ASIC), field programmable gate arrays
(FPGAs), and state machines. Such processors may further
comprise programmable electronic devices such as PLCs,
programmable interrupt controllers (PICs), programmable
logic devices (PLDs), programmable read-only memories
(PROMs), electronically programmable read-only memories
(EPROMs or EEPROMS), or other similar devices.

[0039] Such processors may comprise, or may be in com-
munication with, media, for example computer-readable
media, that may store instructions that, when executed by
the processor, can cause the processor to perform the steps
described herein as carried out, or assisted, by a processor.
Embodiments of computer-readable media may comprise,
but are not limited to, an electronic, optical, magnetic, or
other storage or transmission device capable of providing a
processor, such as the processor in a web server, with
computer-readable instructions. Other examples of media
comprise, but are not limited to, a floppy disk, CD-ROM,
magnetic disk, memory chip, ROM, RAM, ASIC, config-
ured processor, all optical media, all magnetic tape or other
magnetic media, or any other medium from which a com-
puter processor can read. Also, various other forms of
computer-readable media may transmit or carry instructions
to a computer, such as a router, private or public network, or
other transmission device or channel. The processor, and the
processing, described may be in one or more structures, and
may be dispersed through one or more structures. The
processor may comprise code for carrying out one or more
of the methods (or parts of methods) described herein.
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[0040] Referring still to FIG. 1, the system 100 for
braking an actuator further comprises a resonant actuator
102. In one embodiment, the resonant actuator 102 com-
prises a mass that may be vibrated. One method for gener-
ating a vibration in the mass is to oscillate the mass at a
resonant frequency such that the oscillation may be felt as a
vibration.

[0041] A resonant frequency is a natural frequency of
oscillation for a system. If a complex waveform is applied
to a resonant system, the resonant system will initially move
based on the complex waveform, however, if the input
waveform is halted, the resonant system will tend to settle its
movement to a resonant frequency. Energy applied to the
system at the system’s resonant frequency will result in a
response that is greater in amplitude than other input fre-
quencies. In generating a vibration, it may be advantageous
to drive a resonant system at its natural frequency to take
advantage of its gain.

[0042] Various systems that are capable of vibration
include resonant actuators. Common types of resonant
actuators include linear resonant actuators. Other types of
resonant actuators may be used in an embodiment of the
present invention as well, including, but not limited to,
multi-function resonant actuators, which can create both
audio and vibrations. Embodiments of the present invention
may use any type of resonant actuator of suitable size that
may be driven by a signal.

[0043] A further characteristic of resonant systems is the
time it takes the system to return to a resting state, referred
to herein as the decay time. Such a decay time is a limiting
factor on the ability of resonant actuators to generate vibro-
tactile haptic effects. If a vibrotactile haptic effect must be
terminated faster than a resonant system would decay unim-
peded, the effect may not be capable of generation, or the
effect may not be accurately generated by the actuator, due
to the decay time of the resonant system. By implementing
embodiments of the present invention, it may be possible to
generate a braking force on an actuator such that the actuator
is slowed at a faster rate than it would without the braking
force. The increased braking speed may allow shorter,
crisper vibrotactile haptic effects to be generated. It also may
allow multiple vibrotactile haptic effects to be generated
with very little time needed to brake the actuator between the
effects.

[0044] The signal generator 101 is in communication with
the resonant actuator 102. Any type of communication link
configured to transmit a signal may be used including, but
not limited to, a circuit; a network; a wireless communica-
tions link including but not limited to 802.11 wireless
Ethernet, radio frequency transmission/reception or Blue-
tooth; a system bus; USB; or FireWire.

[0045] The signal generator 101 is configured to generate
a first and a second actuator signal and to transmit the first
and second actuator signals to the resonant actuator 102. The
first actuator signal has a frequency approximately equal to
the resonant frequency of the resonant actuator 102 and is
configured to drive the actuator 102. The second actuator
signal has approximately the frequency of the first actuator
signal and a phase approximately 180 degrees out of phase
to the first actuator signal. The second actuator signal is
configured to cause a braking force on the actuator 102.

[0046] Inthe embodiment shown in FIG. 1, a housing 103
comprises the system 100 for braking an actuator, a proces-
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sor 104, a display 105, and a keypad 106. The housing 103
may be, for example, a housing of a cell phone, personal
digital assistant or other electronic device. While a display
105 and keypad 106 are shown in the embodiment of FIG.
1, other embodiments may not include a display or keypad.
During operation, the cell phone 103 may need to generate
a vibrotactile haptic effect. The processor 104 may send a
command to the signal generator 101. In one embodiment,
the command may comprise a vibrotactile haptic effect
envelope. In other embodiments, the command may com-
prise a command to generate a first actuator signal. In still
other embodiments, the command may comprise a com-
mand to generate a second actuator signal. Still other com-
mands not listed here may be transmitted to the signal
generator. The processor 104 may also send a command to
the display 105. Upon receiving the command, the signal
generator 101 may generate first and second actuator signals
and transmit those signal to the resonant actuator 102 to
generate a vibrotactile haptic effect.

[0047] In one embodiment of the present invention, the
first actuator signal comprises a modulated amplitude and
the second actuator signal comprises a signal transmitted at
approximately the maximum amplitude that the signal gen-
erator 101 can generate. The modulated amplitude of the
first signal allows for control over the acceleration of the
resonant actuator. Use of an approximately maximum mag-
nitude second actuator signal generates approximately the
maximum braking force on the actuator. Maximum magni-
tude is generated by generating a signal using the maximum
rated voltage of the actuator. Deceleration of the actuator in
such an embodiment may be regulated by the duration for
which the second actuator signal is transmitted to the
actuator. This embodiment may be advantageously used in
conjunction with a vibrotactile haptic effect envelope such
that the modulated amplitude of the first actuator signal and
the duration of the second actuator signal may be used to
control the acceleration of the actuator to closely track the
contours of the vibrotactile haptic effect envelope.

[0048] In another embodiment similar to the previous
embodiment, the second actuator signal may instead have a
modulated amplitude whereby the braking force on the
actuator may be regulated by varying the amplitude of the
second actuator signal. This embodiment, like the previous
example, may be advantageously used in conjunction with a
vibrotactile haptic effect envelope such that the modulated
amplitude of the first actuator signal and the amplitude of the
second actuator signal may be used to control the accelera-
tion of the actuator to closely track the contours of the
vibrotactile haptic effect envelope. Vibrotactile haptic effect
envelopes are discussed more fully in the description of
FIG. 4 below.

[0049] In one embodiment, modulating the amplitudes of
the first and second actuator signals may be accomplished by
using a modulator. Such a modulator is configured to receive
the first and second actuator signals, and modulate the first
and second actuator signals based at least in part on a
modulating signal, the modulating signal generated by the
signal generator.

[0050] The preceding examples are illustrative and are not
intended to limit the breadth or scope of the present inven-
tion. Embodiments are not limited to cell phones and other
devices may advantageously employ the invention includ-
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ing, but not limited to, personal digital assistants (PDAs);
handheld gaming devices including portable gaming sys-
tems and controllers; virtual reality simulators including but
not limited to flight simulators, driving simulators, medical
procedure simulators; or remote controlled devices. Still
other embodiments may comprise a daughterboard or an
ASIC with the systems and methods of the present invention
incorporated therein.

[0051] Further, there are many more embodiments which
may generate many different varieties of vibrotactile effects
including, but not limited to, substantially periodic pulses
with lower frequency than the resonant frequency of the
actuator, an amplitude sweep (magsweep), effect whereby
the amplitude of the output signal is increased substantially
linearly from about 0 to a maximum amplitude and then
decreased substantially linearly to about O, or any other
vibrotactile haptic effect that may provide vibrotactile haptic
feedback to a user.

[0052] FIG. 2 is a flowchart illustrating a method 200 for
braking an actuator in one embodiment of the present
invention. The methods herein are described in relation to
the system of FIG. 1. However, the methods may be
implemented in a variety of systems other than that shown
in FIG. 1. The method 200 begins at block 201 and ends at
block 206. In the embodiment shown in FIG. 2, the system
100 for braking an actuator generates a first actuator signal
202. The first actuator signal has a frequency approximately
resonant to the actuator 102 and is configured to drive the
actuator 102. In other embodiments, the system 100 for
braking an actuator may receive a command from the
processor 104 to generate an effect. In one embodiment,
such a command may be simple and specify only an ampli-
tude. In other embodiments, such a command may be
complex and specify a vibrotactile haptic effect envelope
and cause the system 100 for braking an actuator to deter-
mine the proper amplitude and duration for one or more
vibrotactile haptic effects to be generated. A more detailed
description of vibrotactile haptic effect envelopes is dis-
cussed in relation to FIG. 4. In still further embodiments, the
processor 104 may specify commands of lesser complexity
than a full effect envelope, but of greater complexity than
only an amplitude. And other embodiments may generate
vibrotactile haptic effects based upon a determination made
by the system for braking an actuator 100.

[0053] Once the first actuator signal has been generated
202, the system 100 for braking an actuator transmits the
first actuator signal to the actuator (102) 203. In the embodi-
ment shown, the first actuator signal is transmitted directly
to the actuator 102. In other embodiments, the signal may
travel through other components or systems prior to reach-
ing the actuator 102. For example, the signal may pass
through a filter. In another embodiment, the signal may pass
through an amplifier or a logic gate. In further embodiments,
the first actuator signal may be combined with another signal
or multiple other signals. Still further embodiments will be
apparent to one of ordinary skill in the art.

[0054] Inthe embodiment shown, the signal generator 101
also generates a second actuator signal 204. In some
embodiments, the signal generator 101 may generate the
first actuator signal prior to generating the second actuator
signal. In other embodiments, the two signals may be
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generated concurrently. In further embodiments, the second
actuator signal may be generated prior to generating the first
actuator signal.

[0055] The second actuator signal has approximately the
frequency of the first actuator signal and a phase approxi-
mately 180 degrees out of phase with the first actuator
signal. The second actuator signal is configured to cause a
braking force on the actuator 102. In some embodiments, the
system 100 for braking an actuator may be commanded to
generate the second actuator signal by another processor or
system. For example, the processor 104 may transmit a
command to the signal generator 101 to generate a first
actuator signal, causing the signal generator 101 to generate
the first actuator signal. In other embodiments, the system
100 for braking an actuator may generate the second actua-
tor signal without receiving a command from another pro-
cessor or system. In embodiments where the system 100 for
braking an actuator is commanded to generate the second
actuator signal, the command may be very simple, for
example, including only an amplitude. Continuing the pre-
vious example, the processor 104 may, subsequent to com-
manding the signal generator 101 to generate the first
actuator signal, may command the signal generator 101 to
generate the second actuator signal, causing the signal
generator to generate the second actuator signal. In other
embodiments, the command may be complex, for example,
including an effect envelope. In still further embodiments,
the command may be more complex than an amplitude, but
less complex than an effect envelope.

[0056] In embodiments where the system 100 for braking
an actuator generates the second actuator signal without
receiving a command, a decision to generate the second
actuator signal may be based at least in part on a duration for
a vibrotactile haptic effect. In other embodiments, the deci-
sion may be based at least in part on an amplitude for a
vibrotactile haptic effect. For example, in one embodiment,
the system 100 for braking an actuator may decide to
generate a second actuator signal having less than maximum
amplitude based on the relatively small amplitude of the
vibrotactile haptic effect being generated by the actuator
102. In still further embodiments, the decision may be based
at least in part on an effect envelope. For example, in one
embodiment, an effect envelope may specify a change from
a maximum amplitude of vibration to an intermediate ampli-
tude of vibration. In such an embodiment, the system 100 for
braking an actuator may generate a second actuator signal
having a relatively small amplitude to cause a relatively
small braking force on the actuator.

[0057] After generating the second actuator signal 204, the
system 100 for braking an actuator transmits the second
actuator signal to the actuator 205. In the embodiment
shown, the second actuator signal is transmitted directly to
the actuator 102. In other embodiments, the signal may
travel through other components or systems prior to reach-
ing the actuator 102. For example, the signal may pass
through a filter. In another embodiment, the signal may pass
through an amplifier or a logic gate. In further embodiments,
the second actuator signal may be combined with another
signal or multiple other signals. Still further embodiments
will be apparent to one of ordinary skill in the art.

[0058] FIG. 3 is a block diagram illustrating components
of a signal generator 300 in one embodiment of the present
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invention. The embodiment of a signal generator 300 shown
in FIG. 3 comprises a rectangular wave generator 301, a
signal inverter 302, a filter 303, and an amplifier 304. The
signal generator 301 is configured to generate a first rect-
angular wave having a frequency approximately equal to the
resonant frequency of the actuator 305.

[0059] The signal inverter 302 is configured to generate a
second rectangular wave having approximately the same
frequency as the first rectangular wave and a phase approxi-
mately 180 degrees out of phase with the first rectangular
wave. The signal inverter 302 is further configured to be
either enabled or disabled. If the signal inverter 302 is
disabled, the signal inverter will not generate the second
rectangular wave and only the first rectangular wave will be
transmitted to the filter 303. In some embodiments, the first
rectangular wave will pass through the signal inverter 302
without being inverted. In other embodiments, the first
rectangular wave will bypass the signal inverter 302 and be
transmitted directly to the filter 303. If the signal inverter
302 is activated, it will generate the second rectangular wave
and only the second rectangular wave will be transmitted to
the filter 303.

[0060] In one embodiment, the signal inverter 302 com-
prises an exclusive-OR gate (“XOR gate”) configured to
receive a first rectangular wave and a logic state and output
a second rectangular wave. A logic state may have a value
of 0 or 1. The values of the logic state may further be
described as low or high. In some embodiments, a low value
may correspond to a value of 0 and a high value may
correspond to a value of 1. In other embodiments, a low
value may correspond to a value of 1 and a high value may
correspond to a value of 0. In the embodiment, the XOR gate
receives the first rectangular wave and the logic state. If the
logic state is 0, the XOR gate generates a second rectangular
wave having approximately the same frequency as the first
rectangular wave and a phase approximately the same as the
first rectangular wave. The signal inverter 302 then transmits
the second rectangular wave to the filter 303. If the logic
state is 1, the XOR gate generates a second rectangular wave
that has approximately the same frequency as the first
rectangular wave and a phase that is approximately 180
degrees out of phase with the first rectangular wave. The
signal inverter 302 then transmits the second rectangular
wave is transmitted to the filter 303. Some embodiments of
the present invention may not comprise a filter. In such
embodiments, the signal inverter 302 may transmit the
second rectangular wave to the amplifier 304. In other such
embodiments, the signal inverter 302 may transmit the
second rectangular wave to another component of the signal
generator 300.

[0061] The filter 303 is in communication with the signal
inverter 302, and the filter 303 is configured to convert a
rectangular wave to a substantially-sinusoidal wave of
approximately the same frequency and phase as the rectan-
gular wave. The filter 303 may be created using a variety of
components including, but not limited to, a processor, a D/A
converter, or an electronic circuit.

[0062] The amplifier 304 of signal generator 300 is con-
figured to generate an amplified signal based at least in part
on the output of the filter 303 and is further configured to
drive the resonant actuator 305. In some embodiments, the
amplifier 304 may comprise an operational amplifier. In
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further embodiments, the amplifier 304 may comprise a
processor. In still further embodiments the amplifier 304
may comprise an electronic circuit. One of ordinary skill in
the art would be familiar with embodiments not described
here configured to generate an amplified signal based at least
in part on the output of the filter and further configured to
drive the actuator 305.

[0063] It may be advantageous to use an embodiment like
the one shown in FIG. 3 when a signal generator capable of
generating substantially-sinusoidal waves to drive an actua-
tor is not readily available. In some embodiments where a
signal generator capable of generating a substantially-sinu-
soidal wave is not available, other components may be
available to generate a rectangular wave, which can then be
converted to a substantially-sinusoidal wave using, for
example, a band-pass filter. For example, a cell phone may
be capable of generating a rectangular wave, but not a
substantially sinusoidal wave. With the addition of a rela-
tively simple band pass filter comprising resistors and
capacitors, the rectangular wave may be converted into a
substantially-sinusoidal wave, which may then be passed
through an amplifier to generate actuator signals configured
to drive an actuator, or to generate a braking force on an
actuator.

[0064] Further embodiments of the present invention may
not comprise a filter 303. A filter may be not be used in some
embodiments where, for example, the resonant actuator 305
may be driven using a rectangular wave or an unfiltered
signal may be better suited to drive the resonant actuator
305.

[0065] FIG. 4 shows two graphs 400, 401 illustrating a
simulated low frequency wave using a vibrotactile haptic
effect envelope (“envelope™) and a resonant actuator with a
higher frequency than the envelope in one embodiment of
the present invention. Resonant devices are designed to
operate in a narrow band of frequencies according to system
properties. This provides significant amplification in the
output response that is required to make this technique
feasible from the user’s perspective.

[0066] However, driving the system at resonance at all
times limits the dynamic range of the vibrotactile haptic
effects that can be displayed with the device. Therefore, an
envelope may be desired that transforms the specific actua-
tor resonant frequency to a range of desired vibrotactile
haptic effects. The envelope may take into consideration the
frequencies of the desired vibrotactile haptic effects as well
as their waveform shapes.

[0067] Inoneembodiment, a vibrotactile haptic effect may
comprise vibrations configured to simulate the vibrations of
a car’s engine. The engine speed envelope may comprise a
low frequency, low amplitude envelope to simulate the
engine at an idle speed. The engine speed envelope may
further comprise a high frequency, high amplitude envelope
to simulate the engine running at very high RPMs. The
engine speed envelope may further comprise other enve-
lopes including but not limited to envelopes to simulate
acceleration where the frequency and amplitude of the
envelope increases, or envelopes to simulate deceleration
where the frequency and amplitude of the envelope
decreases.

[0068] Envelopes do not change the resonant frequency of
the actuator. Instead, frequencies lower than the resonant
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frequency may be simulated by periodically varying the
amplitude of the signal driving the actuator at resonance.
Further, the amplitude of the envelope may be varied by
varying the maximum amplitude of the signal driving the
actuator at resonance. For example, graph 400 shows an
envelope 402 of a substantially sinusoidal wave having a
frequency lower than the resonant frequency of a resonant
actuator. Graph 401 shows the vibration of the resonant
actuator as the amplitude of the actuator’s vibrations are
modulated to track the envelope 402. The envelope 402
describes a wave of varying amplitude, which is then
generated by varying the amplitude of the vibrations of the
actuator, as shown in graph 401.

[0069] The graph 401 shows the amplitude of the actuator
response increasing rapidly from a low amplitude to a higher
amplitude and returning to a low amplitude. To generate
actuator motion such that the actuator motion tracks the
haptic envelope, a first and second actuator signal may be
used to drive and brake the actuator. In the embodiment
shown, the first actuator signal comprises an amplitude or
duration based at least in part on the vibrotactile haptic effect
envelope, and the second actuator signal comprises an
amplitude or duration based at least in part on the vibrotac-
tile haptic effect envelope. The first actuator signal drives the
actuator at resonance, thereby causing the actuator to accel-
erate. The amplitude or the duration of the first signal may
be used to control the acceleration or steady-state motion of
the actuator such that the vibration of the actuator tracks the
haptic envelope. The second actuator signal brakes the
actuator, thereby causing the actuator to decelerate to track
the haptic envelope. The amplitude or the duration of the
second signal may be used to control the deceleration of the
actuator such that the vibration of the actuator tracks the
haptic envelope. A more detailed description of the braking
signal and its effect on the actuator can be found in reference
to FIG. 6 below.

[0070] In the embodiment shown, the first and second
actuator signals are transmitted to the actuator in sequence
to generate an actuator response that closely tracks the
haptic envelope. Thus, by varying the amplitude of the
actuator’s vibrations at resonance, frequencies lower than
the resonant frequency of the actuator may be generated
having a wide variety of amplitudes. The preceding example
illustrates a further advantage of embodiments of the present
invention, which is not only decreased braking time, but also
an increased ability to generate actuator responses that very
closely track a the shape of desired vibrotactile haptic effect,
represented by an envelope, by applying an suitable braking
signal to the actuator.

[0071] As described, an envelope is a function that defines
the “shape” or “feel” of a vibrotactile haptic effect to be
generated by an actuator. Envelopes may describe a wide
variety of vibrotactile effects. For example, one embodi-
ment, as described above, may comprise a substantially
periodic signal having a frequency lower than the resonant
frequency of the resonant actuator. Other embodiments may
comprise non-periodic or arbitrary envelopes describing
vibrotactile effects having constant and/or changing ampli-
tudes and/or frequencies.

[0072] FIG. 5 is a circuit diagram 500 of a signal gen-
erator in one embodiment of the present invention. The drive
circuit shown in FIG. 5 is based on a low cost filter-less high
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efficiency (approximately 1.1-1.3 Watt) audio amplifier 512.
The amplifier 512 may be powered directly from the battery
voltage 514 to minimize the implementation cost.

[0073] In one embodiment, the drive circuit uses four
control signals: ENABLE 505, (polarity) INVERT 504,
PWM_FREQ 502, and PWM_MAG 503.

[0074] The ENABLE 505 signal is active high: A low will
disable the audio amplifier 512. A high state will enable the
audio amplifier 512.

[0075] The INVERT 504 signal is used to stop the actuator
by inverting the phase of PWM_FREQ 502. It is normally
set to a logic value of 0, but is switched to a logic value of
1 for the duration required to stop the motion. Leaving it set
to a logic value of 1 longer may cause the motion to start in
the opposite phase. The timing of the INVERT 504 signal
may be calculated and applied by the system 100 for braking
an actuator. In other embodiments, the timing of the
INVERT 504 signal may be calculated and applied by a
processor.

[0076] The PWM_FREQ 502 signal may be set to the
actuator’s fundamental resonant frequency. In operation the
PWM_FREQ 502 duty cycle may be set at 50%. The
frequency may be set in accordance with the actuator’s
specified resonant frequency. The actuator’s resonant fre-
quency may fall within a tolerance. Accordingly, the level of
vibration could be significantly different from device to
device if this tolerance is too high.

[0077] The PWM_MAG 503 signal is set at a higher
switching frequency than PWM_FREQ 502. A frequency of
20 Khz may provide quiet operation. In other embodiments,
other operating frequencies may be used. The level of
voltage that may be applied across the actuator’s leads may
vary proportionately with the duty cycle of PWM_MAG
503.

[0078] Assuming a 1.8 Volts supply on the XOR gates
506, 507 and an actuator that requires 2.3V RMS, the
voltage gain is 1 and is matched to the duty cycle, for
example a 75% duty cycle represents 75% of the maximum
output of the motor. The voltage gain is adjusted by selecting
a matched ratio of resistors 508C to 508A and resistors 508D
to 508B. In other embodiments, the maximum duty cycle
may be less than 100% to respect the actuator specifications
if the gain is more than 1.

[0079] Inone embodiment, the circuit does not filter down
the harmonics of the fundamental frequency resulting in a
quasi-square wave, increasing the energy supplied to the
actuator. In such an embodiment, the “vibration” gain is
increased from what would be a sinusoid waveform.

[0080] The logic levels of the XOR gates 506, 507 are
compatible with the signal generator 501 1.8 Volts logic
level since the XOR gates 506, 507 are also powered with
the same 1.8V supply. The INVERT 504, PWM_FREQ 502
and PWM_MAG 503 signals drive the XOR gates 506, 507
directly. The ENABLE 505 signal is also the same 1.8V
logic level. In other embodiments, the logic level may need
to be shifted to insure compatibility with the logic source.

[0081] XOR gate 506 generates the signal for the + input
of the audio amplifier 5125. The signal is a square wave that
can inverted by setting INVERT 504 to a logic state of 1, or
can be transmitted without modification by setting INVERT
504 to a logic state of 0.
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[0082] XOR gate 507 generates the signal for the - input
of the audio amplifier 512¢. This is approximately a 20 kHz
variable duty cycle rectangular wave. The polarity of the
pulses are inverted in relation to the output of the other XOR
gate 506.

[0083] The signal formed by the XOR gates 506, 507 is
filtered to reduce high frequency content for the amplifier
512. Resistors 510a, 5105 and capacitor 5115, 511c¢ form a
low pass filter. Capacitor 515 provides decoupling for the
amplifier 512. Capacitor 509 provides decoupling to the
internal circuits of the amplifier.

[0084] Signal generator 501, in the embodiment shown,
generates rectangular waves PWM_FREQ 502 and PWM-
_MAG 503 using pulse-width modulation. Other embodi-
ments may generate rectangular waves using other methods
including, but not limited to, ripple counters, D/A convert-
ers, oscillators, ADCs, or a processor. PWM_FREQ 502
may be set to the actuator’s fundamental resonant frequency.
In operation the duty cycle of the pulse-width modulation
may be set at 50%. PWM_MAG 503 may be set at a higher
frequency than PWM_FREQ 502. A frequency of 20 Khz
may provide quiet operation. In other embodiments, other
operating frequencies may be used. The amplitude of an
actuator signal that may be applied to the actuator may vary
proportionately with the duty cycle of PWM_MAG 503.
FIG. 6 shows a graph 600 illustrating the inversion of a
signal 602 driving a resonant actuator and a graph 601
illustrating a comparison between the motion of a first
resonant actuator 604 driven by the signal 602 and the
motion of a second resonant actuator 605 allowed to return
to rest without braking, in one embodiment of the present
invention. Graph 600 shows a signal 602 configured to drive
a resonant actuator. The signal 602 is a rectangular wave
with a frequency approximately resonant to the actuator.
When time is approximately equal to 1 second, the signal
602 is inverted 603. The inversion 603 of the signal 602
results in a change in the phase of the signal 602 by
approximately 180 degrees, while the inverted signal retains
a frequency approximately resonant to the actuator.

[0085] Graph 601 shows the motion of two resonant
actuators, the motion 604 of the first actuator is generated by
driving the first actuator with the signal 602. The motion 605
of the second actuator is generated by a signal (not shown)
similar to signal 602, however, the signal driving the second
actuator is not inverted, but rather it is simply shut off at
time=1 second to allow the resonant actuator to return to
rest. As can be seen in graph 601, the motion 604 of the first
actuator and the motion 605 of the second actuator are very
similar for the portion of the graph 601 leading up to time=1
second when the signal 602 driving the first actuator is very
similar to the signal driving the second actuator.

[0086] At time=1 second, the signal 602 driving the first
actuator is inverted 603, while the signal driving the second
actuator is shut off. As can be seen in graph 601, the motion
604 of the first actuator decreases to a resting state before
time=1.05 seconds. While the motion 605 of the second
actuator has not ceased by time=1.2 seconds. Thus, the
inversion 603 of the signal 602 driving the first actuator
results in a substantial decrease in the braking time of the
resonant actuator as compared to the resonant actuator that
has no braking force applied to it.

[0087] The signal 602 shown is merely a representative
example of a signal configured to drive and brake an
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actuator. Other embodiments of the present invention may
use different signals to drive and brake a resonant actuator.
For example, signal 602 maintains its full amplitude after
being inverted 603 and is applied to the actuator for a
duration required to bring the actuator to rest. In other
embodiments of the present invention, other signals may be
used. For example, in one embodiment of the present
invention, the signal driving the resonant actuator may be
inverted and the inverted signal may have a lower amplitude
than the signal used to drive the actuator. In another embodi-
ment, the inverted signal may not be transmitted to the
resonant actuator for a duration required to bring the actua-
tor to rest. For example, the inverted signal may be trans-
mitted to the resonant actuator for a duration required to
conform the motion of the resonant actuator to a haptic
envelope. In still a further embodiment, the inverted signal
may be have a greater amplitude than the non-inverted
signal.

General

[0088] The foregoing description of the embodiments,
including preferred embodiments, of the invention has been
presented only for the purpose of illustration and description
and is not intended to be exhaustive or to limit the invention
to the precise forms disclosed. Numerous modifications and
adaptations thereof will be apparent to those skilled in the art
without departing from the spirit and scope of the this
invention.

That which is claimed is:
1. A method for braking an actuator comprising:

generating a first actuator signal having a frequency
approximately resonant to the actuator, the first actuator
signal configured to drive the actuator;

transmitting the first actuator signal to the actuator;

generating a second actuator signal having approximately
the frequency of the first actuator signal and a phase
approximately 180 degrees out of phase to the first
actuator signal, the second actuator signal configured to
cause a braking force on the actuator; and

transmitting the second actuator signal to the actuator.

2. The method of claim 1, wherein the first actuator signal
is configured to cause the actuator to generate a vibrotactile
haptic effect.

3. The method of claim 1, further comprising generating
a vibrotactile haptic effect envelope before generating the
first actuator signal, wherein the first actuator signal com-
prises a modulated amplitude based at least in part on the
vibrotactile haptic effect envelope, and the second actuator
signal comprises an amplitude based at least in part on the
vibrotactile haptic effect envelope.

4. The method of claim 3, wherein the vibrotactile haptic
effect envelope comprises a substantially periodic signal
having a frequency lower than the first and second actuator
signals.

5. The method of claim 1, further comprising generating
a vibrotactile haptic effect envelope before generating the
first actuator signal, wherein the first actuator signal com-
prises a modulated amplitude based at least in part on the
vibrotactile haptic effect envelope, and the second actuator
signal comprises a duration based at least in part on the
vibrotactile haptic effect envelope.

Jun. 8, 2006

6. The method of claim 5, wherein the second actuator
signal comprises a maximum magnitude.
7. The method of claim 1, further comprising:

generating a modulating signal configured to modulate the
amplitude of the first and second actuator signals; and

combining the first and second actuator signals with the
modulating signal such that the amplitude of the first
and second actuator signals is changed based at least in
part on the modulating signal.
8. The method of claim 1, wherein generating the first
actuator signal comprises:

generating a first rectangular wave having a frequency
approximately resonant to the actuator,

generating a second rectangular wave having approxi-
mately the same frequency by logically exclusive-
ORing the first rectangular wave with a digital signal in
a first logic state; and

generating the second actuator signal comprises:
changing the digital signal to a second logic state,

generating a third rectangular wave having approxi-
mately the frequency of the first actuator signal and
a phase approximately 180 degrees out of phase to
the first actuator signal by logically exclusive-ORing
the first rectangular wave with the digital signal in a
second logic state.

9. The method of claim 8, wherein generating the first
actuator signal further comprises transmitting the second
rectangular wave through a filter configured to generate a
substantially sinusoidal wave at approximately the same
frequency as the second rectangular wave; and

generating the second actuator signal further comprises
transmitting the third rectangular wave through the
filter.

10. The method of claim 1, wherein the first and second
actuator signals, each comprises a substantially sinusoidal
wave.

11. A system for braking an actuator comprising:

an actuator; and

a signal generator in communication with the actuator, the
signal generator configured to:

generate a first actuator signal having a frequency
approximately resonant to the actuator, the first
actuator signal configured to drive the actuator,

transmit the first actuator signal to the actuator,

generate a second actuator signal having approximately
the frequency of the first actuator signal and a phase
approximately 180 degrees out of phase to the first
actuator signal, the second actuator signal configured
to cause a braking force on the actuator, and

transmit the second actuator signal to the actuator.
12. The system of claim 11, wherein the first actuator
signal is configured to generate a vibrotactile haptic effect.
13. The system of claim 11, wherein the signal generator
is further configured to:

receive a vibrotactile haptic effect envelope;
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generate the first actuator signal, wherein the first actuator
signal comprises a modulated amplitude based at least
in part on the vibrotactile haptic effect envelope;

generate the second actuator signal, wherein the second
actuator signal comprises an amplitude based at least in
part on the vibrotactile haptic effect envelope
14. The system of claim 11, wherein the signal generator
is further configured to:

receive a vibrotactile haptic effect envelope;

generate the first actuator signal, wherein the first actuator
signal comprises an amplitude based at least in part on
the vibrotactile haptic effect envelope;

generate the second actuator signal, wherein the second
actuator signal comprises a duration based at least in
part on the vibrotactile haptic effect envelope.

15. The system of claim 14, wherein the vibrotactile
haptic effect envelope comprises a substantially periodic
signal having an envelope frequency lower than the fre-
quency associated with the first and second actuator signals

16. The system of claim 11, wherein the actuator com-
prises a linear resonant actuator.

17. The system of claim 11, further comprising a housing
configured to house the actuator and the signal generator.

18. The system of claim 17, wherein the housing com-
prises a cell phone housing.

19. The system of claim 17, wherein the housing com-
prises a personal digital assistant housing.

20. The system of claim 11, wherein, the signal generator
comprises a processor.

21. The system of claim 11, wherein the signal generator
comprises:

arectangular wave generator configured to generate a first
rectangular wave having a frequency approximately
equal to the resonant frequency of the actuator;

a signal inverter configured to:

generate a second rectangular wave having approxi-
mately the same frequency as the first rectangular
wave and a phase approximately 180 degrees out of
phase with the first rectangular wave, and

be either enabled or disabled;

an amplifier configured to generate an amplified signal
configured to drive the actuator.
22. The system of claim 21, wherein the signal generator
further comprises:

a filter in communication with the signal generator, the
filter configured to convert a rectangular wave to a
substantially-sinusoidal wave of approximately the
same frequency and phase as the first rectangular wave;
and

the amplifier is further configured to generate an amplified
signal configured to drive the actuator based at least in
part on the output of the filter.
23. The system of claim 21, wherein the first signal
generator comprises a pulse-width modulator.
24. The system of claim 21, wherein the first signal
generator comprises a ripple counter.
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25. The system of claim 11, further comprising a modu-
lator configured to:

receive the first and second actuator signals, and

modulate the first and second actuator signals based at
least in part on a modulating signal, the modulating
signal generated by the signal generator.
26. A computer-readable medium on which is encoded
program code for braking an actuator, the program code
comprising:

program code for generating a first actuator signal having
a frequency approximately resonant to the actuator, the
first actuator signal configured to drive the actuator;

program code for transmitting the first actuator signal to
the actuator;

program code for generating a second actuator signal
having approximately the frequency of the first actuator
signal and a phase approximately 180 degrees out of
phase to the first actuator signal, the second actuator
signal configured to cause a braking force on the
actuator; and

program code for transmitting the second actuator signal

to the actuator.

27. The computer-readable medium of claim 26, wherein
the first actuator signal is configured to cause the actuator to
generate a vibrotactile haptic effect.

28. The computer-readable medium of claim 26, further
comprising:

program code for generating a vibrotactile haptic effect
envelope before generating the first actuator signal,
wherein the first actuator signal comprises an amplitude
based at least in part on a vibrotactile haptic effect
envelope, and the second actuator signal comprises an
amplitude based at least in part on the vibrotactile
haptic effect envelope.
29. The computer-readable medium of claim 26, wherein
program code for generating the first actuator signal com-
prises:

program code for generating a first rectangular wave
having a frequency approximately resonant to the
actuator,

program code for generating a second rectangular wave
having approximately the same frequency by logically
exclusive-ORing the first rectangular wave with a digi-
tal signal in a first logic state; and

program code for generating the second actuator signal
comprises:

program code for changing the digital signal to a
second logic state,

program code for generating a third rectangular wave
having approximately the frequency of the first
actuator signal and a phase approximately 180
degrees out of phase to the first actuator signal by
logically exclusive-ORing the first rectangular wave
with the digital signal in a second logic state
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