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PREFACE AND ACKNOWLEDGMENT 

The universal joint, which is a mechan ism for transmitling torque or rotary motion through an 
angle. has been produced in many different design concepts. The origin of the universal joint can be 
traced 10 the Thineenth Century . Since Ihatlime . the universal joint. because of its unique kinematic 
characteristics. has been studied by engineers. scientists. and mathematicians. Their combined 
effons have resulted in the publication of many theoretical and practical analyses and in the 
development and application of many useful devices that are classified as universal joints. Consider· 
able progress has been made in design innovalions. analytical procedures. and manufacturing 
techniques. 

The SAE Universal Joinr and Driveshaft Design Marr'ual. was developed to present infonnation 
on the latest technologies practiced in the power transmission field. along with related references. 
Another purpose of the design manual is to present expranations of the various subject matter that 
will fulfill the varied needs of engineers. designers . students. and others associated with drivetrain 
engineering and related activities. 

Design guidelines and technology, from applicable dynamic and kinematic disciplines. are 
described and explained in detail for a wide range of peninent topics. These guidelines aid in the 
establishment of new designs, improvements in existing designs. or solving specific problems. 
These design guidelines are necessary for the analysis and evaluation of a universal joint. other 
driveshafl components. or a complete driveshaft for a specifM: application. All infonnation or data 
described has been obtained from actual laboratory tests and substantiated by successful field 
applications. Design and application practices which have been successfully used are described in 
detail. 
The following is a brief description of the subjects covered by the SAE Universal Joint and 
Driveshaft Design Manual. 

• All types of power transmiuing mechanisms classified as universal joints. which are either of 
the constant velocity or the nonconstant velocity types, are discussed. The description of 
their concept, kinematic characteristics. functional capabilities, and design procedures are 
presented in detail in an easy-to-understand format. 

• The most commonly used driveshaft arrangements that couple universal joints to other 
driveshaft and drivetrain components are explained, including functional characteristics and 
detailed design procedures for the various components and attachment methods. 

• All types of applications requiring the transmission of power from the power source to a 
driven member are described , including operat ing requirements and design parameters for 
many specific applications. 

• Drivetrain disturbances, their sources of excitation, and the various methods of controlling 
them are presented. 

• Analytical procedures necessary for design analysis, evaluation, and application of universal 
joints, driveshaft components, and complete driveshaft assemblies are shown for the first 
time in one publication. 

• The evaluation of universal joints. driveshaft components, and complete driveshaf't as­
!>emblies by tanoratory and vehicle testing is der.cribed. 

• Peninent references are listed at the end of chapters, sections, appendices, and in the 
Bibliography, which substantiate the material presented and provide the opportunity to 
obtain more detailed information on a panicular SUbject. 

Recognition and appreciation is expressed to the members of the Driveshaft Subcommittee of the 
SAE Transmission and Drivetrain Technical Committee and to the many other SAE members who 
have contributed their time, knowledge, and talents to this publication. 

Special recognition is extended 10 Mr. E. R. Wagner, P.E .• Secretary of the Driveshaft Subcom­
mittee of the SAE Transmission and Drivetrain Technical Committee, whose contributions and 
organizational skills are self-explanatory. 

Our gratitude and appreciation is expressed to the members of the SAE Editorial and Publication 
Subcommittee of the SAE Transmission and Drivetrain Technical Committee, and especially the 
Committee Chainnan, Mr. E. L. Clary, P.E., for the efftcient manner in which the many manus­
cripts for this publication were reviewed. 
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Chapter 1 

Driveline and Driveshaft 
Arrangements and Constructions 

E. R. Wagner, P.E. - Saginaw Steering Gear Div., GMC 

TORQUE TUB E DRIVE 

Fig. 1 - Basic drivelines 

Introduction 

In the classic layout of a lypical autornnl;vl.' vt.'hid c. the power 
source . or engine . has been al the frnnl and the drive ill the n:ar. A 
connecting shan. or drivelin/,'. is rcquireul0 Iransmillhc power 
from the engine and transmi ssion 10 the differential o r final uriVI.' 
uni!. Basically, the drivelinc a1.'ls as a (Or~ innal CliNic mcmo..' r in 
a lypical vehicle drivetrain and in ils simplest form is a torsional 
spring eonnecling two masses of relatively large rotating incnias 
In a more practical sense, the drivel;nc is an a~scmb ly of nne or 
more universal joinled sol id or tubu lar driveshafls . 11 rn) vidc~ f(IT 

axial movement and transmits toryue and rolati(lnal mnlilln al a 
fixed or varying angu lar relationship fmm nne ~hafl In another. 

For example. when the differential il> pan of thc Oexibly 
mou nted or unsprung live, rigid ax le. Ihe drive line obvioul>ly 
must provide fur axial length ehanges and re~uirc- universal join!. .. 
10 accomm()date the relative angu lar movemen t Even when thc 
differential is frame-mounh:d. OcxibililY in the stnJt:lur.: ill> well 
as assembly tolerances generally do nOI alit)\\. Ihc dimmatl(1O of 

3 

universal joints and prov;si(lOS for axial movement. Also. Ihis 
laller drivetrain layout requi res universal jointed axle driveshafls 
or halfshafts connecting the sprung differential with Ihe unsprung 
wheels . In addition, these universal jointed axle driveshafts arc 
required on vehicles having Ihe power source and driving whcel~ 
located al the same end, such as front- located enginc wilh from 
drivc. or rear- located engine with rcar drive . 

Basic Vehicle Driveline Types 

The two basic types (If main driveHnes used in automotive 
applit'alion~ have been the torque lube drive and Ihe Ho\(:hkiss 
dri ve (open driveline) CllOstrut:li()ns shown in Fig . t Typical 
driveshafl.~ used in these l(lf4U~ tub..: and npcn drivelines arc 
illuStraled in Fig . 2. 

The torque lube drive. now nearly ob~)lc le . was once com· 
monly used in passenger l'<lr~ In additi(1n Iu Iransmining driving 
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TORQUE TUBe TYPE 

® OPEN DRIVEUNE TYPE 

Fig. 2-Oflveshafl types 

Imquc from Ihc engine and IrOmsmis)ion to the live rigid rcar axle 
differemial. Ihc torque lUbe dnlle also had 10 resisllorquc rcar.: lion 
and Iran.~mil driving and braki ng lhrust forces from Ihc wheels 10 
Ihc vchu.:k, [hrough Ihc torque balliocaled on its forward end . 
This torque bal l contaIned an enclosed uni versal joinl . There have 
a lsu been modified lim-lue lUbe drive cnnslruclions used wilh live 
axles which differed somewhat from Ihe convcnlional <ksign in 
(unelil)nal and fm('c Iransmilling characlerisl ics or abilities. In 

add ilion, there have been some torque tube drivcshafl cnnligura­
lions used wherein Ihc rear diffe~nlial has ~en frame mutinied 
and with nn universal Juinls incorporated in the driveshafl. 

Among the majOr disadvantages of thc torque lube: drive have 
been high l'OSI. adding lu unsprung weight when used wilh a live 
axle and Ihe hollow lube acting as an amplifier, resulting in the 
transmissinn of undc~irable drive line noises and disturbances. In 
addition. repai r or st:rvicing l·osls. if needed, tend 10 he high. 

The (Ipcn urivclinc dc~ign, having two or more universal joi nts. 
i~ pre.,ently thc mo~1 Cllmrnon means of Iran smi uing power fmm 
Ihe engine and transmission to the axle final dri ve unil. Wilh this 

~'\lnstruc t i\ln, only drivelinc torque is Iransm iuetl through thc 
driveshaft . The driving and braking tl)rust r(IR'eS from Ihe wheels 
and the axle I()rquc: reacti(ln forces are transmitted to the vehide 

thmugh the ~u~pcns ion Cllmponcnls. The only thrust fort.:es im­
posed on the driveshaft are due to suspension motions, pow_ 

crplant movements, and wind· up or wind·down of Ii'll' rcar axle 
carrier nose. c=-.pecially under conditions of high torque applica­
lIOn Among Ihe maJor advantages llf the open drivel inc arc: low 

1.:05t. ca:o.c of manufacture. rc=ducc:d vehicle weigl'll, and c:aM! of 
1n~lallallon <1m! M:rvil'lng Abu. Ih ... IIp:n drivcshaft alluws Ihe 
ncxibitny tn deSIgn a s(llisf,w:ttlry drivel in ... a rrangement tn meet 

widely varying vch1de in:.I<llIallnn re~luircmcnts . 

Driveline Arrangements 

BCC(lUSl' of wide ly varying. applil'atinn requir~m('n t s. 

Jrivclincs can b!: de~igncd in numernus arrangements. Generally, 

dri vcl in e.~ ure designed in two-joint or multi jo int shuft arrange­
mt'!nts . Fig . J illu~tratc), lypkaJ pas~nger car driveshaft arrangl'­
menls whef\~ IWllnr Ihree universal juinls arc usually used in Ihc 
main driveline. 

~ U~f\~f~~A l 
~ JOINT (,) 

~(7'-'--OO-U-B-L-E-CA-R-O-A-N--\~ (01 

UNIVERSAL JOIN,T,!. ~ ') 

-, .. X , 

, 
'-t------"T"-.-:... ' 

FIg. 3 - TypICal passenger car dnvaline arrangements 

, 
./ 

0) 

The use of t ruck ~ with more than one driving axle in military 

upplicalions led to a commonly used system of designating drive· 
train configur;lIions for Ihesc and o ther on· highway and off· 
highw<lY vehidcs Thu~. a 4 x 2 truek is a four·wheel truck with 
two-wheel drive, and a 4 x 4 truck is a four·wheel truck with 
four-wheel drive . The~ are also 6 x :!. 6 x 4. and 6 x 6 trucks 
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Fig. 4 - Typical 4 X 2 and 6 lt 2 truck drivelina arrangements 

FIg. 5 - Typical 4 )( 4 truck driv&tina anangem&nts 

FIg. 6 - Typical 6 II 4 truck drtvellne ammgements 

5 

fig. 7 - Typical 5 x 6 truciI. drivellne arrangements 

which are six-wheelers with drive on two. four. and six wheels 
respeclively . Figs. 4, 5, 6, and 7 show Iypical main driveline 
arrangements for these various types of vehicles. 

In addition to main driveline arrangements. certain vehicles 
also incorporate universal jointed axle driveshafts or halfshafls in 
the drivetrain system. Fig. 8 illustrates a lypical4 x 4 vehicle with 
front and rear live rigid 3Jf.les , where a universal join! is thus 
required at each front steerable wheel. Fig. 9 shows a typicaJ6K 6 
vehicle with independent suspension at all wheels. Also. vehicles 
which have the powerplant and driving wheels localed al the same 
end . such as front engine with front drive or rear engine with rear 
drive, require universal jointed axle driveshafts. Fig . 10 illus­
trates the driveline arrangement of a typical small front wheel 
drive passenger car. Also shown in this illustration is a typical 
universal jointed steering shaft generally required for such a 
vehicle. 

Agricultural implements incorporate various driveline ar­
range ments between the tractor's power take-off drive system and 
the implement. Fig . 11 shows a typical two-joint shaft arrange­
men! with the tractor and implemen! in various relative angular 
relationships to each other. 

Various driveline arrangements are also used in railway. 
marine . industrial. and stationary drive applications. Fig. 12 
illustrates a typical Diesel locomotive driveline arrangement and 
Fig. 13 shows a typical cargo pump drive system. 

Driveline Constructions 

Depending on the widely varying application requirements. 
driveHne constructions can assume numerous design configura­
tions in order 10 accommodate the necessary relative angular and 
axial movemen!s. In the chapter on Universal Joints. numerous 
joint constructions are described. Depending on their design 
characteristics. some of these joints may be used in a wide variely 
of applications where angular motion only is required. while other 
joints have limited applicalion. Besides providing angular 
movement. some joints also accommodate axial stroke simul­
taneously . In addition. various types of driveline splines and axial 
motion mechanisms are described in the chapter on Splin.es and 
Axial Motion Devias. 

In typical passenger car and truck applications. the two-joint 
driveshaft incorporating Cardan univernl joints represents the 
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"'-I 'In Fig. a _ Typical driveline arrangemen1 of 4 )( 4 ve' ..... e WI 
front and fltaf live, rigid axles 

, 

\ 

, 

RACK & PINION 
STEERING GEAR 

AXLE DAIVESHAFTS 

F''9. 9 - Typical drivellne 8IT8ng&m&nf of 6 x 6 vehicle with 
Independent suspension at all wheels 

I ;::-' , 

," --, " '- -= 

, .-
STEERING COLUMN 

STEERING SHAFT 

FIg, ~O - Typical small FWD passenger car driv&llne ~~C ... ~ 
Sleenng shaft llfT8ngem&nts 
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MOTOR- fflrrlr 

SHAFT SUPPORT 
BEARING 

PUMP-------;.~(~==~ 
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FIg. 11 - Typical driYeline arrangement between tractor and F"IQ. 13 - Typical cargo pump drive system 
agficulturallmplement Showing required reCaUve movement 

Fig. 12 - Typical drivel,"!;! arrangement of Diesel locomotive 

most commonly used driveline construction. This construction is 
generally referred to as either a Iwo·joint outboard slip or a 
two-joint inboard slip driveshaft. depending on the location of the 
slip spline or other axial motion device. The two-joint outboard 
slip drive shaft is a driveshaft or part of a driveline with a universal 
joinl al each end. Axial movement is provided outboard of joint 
centers. This type of shaft. illustrated schematically in Fig. l4{a), 
is commonly used in passenger car applications. The two-joinl 
inboard slip driveshaft is a driveshaft or par1 of a driveline with a 
universal joint at each end. Axial movement is provided inboard 
of joint centers. This type of shaft. shown schematically in Fig. 
l4(b}, is usually used in truck applications. A two-joint driveshafl 
construction without provision for axial or telescopic motion, 

FRONT REAR 

_______ ~ SPLINE ~SLlP SPLINE 

(0) 

~ 
(b) 

(c) 

Fig. 14 - Two-jolnl drtveshaft constructions 

illustrated schematically in Fig. 14(c), is also used in certain 
limited applications as a structural member to resist thrust forces 
in addition to transmitting torque. 

Fig. 15 shows a two-joint outboard slip driveshafl with various 
typical Cardan joint yoke, bearing. bearing retainer, and tube 
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TOASIOOU"L o.w~t~ 

Fig. 15 - Two-joint outboard slip driveshaft 

constructions. Additional yoke. bearing, and bearing retainer 
constructions are described in the section on the Cardanjoint. Fig. 
16 illustrates a typical two-joint inboard slip driveshaft construc­
tion. 

Three-joint drivelines. which are are used in some passenger 
cars, are more often required in truck applications. A shaft sup­
port beating at an intenncdiatc position must be used in these 
two·piece driveline arrangements. Various support bearing de· 
signs are shown in the chapter on Shaft Support Bearings. Fig. 17 
illustrates schematically two common types of shaft constructions 
used in truck drivelines. The front section of these shafl construc­
tions is referred to· as a single join! coupling shafl. It is the 
coupling member or members of a multiple joint drive line which 
consists of a univeru1joint, tube. shaft suppon bearing. and a slip 
or fixed spline shaft. In a multiple joint driveline, when more than 
one support bearing is necessary. these coupling shafts can be 
connected in series as required. In Fig. I 7(a), a slip spline shaft is 
shown at the suppon bearing. Hence, the rear section must be of 
the two-joint outboard slip driveshafl construction in order to 
accommodate the axial travel required by rear axle movements. In 
Fig. 17(b), an intenerence or permanent fil (fixed) spline shaft is 

FIg. 16 - Two-jQlnllnboard slip driYeshaft 

''II£~N~L 
VI8ll.TION 
~!lSORlI[1'I 
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Fig. 17 - Three-joint driveshaft constructions 

FRONT 

"~ " 

101 

Ie I 
Fig. 18 - Three-;oint driveshaft constructions 

SL.W YOKE 

RETAINING RING~ 

ROUND BeA~llIIg -,..... ... ~ 
CROSS t;I ... 
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TRACTOR PTa 
SHAFT END WITH 

QUICK·DISCONNECT 
YOKE .. 

.. 
SAFETY SHIELD 

Fig. 20 - Agriculturallmp/ement PTO driveshaft 

illustrated at the suppon bearing. Therefore. the rear section must 
be of the two-join! inboard slip driveshaft conSlruction in order to 
accommodate the required axial" stroke. In both of these shaft 
constructions. an interference or permanent fit spline is shown at 
the front or transmission end, as well as at the rear end. 

II is possible to employ both of these shaft constructions with a 
slip spline at the fronl instead, as shown schematically in Fig. 18 
(a) and (b). This design concept. most ofleo found in passenger 
cars, can reduce the driveline cost and readily accommodate 
vehicle build tolerances. Fig. 19 iIlusnates such a typical two­
piece passengercardriveshaft featuring a Cardan. double Cardan. 
and Cardan joint in series. Since a slip spline is empl'lyed atlhe 
sUpPOrt bearing. the rear sect ion of the driveline must be of the 
two·joint outboard slip drives haft construction as shown schemat­
ically in Fig. 18(a). 

When a passenger car is equipped with independent rear sus· 
pension. the main driveline is not required to accommodate axial 
travel due to rear wheel movemeI1ls. Hence. when a two·piece 
driveshaft is necessary in such a vehicle. a slip spline is required 
only to provide build tolerances. A shaft construction with a slip 
spline at the front. as illustrated schematically in Fig . 18(c), has 

IMPLEMENT INPUT 
SHAFT ENO .. 

been used. 
In agriculrural implement applications, a typicaltwo·joint in· 

board slip driveshafl construction. such as shown in Fig. 20. has 
been commonly used. This telescoping power lak~-off driveshafl 

Fig. 21 - Light-duty truck axle driveshaft with Cardan joint for 
front live, rigid axle 

incorporates a quick-disconnect yoke design for' ease of anach· t~~~;~i;~~:::::==:::== 
ment to the traclOr"S power take-off drive system and a safety 
shield. The chapler on Agriculrurallmplement Driveshafts de. 1rh-"""l1~ 
scribes other typical driveshaft constructions being used. 

Axle driveshaft constructions of various designs have been 
used depending on the vehicle application requirements and are 
described in the chapter on Axle Drive.rhafis. Fig. 21 illustrates a 
typical axle driveshaft with a Cardan joint which is used at the' 
front steerable wheel of a live, rigid axle for a light-duty truck. 
The universal joint is positioned inside the commonly used open 
steering knuckle construction. Axle driveshafts which are 
elT!ployed with independent wheel suspensions, in general. re-
quire universal joints other than the common Cardan joint. Fig. 22 
shows a typical axle driveshaft or halfshaft with constant velocity 
joint!> for a front drive pa"senger car. The chapler on Universal 
Joints describes various joint designs which may be u!>ed for axle 
driveshafts depending on the application requirements. 

Fig. 22 - FWD passenger car axle driveShaft with constant 
velocity Joints . 
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Section 2.1 

Driveline Functions 
D. W. Holzinger- - Spicer Universal Joint Div., Dana Corp. 

The driveline or driveshafl in rln oppJicalion must perform 
cen;Jin ba.,iI,: functiuns which vilry in impor1an~:c (rom one appli­
cation III ,mother. The four basic functions which Ihe drive line 
must fulfill are: 

Torque 

The primary purpose of Ihe drivc.\hat"t in an application is tu 
Imnsmjl torque thJ\lugh an angle between Ihe power source and 
the driven member. 

Rotation 

The driveshaft must be capable of rotating through a speed 
range as required by a given application. 

Angles 

The univenial joints used in a driveshaft must be capable of 
opemling at fiMd or vllrying angles of the intersecting shaft rota­
tional axes. 

Length Changes 

Most driveshaft installations require some me<lns of compen ­
sating for or effecting. shaft length changes. In a Iypical two-joint 
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drivcshaft. these length changes or axial mOVement), may OCL'ur a.\ 
f\lllows: 

I. Between the universal joint ~'enters 
2. 'At one or bolh ends \lUISide {If Ihe universal joint cenll!l'S. 

3. Wilhin one or hOlh un Iversill joint~ which have end ffillti'!n 
capabilities. 

Since the drive line is essentially a rotating power transmissi{m 
element in it drive system. il depends upon the drivinl; and driven 
members for its suppon. Thl! dynamic characlcristks of the~e 
suppons can substantially influence the driveline in tlpeTilting 
~mo{}thly. while pcrfonning ils required functions. These fum:­
liuns detennine the dynamic Ilpentting chilracterist1cs of the 
driveline and their effects on the appl icalion '.~ overd)1 system. It is 
imIX)nant to evaluate these fun(tioos (lnd 10 mnsider thei r effects 
in the seleclinn of a driIJeline for a giIJen application. 

In summary. the four basic functions thilt the driveline is ex­
pected In satisfy are torque. roliltion. angles. and length I.:hanges. 
In conjunction wilh Ihese b:.lsic funclions. the means uf suppon 
for Ihe driveJine pmvide an imponant contrihution in the succe~s­
ful performance of these fum:tion .\, 
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Section 2.2 

Application Parameters and Established Practices 
D. W. Holzinger - Spicer Universal Joint m"" Dana Corp. 

R. W. Powers _ Oldsmobile Div., GMC 
J. M. Lyons - Mack Trucks. In<:. 

Introduction 

The design of a driveline ordriveshaft requires consideration of 
the basic functions which it is expected to perfonn in conjunction 
with the specific application parameters of the intended applica­
tion . The driveline's basic functions are described in the previous 
section on Drive/inc Functions . 

In correlating the driveshaft's functions with the required ap­
plication parameters, design limits relarive to torque capacity, 
performance. and life expectancy or durability, must be estab­
lished. These lirnitsmaybeoftheevolutionary type, such as those 
which have been obtained through experience. and successful per­
fonnance in applications. or by evaJualion of the design parame­
ters with the use of acomputerized mathematical model. II is good 
practice to substantiate the results of the mathematical analysis 
with physical test procedures such as laboratory and field tests. 
Once established. these limits and test data can serve as useful 
design guidelines or practices and together with the application's 
requirements, a satisfactory driveline can be designed for the 
intended application. 

The following application parameters and established practices 
apply, in particular, to vehicle main or longitudi>lal drivelines, 
while those requirements related specifically to accessory drives, 
agricullural implemenl driveshafts, and axle driveshafts are dis­
cussed in the chapters pertaining to those shaft constructions. 
Also, the following established practices can apply to numerous 
other drive syslem possibilities whcn properly altered or modified 
for a specific application. 

Durability 

The driveline in an application must be capable of functioning 
satisfactorily for the inlended life expectancy when subjected to 
all the operating requirements; for which il is designed . Each 
driveshaft design has an operating capability which is basically 
the durability or life of the driveshaft assembly . 

Based on a comprehensive knowledge and understanding of all 
the parameters pertaining to an application, it is possible to design 
a driveshaft for the application. The complete driveshaft should 
have the torsional strength characteristics to transmit the torque 
without premalure fatigue failure. The driveshaft universal joints 
must have a bearing design that is capable of transmitting the 
torque and speed through the required joint angles and under the 
environmental conditions encountered. The slip splines or other 
axial motion means employed must be capable of accommodating 
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the required length change and be designed wilh adequate wear 
life and lubricant retention to withstand the combined effects of 
torque, axial motion, and envi ronmental conditions. The 
driveshaf! design dimensions must be proportioned so as 10 

minimize the effects of the dynamic forces and have adequate 
stiffness or a large enough diameter to operate safely at the 
maximum operating speed. 

The durability of a driveshaft or the final substantiation thai the 
design will meet the intended requ Irement is most effectively 
established by actual vehicle tests . These tests can be used to 
determine the effects of torque, speed, join! angles, length 
changes, environment, vibration, and manufacruringlimils on the 
life and suit,abi lity of the design for the application. 

Torque Capacity 

The driveline in an application must be capable of transmitting 
the maximum torque developed by the drivetrain. In a typical 
applicalion, the drivetrain may be subjected to various torsional 
loading modes during its service life. These torque loads can be 
applied steadily under stalic or rotating conditions or the drive­
train may be subjected to intenninent shock or impact type tor­
sional loads which. depending on the source or origin of these 
toads, can be considerably higher than the maximum computed 
steady load. 

For example. the torque requirements for a typical passenger 
car dri veshaf1 are selected on the basis of 1he vehicle's weight, the 
normal COnlinuous operating lorque . and the maximum short duo 
ration torques resulting from normal vehicle usage. Also. the 
passenger car's weighl as well as the design and functional 
characteristics of the entire power train and drivetrain system 
determine the maximum levels of various shock torques which 
may be achieved in a vehicle. The driveshaft must be capable of 
safely transmilfing these maximum torques which can be de­
veloped by various abusive loading modes as described in the 
fo llowing section on Design Torqut! ConsidemJions. 

The conlinuousoperating torque is representative of that torque 
which the driveshaft is required 10 transmit for the greatest per­
centage of time during the vehicle's life expectancy. This torque 
is dependent on Ihe transmission output torque required to propel 
the car at normal highway cruiSing speeds. 

The maximum short duration torque is the greater of either the 
engine torque multiplied by the torque converter stall and trans­
mission low gear ratios. or the wheel slip torque. In most cases, 
the passenger car is tractive limited and, therefore, the maximum 
short duration torque will be controlled by wheel slip. This coocli­
tion is generally true for the larger cars where engine size and 
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Fig. 1 - Typical passenger car rear 3l!;le movements affecting 
driveline geometry 

transmission gear ratios are in excess of that required for normal 
perfonnance. It is always prudent to compare both the maximum 
engine delivered and wheel slip torques. This mathematicaJ pro­
cedure is shown in the Vehicle Driveline Analysis section of this 
chapter for various typical vehicles. 

The various torsional loading modes described for passenger 
cars also apply, in general, to truckdrivelines. The loading sever­
ity on the driveshaft, however, can vary greatly depending on the 
usage of the specific vehicle. In passenger car and light-duty truck 
applications, the lower gears are not as widely used as in medium 
and heavy-duty [rucks. In off-highway vehicles, the percentage of 
the total operating time which is spent in the lower gears is still 
greater. Since the maximum torque operating time in these vehi­
des is much longer by comparison, and the lower gear torques are 
used considerably more , additional infonnation about the applica­
tion's operating characteristics must be known in order to predict 
universal joint life. For these vehide applications. a load or duty 
cyde must be established in order to detennine a total life expec­
tancy. This procedure is shown in the Duty Cycle Dererminarion 
section of this chapter. 

Rotational Speed 

Depending on the application, thedriveline may be required 10 
rotate through a relatively large speed range, which can vary from 
zero to the engine's maximum speed. In addition, higher speeds 
can resull from engine "overspeeds" and/or gear unit overdrive 
ratios. Consequently, the driveshaft must be capable of perform­
ingsafely for sustained periods of time at the peak operating speed 
of the drivetrain for which it is intended. 

This speed capability requires that the criticaJ speed of the 
driveshaft must be higher than the maximum design rotational 
speed of the drivetrain . To avoid operation in the critical speed 
range, the accepted practice for typical passenger car and light­
duty truck applications has been to design the driveshaft and 
powerplant (engine and transmission) so that the peak operating 
speed encountered is equal to or less than 85% of the driveshaft's 
true critical speed. For medium and heavy-duly truck appliea. 
[jons. the peak operating speed of the driveshaft should be equal 
to or less than 75% of the shaft 's criticaJ speed. 

These critical speed design practices or guidelines can limit the 
maximum pennissible installed length of the driveline as well as 

the minimum tube diameter and the maximum tube wall thick­
ness. Therefore, if the required shaft length and the available 
underbody clearance space do not permit the use of a commonly 
used one piece driveshaft. a two piece or multipiece driveline 
must be employed to meet the critical speed and clearance re­
quiremenls. The subject of critical speed is discussed in detail in 
the chapter on Critical Speed. 

Universal Joint Angles 

The universal joints of the driveline must be capable of operat­
ing through the required range of angles at varying torque loads 
and operating speeds without causing objectionable disturbances. 
TIle true universal joint angles of the driveline can be established 
by means of a layout or by a computer analysis procedure at the 
nonnal and extreme operating conditions. 

Fig. I illustrates schematically the rear axle movements of a 
typical passenger car which affect its driveline geometry. By 
means of a layout computation or computer analysis procedure, it 
is possible to determine the location of the universal joint centers, 
true joint angles and shaft length changes. or axial movement of 
the driveshaft for all positions of rear wheel and axle carrier nose 
movement. In addition, from this study , the operating envelope of 
the driveshaft can be detennil'led and, therefore, disclose the 
necessary underbody clearances that must be provided. The de· 
termination of the maximum varying joint angles resulting from 
the given application' s requirements is extremely important in the 
design of a universal joint. Interference of joint components at the 
extreme instantaneous angle condition can result in joint failure. 

TIle permissible magnitude of the continuous or norma] design 
operating angles of the drive line's universal joints, as well as the 
relative values o f these angles when they are not equal. requires 
particular consideration in determining the optimum drive tine 
geometry. Depending on the application parameters, both con­
stant and nonconstant velocity type of joints have limitations on 
the continuous operating angles due to their specifIC design and 
functional characteristics, as described in the chapter on Univer­
sal Joints . 

For example, the Cardanjoint is commonly used in automotive 
vehicledrivelines. as shown schematically in Fig. I; and, because 
of its nonuniform motion characteristics, the maximum size of the 
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Fig. 2 - Front and rear joint angles 

true joint angles at a normal continuous operating condition must 
be limited . This limit is necessary in order to control certain 
inherent objectionable disturbances. These disturbances are gen­
erally related to torsional. inertia. and secondary couple ex­
citations which are produced by the Cardan joinl's nonconstant 
velocity motion characteristics reacting on the driveshaft and its 
supporting members. These excitations and their effects are de­
scribed in detail in the section on the Cardan oc Hook.e Universal 
Joint and also briefly in the chapter on Vibration Control. 

For the entire range of rear axle movements illuslTated in Fig. 
1. the front and rear joint angles for a typical passenger car one 
piece driveshaft are shown in Fig. 2, while Fig. 3 illustrates the 
torsional equivalent angles. Although they are not shown, it is 
also possible to detennine by layout computations or computer 
analysis other driveline kinematic characteristics such as inertia 
equivalent angles and secondary couple forces as required. By 
studying Figs. 2 and 3, it is apparent that the selection of joint 
angles and resulting kinematic characteristics far the design posi­
tion represent an optimum compromise in a driveshaft application 
where widely varying operating angles may be possible. Gener­
ally acceptable limits for the various excitations which are 
explained in detail in the section on the Cardan or Hooke Univer­
sal Joinr are described briefly as follows: 

Torsioaal Excitation Limits 

The amplitude of torsional oscillation produced by the Cardan 
joints, which can be accepted without causing excessive distur­
banCe, depends upon the operating speed of the driveshaft and the 
characteristics of supporting structures and other units in the 
drivetrain. Experience has shown that if this (onn of excitation is 
maintained under approximately 400 rad/sl maximum angular 
acceleration in any continuous operating position and speed, the 
driveshaft. in general. will perform satisfactorily in passenger car 
and most truck installations. In some other applications. this tor­
sional excitation level may be increased and still provide satisfac­
tory peri'onnance . 
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Fig. 3 - Torsional equivalent angles 

Inertia Excitation Limits 

This excitation is produced by the oscillating torque loads re­
sulting from the driveshaft inertia being accelerated through 
nonuniform motion. Automotive vehicle installations are ex­
tremely sensitive to this type of excitation and to the disturbance it 
creates. For typical passenger car and light-duty truck two-joint 
driveshafts, which are quite long and have a relatively large shaft 
inertia. the acceptable excitation level must be kept under a 
maximum angular acceleration of approximately 1000 radlsl in 
any continuous operating. position. When the shaft inertia is rela­
tively small, as is often the case in many multipiece truck 
drivelines, the maximum angular acceleration can be increased to 
2(X)() rad/sl. In some other applications, this inertia excitation 
level may be increased further without causing excessive dislUf­
bance. 

For the numerous driveshaft applications where the accepted 
maximum acceleration level is 1000 radN, Table I may be used 
as an application guide (or detennining pennissible operating 
joint angles. In this table, the angles and speeds are continuous 
conditions (or a one piece, two-joint driveshaft with equal joint 
angles. 

Table I - AI/oWilble Operating Joint Angles 
Dr1vnhllf'l 

Speed, rpm 

5000 
4500 
4000 
3500 
3000 
2500 
2000 
1500 

Maximum Operating Angle, Deg 

3'30' 
3'50' 
4' 20' 
5' 00' 
S' 45' 
O' 55' 
8' 40' 

11" 30' 

Secondary Couple Excitation Limits 

This excitation is caused by the Cardan joints transmitting 
torque at an angle. The secondary couples react about the shaft's 
supporting members and are equivalent to a static force plus an 
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oscillating force with a frequency of two cycles per revolution. 
The magnitude of the excitation depends on (he transmitted 
torque. joint angle size, supporting bearing spans, and phase 
relationships of the joint yokes. 

The shaft support bearing used at an intermediate location in a 
typical automotive veh.icle three-joint, two piece driveshaft is 
quite sensitive 10 this excitation because it usually has a well 
defined resonant frequency. The secondary couple forces will 
excite the support bearing at a shaft rotating speed equivalent to 
one half of the resonant frequency due to the {actlnal the oscillat­
ing force occurs twice per revolution of the shaft. 

Experience in vehicle driveline installations having shaft sup­
port bearings has shown that the dynamic or rotating couple force 
should be maintained under a certain maximum value in order to 

prevent an objectionable shudder type of vibration. In Table 2 are 
shown the limits on the oscillating force, which have been found 
to be generally acceptable at maximum transmitted torque occur­
ring during low speed accelerating conditions of the vehicles 
indicated. As previOUSly indicated, these rotating couple forces 
act twice per driveshaft revolution on the shaft support bearing. 

Table 2 - Maximum Dynamic COuple Force. 

InstallaUon 

Passenger Cars 
Ught-Duty Trucks 
Medium-Duty Tn.JCks 
Heavy-Duty Trucks 

Length Ch~nges 

Maximum Dynamic (Rotating) 
COuple Force, Ib 

8 
15 
25 
75 

Driveline length changes or axial movements are required dur­
ing varying operating and loading conditions in an application. as 
well as for those length changes necessary to facilitate assembly 
and disassembly. Additional length changes are also necessary [0 
accommodate vehicle build tolerances and to compensate for the 
effects of temperature change. 

More specificruly , the driveshaft length changes during opera­
tion of a typical automotive vehicle are due to the extremes of 
suspension travel as shown in Fig. I, ranging from full jounce to 
full rebound positions, as well as rear axle carrier nose windup 
and winddown. In addition , flex ibility in the structure such as 
frame twist and compliance or deflection of the engine and trans­
mission rubber mounts al the front and suspension rubber bush­
ings atthe rear, affect these length changes. All of these variations 
in shaft length must be studied in order to detennine the required 
total axial motion or slip capability of the driveshaft. These length 
variations can be determined by means of a drivetrain layout or by 
its computerized equivalent. 

In order to most acx:urately determine the changes in length. the 
dynamic operating conditions of the dri vetrain can also be simu­
lated with a computer program. High torque loads, when applied 
to the drivetrain . cause the various drivetrain members to shift to 
new positions from their initial stalic locations. The dynamic 
operating position of the drivetrain is necessary in order to predict 
the true driveline geometry (true joint angles and length) for a 
particular dynamic condition. 

Typical driveshaft constructions which provide for length 
changes are described in the chapter on Driveline and Drivesha/t 
Arrangements and Constructions. Conventional sl iding or slip 
splines are generally used 10 accommodale the!iC length changes. 
When end movement is required during high torsional load appli­
cations on the driveline. the resulting axial thrust forces produced 
by the slip spline may be excessive depending on its design and 
are. therefore. undesirable. The chapter on Splines and A.tial 
Motion Devices describes splined mechanisms and end motion 
type uni versal joints suitable for various applications. as well as 
means of reducing these high thrust loads. which can be detrimen­
tal not o nly to the driveshaft itself but also to the supporting 
bearing structures of the other drivetrain members. 

Clearances 

The drive line in an application must be provided with adequate 
clearances during varying oPerating and loading conditions . In a 
typical passenger car application, for example, operating clear­
ances must be provided for such underbody components as the 
fl oor pan, exhaust system, brake control cables, or any other 
obstructions which could be placed within the operating envelope 
of the driveshaft. This envelope is determined by the rearsuspen­
sion travel and axle differential carrier nose windup and wind­
down, as well as the swing diameter of the universal joints, tube 
and driveshaft mounted vibration control devices. The actual tol­
erances on clearances of such components as the exhaust system 
is mainly dependent on available space. It is always desirable to 
keep the exhaust system as far away as possible because of its high 
temperatures. The floor pan, however, is usually designed so that 
the driveline tunnel in the passenger compartment can be made as 
low as possible for maximum u~il ization of the interior space for 
passengers. 

The critical speed forthe driveshaft required in a given applica­
tion depends on the peak operating speed of the drivetrain. This 
critical speed requirement can restrict or limit the pennissible 
maximum installed length of the driveshaft as well as the 
minimum tube diameter and the maximum tube wall thickness. 
As previously explained for a typical passenger car driveline 
shown in Fig . I, the driveshaft must operate within an envelope 
and this envelope should provide adequate underbody clearances. 

In order to solve underbody clearance problems in a typical 
vehicle. it is often possible to reduce this tube diameter along 
certain portions of the shaft length where a minimum effect on 
critical speed occurs. This procedure is possible when the tube 
size possesses excess torsiona1 strength and was chosen only for 
critical speed considerations. Since the effect on critical speed is a 
minimum at or near the ends, the usual practice in passenger car 
driveline design is to reduce or swage one or both ends of the 
tube as required to provide the necessary clearance while still 
satisfying the torque and rotational speed requirements of the 
application. 

If the required shaft length and the available underbody clear­
ance space do not permit the use of a commonly used one piece 
driveshaft, a two piece driveline may be employed to meet the 
critical speed and operating clearance requirements. In addition to 
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the various underbody clearances. the passenger car driveline 
must also be provided with adequate ground or road clearance 
which a typical on-highway vehicle may require during normal 
service. 

In many truck applications, multipiece driveshafts are exten­
sively used. The front section or sections of these shaft construc­
tions are called single joint coupling shafts. which operate in 
relatively fixed positions. The rear section is either a two-joint 
outboard slip or a two-joint inboard slip driveshaft design. When 
only one single joint coupling shaft is employed, its front end is 
attached to the transmission or other drivetrain gear unit, while 
near its reannost end it is supponed by a shaft suppon bearing, 
which is generally anached to a frame cross member. When an 
additional single join! coupling shaft or shafts are required, they 
are commonly coupled in series by anaching them to the rear of 
the preceding coupling shaft. Also, these additional coupling 
shafts are attached to frame cross members with shaft support 
bearings. Besides being provided with operating clearances for 
the typical underbody obstructions as previously described for the 
passenger car, the front section or sections of multipiece 
driveiines must have adequate clearances at the truck frame cross 
members. Usually, in these multipiece drivelines, only the rear 
two-joint driveshaft section must be designed to accommodate 
clearances due to suspension and axle movements. 

Anotherclearance problem which must be analyzed, especially 
with regard to off-highway operation of trucks, is terrain clear­
ance. The variation in the terrain, including obstructions or 
hazards found on this tenain, may interfere with the driveline in 
performing its principal functions. Therefore, the driveshaft 
should be positioned so that it will not interfere with or contact the 
variations in the terrain. If this is not possible, protection should 
be provided for in the form of a skid plate or shield. 

In the case of an all wheel drive installation such as in a typical 
four-wheel drive vehicle, the front driveshaft extending from the 
transfer case to the front differential can present an additional 
clearance design problem during front suspension and axle 
movements. This shaft must have suffICient clearance as it passes 
the transmission and engine to the front axle, and because of its 
required location in some vehicle applications, the maximum tube 
diameter may be limited. 

A factor which can affect the design parameters of the front 
driveshaft is whet!ter the four-wheel drive vehicle is capable of 
full-time or onJy part-time four-wheel drive operation. If the ve­
hicle is designed with a full-time four-wheel drive system, then 
both torsional strength and criticaJ speed must be considered in 
selecting the tube size. However, when the driveshaft's length is 
relatively shon. which is the case in most of these vehicles, the 
tube size can usual1y be based primarily on torsional strength and 
not critical speed to meet the applicalion's requirements. In a 
part-lime four-wheel drive system, the all-wheel driving mode is 
limited to a relatively low speed range of the vehicle and thus 
torsional strength and nOl critical speed is most often the major 
factor in detennining the required rube size. 

Environment 

The driveline must be capable of operating satisfactorily in 
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extreme or adverse environmental conditions as dictated by the 
application's requirements. This capability requires thaI tht: 
driveshaft may have to operate for sustained periods oftime with­
oul functional damage to such vital driveline components as uni­
versal joints, splines, and shaft support bearings, as well as 
breakdown or deterioration of the lubricants used in these com­
ponents. 

These driveline components have seals which are usually of 
elastomeric or part elastomeric material construction. These vital 
seals must withstand exposure to adverse or detrimental environ· 
mental conditions which can include dust. sand, dirt, mUd, and 
other foreign particles or substances as well as temperature, mois­
ture, humidity, salt spray, and destructive atmospheric elements 
such as ozone. Of these environmental effects, the levels of vehi­
cle underbody ambient temperatures in the areas of the joints, as 
well as actual joint temperatures, have been found to be quite 
important to the life of the driveshaft. 

When conventional Cardan ordouble Cardan joints are utilized 
in a typical automotive vehicle driveshaft, the highest joint bear· 
ing temperatures will commonly occur in those yoke members 
which are attached directly to the transmission output shaft at the 
front and to the final drive pinion shaft at the rear. These higher 
joint bearing temperatures result from additional heat being con­
ducted from the transmission and final drive unit thru the con­
necting shafts. In general, sustained high speed level road driving 
does not yield the highest joint ambient or bearing temperatures. 
Driving in congested city traffic, for example, usually results in 
higher temperatures. lbe negotiation of relatively steep grades for 
an extended period of time will generally develop the highest 
operating temperatures. Also, certain controUed idle operations 
can produce higher temperatures than high speed level road driv­
ing. In addition, immediately after the engine has been turned off 
folJowing any sustained vehicle operation, an additional tempera­
ture increase may occur for a short period of time . Hence, depend· 
ing on the application, special seal 'materials and lubricants may 
be required in the driveline components if extremely high temper­
aturesorother adverse environmental conditions are encountered. 

Design and Manufacturing 

The driveline must be designed and manufactured within pre­
determined specifications so that it can perfonn its basic functions 
and meet the various application requirements for its intended life 
expectancy. Practical limits for satisfactory driveshafts have been 
established through design and manufacturing experience as well 
as successful perfonnance in their particular applications. 

For example, a drives haft rotating at high speed must be main­
tained at a satisfactory level of dynamic balance to prevent vibra­
tional disturbances from reaching objectionable levels. The 
amount of unbalance which can be tolerated depends upon the 
sensitivity of the driveshaft's end supports. The need for an addi­
tional shaft support bearing in a two piece driveline provides still 
another mounting to the drive system that can transmit distur· 
bances. 

Driveshaft balance is a function of shaft weight and straight­
ness, tube ovality and control of the dimensions that affect clear-
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ances. Hence, good design practice and manufacturing quality are 
important in achieving good dynamic balance. The chapter on 
Balancing describes typical commonly used manufacturing 
unbalance limits for passenger car and truck driveshafts. The 
chapter on Tubing lists typical straightness and ovality tolerances 
for various sizes of commonly used tubing. 

With regard to the universal joints employed in a driveshaft, 
limits on optimum clearances within these joints. as well as a 
specified articulating, rocking, or flexing torque, should nOI be 
exceeded, otherwise objectionable vibration may result and uni­
versal joint life may be reduced. When the limits on optimum 
clearances between mating components of the driveshaft slip 
member are exceeded, objectionable vibrations or noises may 
also result. Further> when axial thrust forces are excessive during 
shaft length changes. the effects on the driveshaft itself and on the 
shaft supporting members may be detrimental. 

Attachment 

The attachment of a driveline to OIherdrivetrain members in an 
application can be accomplished in a number of ways as described 
in the chapter on Driveshaft Attachment Methods. These other 
drivetrain members also serve as the supporting means for the 
driveline. Since the driveshaft is an integral member of the drive· 
I:r3.i.n, thecharacterislics of these supponing members, the method 
ofanaching the drlveshaft to these members, and the design of the 

attachment means have a major influence on the shaft in per· 
forming its required functions and in attaining its intended life 
expectancy. 

The attachment means chosen or required must have sufficient 
strength to withstand the forces which may result from the func· 
tional requirements and operating characteristics of the applica­
tion. Also, the ease of assembly and disassembly , for servicing, 
should be considered when selecting a par1icular attachment 
method. In addition, economic considerations may influence the 
usage of a cenain auachment design instead of an alternate pro­
posal in relatively high volume production, such as for passenger 
car applications. 

A typical passenger car one piece driveshaft. utilizing conven­
tional Cardan or double Cardan joints, is generally attached to the 

transmission output shaft by means of a slip spline connection 
incorporated in the from universal joint. At the rear, the driveshaft 
is usually attached to the final drive pinion gear shaft with an end 
yoke or with a flange yoke and companion flange using appro­
priate fasteners of sufficient strength. The size of the fastener 
must be large enough [0 retain rnedriveshaft at maximum torque 
and it should not prematurely fatique under the effects of the 
various operating requirements. When a two piece driveline is 
incorporated in the vehicle. the shaft must also be attached to the 
vehicle's structure at an intennediate location with a shaft suppon 
bearing having a bracket configuration suitable for attachment. 
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Section 2.3 

Design Torque Considerations 
E. R. Wagner, P.E. - Saginaw Steering Gear Div., GMC 

It was slated previously thai for any specific application, the 
max.imum applied torque, however developed, must be consid­
ered in drivcline system or component design. The drivetrain is 
subjected 10 various lorsionalloading modes during Iypical vehi­
cle testing or aclUai service. These torque loads can be applied 
steadi ly under static or rotating conditions orthe drivetrain may be 
subjected 10 shock or impact type torsional loads which. depend. 
ing on the source or origin of these loads. can be considerably 
higher than the maximum computed steady load. The magnitude 
and frequency of occurrence of these torsional load pulses during 
operation will vary considerably with Ihe specific vehicle applica­
tion and the characteristics of the complete engine. clutch. trans­
mission. and drivetrain system to and including the road wheels . 
Therefore. in the design of a driveshaft or any of its components 
for a specific application. a su itable safelY factor for these shock 
or impact effects must be used based on past experience with a 
similar installation. Also. the actual peak shock loading can be 
determined readily with an instrumented drive system. 

The computation procedures detennining the maximum torque 
developed by the power trains of some typical vehicles is illus­
trated in the following section on Vehicle Driveline Analysis. Also 
for each vehicle. the maximum drive shaft torque due to tractive 
effort or wheel slip is computed to show its magnitude relative to 
engine delivered torque. Although it is oot shown. the maximum 
engine delivered torque in the various drivetrain components can 
vary due to the different maximum torque multiplication ratios 
possible in the gear reduction units which may be used in a given 
application as optional equipment. Also. the maximum tractive 
effort torque can vary substantially when various tire sizes and 
axle ratios are employed. Therefore, not only is the level of the 
maximum transmitted torque affected, but also the nonnal or 
continuous operating torque level will vary. In addition, the 
operating speeds of the driveshafts in the main driveline system 
and of the axle driveshafis are affected. For e"ample, when a 
typical rear drive passenger car is being driven on a level highway 
at constant car speed, the driveshaft wi!! experience a higher road 
load torque with a lower numerical axle ratio than with a higher 
numerical axle ratio. However, with regard to rotational speed, 
the driveshaft will rotate more slowly with the lower axle ratio 
than with the higher axle ralio when this same vehicle is operating 
at constant car speed. Thus, the vehicle's entire drive system must 
be studied with regard to various possible combinations of torque 
and rotational speed which can affect the driveline component 
design parameters. 

In the computations in the following section on Vehicle 
Driveline Analysis. neither the maximum engine developed 
torque nor the torque resulting from tractive effon include possi­
ble shock or impact effects. Depending on the type of vehicle 
considered. these shock or abusive loads can be imposed on the 
driveline by various means either by testing procedures or during 
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actual service. Vehicle manufacturers utilize various typical con­
uolled test procedures to determine these shock peaks with in­
strumented vehicles. When a manual transmission is employed, 
for ex.ample. a severe shock torque can be developed on a dry 
paved surface during the commonly called "clutch pop" proce­
dure. 

Another common method of inducing severe shock torque in 
the driveline is with the "rock cycle" procedure, which can be 
readily accomplished with a typical automatic transmission 
equipped passenger car. These high torsional load impulses are 
due to the acceleration of the vehicle's torsional system inertia in a 
vcry shon period of time. 

A high torsional load, but with a less severe shock characteris­
tic than that occurring during "clutch pop" or "rock cycle" 
testing, can be appl ied during a typical "stoplight drag" Of 

"jack-rabbit" stan condition . This loading condition, which in · 
cludes some inertia produced torque can occur quite frequently 
during actual service in typical automobiles and is usually more 
severe in a manual transmission equipped vehicle. Compared 
with a typical wide open throttle (WOT) stan from engine idle, 
this loading condition is more severe. 

In passenger car applications. vehicle weight, as well as the 
design and functional characteristics of the entire JX>wer train 
system including the engine, clutch , transmission, various drive­
train components, and the road wheels can affect the intensity of 
the various described shock effects. Hence. all of these factors 
must be considered in detennining the magnitude of the 
maximum applied torque which the driveline e"periences. 

For relatively small size passenger cars with a curb weight of 
less than approximately 2200 lb, the shock torque due to "clutch 
pop" and "rock cycle" loading conditions can be from 2 to 
nearly 2% limes the maximum theoretical cngine delivered torque 
in the driveline disregarding drivetrain component efficiencies. 

Also. for small manual transmission equipped cars. the" stop­
light drag" generated torque is usually higher than the maximum 
Iheoret ical value. In an automatic transmission car, the "stoplight 
drag" is approximately the same as the maximum theoretical 
torque. The entire drive system's torsional inertia is the important 
factor in the small car' s ability to develop these high shock torque 
loadings with a relatively small engine . 

For typical passenger cars in the 2200-4400 Ib curb weighl 
range, the effect of the inenia produced torque on shock loading 
generally decreases with increasing vehicle weight. Also. the 
engine torque usually increases at a faster rate than vehicle 
weight. In addition, automatic transmissions are more commonly 
used in this size range of cars. For most automatic and manual 
transmission equipped vehicles in the upper half of this weight 
range , the shock torque values produced by'''rock cycle" and 
"clutch pop" test, respectively, are approximately 50% higher 
than the maximum theoretical engine developed torque in the 

American Axle v. Neapco - IPR2025-00090 
PET_AAM_1012-0031



24 

driveline. 
For Iypical passenger cars in the over 4400 Ib curb weight range 

where automatic transmissions are standard equipmeOl, the vehi. 
cle generally has conslderably more engine torque available rela­
tive to its weight than a smaller car. The ton;ional shock loading 
produced in these size vehicles by "rock cycle" lest may be from 
somewlult less thltn the maximum Iht:on;lical engine delivered 
torque in the driveline, to slightly above this value. TherefOR, in 
these vehicles, the maximum theoretical engine delivered IOrqoe 
through the automatic transmission (stall torque) is usually the 
highest torsional load imposed in the driveline. 

The previously described torsional loadirtg conditions govern_ 
ing the various size passenger cars will of course likewise apply to 
ade driveshafts or halfshafts when they are used. These a:de 
driveshafts may be employed in a car with front located engine 
and transmission. but with the rear differential chassis mounted 
instead of being part of the common live axle design. The inde­
pendently sprung reardriving wheels are thus driven by universal 
joinled halfshafts. 1llese axle driveshafts are also used in front 
engine-front drive or rear engine-rear drive vehicles. [n these 
vehicle drive system arrangements, the power train has a rela­
tively shoner power now path than a conventional ~ar drive 
vehicle with the engine and transmission located at the front. 

When vehicles with axle driveshafts employ inboard or chassis 
mounted (sprung) brakes rather than thc common unsprung (OUI­
board located) brakes. the maximum engine delivered torque 
through the automatic tnmsmission (stall torque). for example, 
does not reach these shafts with the brakes applied. Instead,they 
must resist thc full effects of the braking torque including de. 
celerating effects of the wheel rotational inertia. Braking torqlJe as 
compared to engine delivered stal l torque is instantarreous in 
nature and. depending on the type of brakes used, can have a 
relatively high shock. or impact value and. therefore. must be 
considered when inboard brakes are employed in the vehicle. 

For truck applications. the factors which affect torque in the 
drivetrain system are: simi lar in many respects to those facTors 
previously described for passenger cars. As in passenger cars. 
vehicle weight innuences the torsional loading characteristics. 

Tnrks art commonlyciassirJed according to gross vehicle weight 
(gvw) categories as follows: 

1. Light-Duty Trucks: 400).10 OC() Ib (gyw) 
2. Medium-Duty Trucks: 10 OCX).22 000 lb (gvw) 
3. Heavy-Duty Trucks: Oyer 22 000 Ib (gvw) . 
kcause of the large variety of drivetrain arrangements POSSI-

ble. especially in medium and heavy-duty truCks. and ~ausc of 
the severity of the operating and environmental condluons en­
COuntered in service by these vehicles, additional fact~ must be 
considered. Trucks in thi5 size range are onen used In on- off­
highway operalions which can have a considerable effec~ on .the 
drivetrain torque loads encountered. Also. torsionalload.mg Im­
pulses can be affected by the type of engi~ employ.cd In these 
on.highwayorofT-highway vehicles where both gasoline or s~ark 
ignition and Dicsel engines are utilized . In addition. the DIesel 
engine may be of the twO or four stroke cycle type. T~es~ a~ 
other various powerplantlypescan produce torsional excltall?n m 
thtdrivetrain system, Theengine firing impulsescau.se a t.orslOnal 
acxekntion with !he magnItude depending on the 1.l)Crtl~ of ~he 
n)"Wheel and OIher rotating components. Also. cngll)C mlsfinng 
produces load impulses of a detrimental narure in the driv: sys­
tem. Depending on [he spedrlC characteristics of a part~cular 
vdlk\e power !Bin, many other possible sources. of nonumform 
roIlting moIion exist which can produce a disturbmg fette.on ~he 
roIating system and must therefore be considered in dnvehne 
design. . 

In agricultural implements, the drivelioe is subjected to widely 
varying loading conditions during operation. The implements can 
be severely overloaded, for example, by jamming orclagging of 
t~operating system by thecroporby a foteig.nobject-Hence, the 
load lcyels in critical areas of the operating system arc generally 
limited by design with torque overload protection devices to 
preVent serious equipmenT damage. . 

III industrial or otller stationrll)' drive systems. load Impulses 
from typical reciprocating machinery such as compressors m.us! 
be considered in driVC5haft design. Other sources producing 
variable torque load characteristics are nonuni~orm ~ntact of 
gears, cams, linkages or other motion transfemng deVICes. 
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Section 2.4 

Vehicle Driveline Analysis 
E. R. Wagner. P.E. - Saginaw Steering Gear Div., GMC 

For the following typical highway vehicle configurations. 
basic mathe matical analyses are made illustrating the maximum 
torque delivered from the engine, the maximum wheel slip 
torque, and the maximum speed in the driveshaft. Also, the 
maximum acceleration is detennined for the rear wheel drive 
passenger car only. 

Rear Wheel Drive Passenger Car 

A typical large rear wheel drive passenger car has the following 
application parameters: 

Maximum installed net engine torque 
Torque converter stall ratio 
Transmission low gear ratio 
Rear axle ratio 
Automatic transmission with 

torque converter efficiency 
factor 

Rear axle efficiency 
factor 

Wheelbase 
Center of gravity (c.g.) height 
Slatic weight distribution (five passengers) 

Total Front 
5573 Ib 2724 Ib 

Tire rolling radius 
Coefficient of friction between 

tire and road 
The maximum driveshafl stall torque is: 

T = 12Tt RcR. 71al 

where: 

12 = A constant = 12 Ib·inll Ib-ft 

430 Ib·ft 
2.02 
2.48 
2.94 

0.85 

0.95 
130 in 

21.50 in 

Rear 
28491b 

14.00 in 

1.00 

Te = Maximum installed net engine torque, Ib-ft 
Rc = Torque converter stall ratio 
RII = Transmission low gear ratio 
71 a' = Automatic transmission efficiency factor 

= 12 X 430 X 2.02 x2.48 X 0.85 
T = 21 972 II>-in 

Also, the driveshaft torque due to wheel slip at maximum 
acceleration with a five passenaer load is computed. Fia. I shows 
the dynamic forces acting on the car at such a condition. 

The distance of the c.g. from the front wheels is: 

W.,L 
A---

W 

25 

w 
H 

A 
Fr 

C.G. 

-­, , . , 

FIg. 1 - Rear wheel drive passef'lgercar at maximum acceler· 
ation 

where: 

W = Total car w~ight, Ib 
W SJ' = Static rear wheel weight, Ib 
L = Wheelbase, in 

2849 X 130 
= 

5573 
A ;:::: 66.46 in 

The basic equali"n fpr the maximum tractive force at the rear 
wheels is: 

where: 

~ = Coefficient of friction between lire and road 
W<1r = Dynamic rear wheel weight. Ib 
The dynamic axle weight at the rear wheels is: 

WA FH 
Wdr = - + 

L L 

where: 

F = inertia force equals maximum tractive force F, max. Ib 
H = Cenler of gravity height. in 
Substituting this expression into the above equation and 

simplifying, the maximum traction force is: 

Fr mn ... _-,,,,-,W~Ao...._ 
L-~H 

1.00 X 5573 X 66.46 

130 - 1.00 x 21.50 
Fr mn = 34141b 
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The maximum rear wheel slip torque per wheel is: 

T = F, mao r, 
2 

where: 

r, = Tire rolling radius, in 
3414 X 14.00 

2 
T = 23 898 lb-;n 

The maximum driveshafl torque at wheelslip is: 

where: 

T "" Fr m~" r, 

l'j fa Rra 

1/ra "" Rear aJlle efficiency factor 
R,a ;= Rear axle ratio 

-3414 x 14.00 

0.95 x 2.94 
T "" 17 113 Ib-in 

Assuming a terminal vehide speed of 120 mph. the maximum 
driveshaft speed is: 

N = I68R .... V 

" 
where: 

168 = A constant 

V "" Vehicle speed. mph 

168 x 2.94 x 120 

14.00 
N = 4234 rpm 

In the previous computations. the maximum tractive force at 

The maximum acceleration is: 

where : 

g "" 32.2 ftls/s 
3416 x 32.2 -

5573 
a = 19.74 frisls 

Front Wheel Drive Passenger Car 

A typical large front wheel drive passenger car with outboard 
brakes has Ihe following application parameters: 

Maximum installed net engine torque 
Torque convener stall rat io 
Transmi ssion low gear ratio 
Final drive ratio 
Automatic transmission efficiency 

fador (with torque converter) 
Final drive efficiency 

factor 
Wheelbase 
Center of gravity height 
Slatic weight distribution (five passengers) 

To~ Front 
5650 lb 3390 lb 

Tire rolling radius 

Coefficient of friction between 
tire and road 

525 lb-ft 
2.03 
2.48 
3.07 

0.85 

0.95 
120 In 

21.50 in 

Rear ---
2260 1b 

14.00 in 

1.00 
The maximum stall torque per front half axle driveshaft is: 

T = 12T .. ~RI«Rr<l ""at 1Jfd 

the rear wheels was found to be 3414 lb. and when the coefficient where: 
2 

of friction between the tires and road is 1.00. the dynamic rear 
wheel weight is also 3414 lb. The maximum accelenltion corres­
ponding to this dynamic vehicle condition can be determined. 

The dynamic front wheel weight is: 

W,t! = W - Wdr 

:=: 5573 - 3414 
W,j[ "" 2159Jb 

The inertia force at the center of gravity can be found from the 
following equation of equilibrium: 

FH + WdrA - Wdc (L-A) = 0 
F x 21.50 + 2159 x 66.46 - 3414 x (\30-66.46) :=: 0 
71.50 F = 73438.42 
F=34J61b 

As a check, the inertia force as it should, equals the maximum 
tractive force: 

F "" F, max 

34161b = 3414 lb 

12 = A constant'" 12 lb-in/l lb-ft 
Te = Maximum installed net engine torque, tb-f! 
~ = Torque converter stall ratio 
Rl~ "" Transmission low gear ratio 
Rrol = Final drive ratio 
11,,1 = Automatic tmnsmission efficieocy factor 
7Jr<l = Final drive efficiency factor 

12 x 525 x 2.03 x 2.48 x 3.07 x 0.85 x 0.95 - 2 
T = 39313 Ib-in 

Also, the from half axle driveshaft torque due to wheel slip al 
maximum acceleration wilh a five passenger load is computed. 
Fig. 2 shows Ihe dynamic forces acting on the car al such a 
condition. 

The di~tance or the c.g. rrom the Tear wheels is: 

B = W.rL 
W 
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Fig. 2 - Front wheel drive passenger car at maximum acceler­
ation 

where: 

W 0: TOIai car weight, lb 
Wsr = Static front wheel weight. Ib 
L = Wheelbase, in 

3390 x 120 

5650 
B = 12.00 in 

The basic equation for the maximum tractive force al the front 
wheels is: 

F, max = P.Wdl 

where: 

po = Coefficient of friction between tire and road 
W df = Dynamic front wheel weight, lb 
The dynamic axle weight at the front wheels is: 

Wb Fh ---
L L 

where: 

F = Inertia force equals maximum tractive force FI mai, Ib 
H = Center of gravity height. in 
Substituting this expression into the above equation and 

simplifying, the maximum traction force is: 

Frmax = "WB 
L ~.uH 

1.00 x 5650 x 72.00 

120 + 1.00 x 21.50 

F'max =- 2875 Ib 

The maximum front wheel slip torque per wheel is: 

T = FI mal< r. 

2 

where: 

f. '" Tire rolling radius, in 

2875 x 14.00 

2 
T = 20 125 lb-in 
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Assuming a terminal vehicle speed of 120 mph and equal 
traction at both wheels, the maximum axle dri veshaft speed is: 

N = 168V 

where: 

168 = A constant 
V = V!:hicle speed, mph 

= 168 x 120 

14.00 

N = 1440 rpm 

Four-Wheel Drive, Light-Duty Truck 

A typical four-wheel drive, light-duty truck has the following 
application parameters: 

Maximum installed net engine torque 
Transmission low gear ratio 
Transfer case ratios 
Rear axle ratio 
Front axle ratio 
Manual transmission efficiency factor 
Transfer case: efficiency factor 
Front and rear axle efficiency factors 
Wheelbase 

256 Ib-f! 

6 .55 
1.00 and 1.96 
6.17 
6.17 
0 .90 
0 .90 
0.95 

132 in 
Center of gravity height 35.00 in 
Static weight distribution (gross vehicle weight) 

Total Front Rear 
9200 Ib 4000 Ib 5200 lb 

Tire rolling radius 18.50 in 
Coefficient of friction between 

tire and road 0 .70 
This vehicle is capable of being driven either in full time 

rear wheel drive or in part time four-wheel drive . In rear wheel 
drive, the maximum torque in the rear driveshaft is: 

where: 

12 = A constant = 12 Ib-inll Ib-ft 
T~ "" Maximum installed net engine torque, Ib·ft 
R," = Transmission low gear ratio 
1Jml = Manual transmission efficiency factor 

= 12 x 256 x 6 .55 x 0 .90 
T = 18 109 Ib-in 

Also, the driveshaft torque due 10 wheel slip al maximum 
acceleration in rear wheel drive with a gvw load is computed. Fig. 
3 shows the dynamic forces acting on the truck at such a condi­
lion . 

The distance of lhe c.g. from the fronl wheels is: 

A = W ... L 
W 
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Fg. 3 - Rear wheel drive, lighHlUty truck at maXimum accel­
eration 

where: 

W = Tota! truck weight, Ib 
W,.,. = Static rt:ar wheel weight. Ib 
L = Wheelbase, in 

5200 x 132 

9200 
A = 74.61 in 

The maximum tractive force at the rear wheels is: 

where: 

IL = Coefficient of friction between lire and road 
H = Center of gravity height. in 

0.70 x 9200 X 74.61 - 132 - 0.70 x 35.00 
F. maX = 4470 lb 

The maximum rear driveshafl torque 31 wheel slip is: 

where: 

T = Fr mu r. 

1) .aR •• 

f. = Tire rolling radius, in 
''lra = Rear axle efficiency factor 
R.a = Rear axle ratio 

= 4470 x 18.50 

0.95 x 6.17 
T = 14 lOB Ib-in 

Assuming a terminal vehicle speed of 70 mph. the maximum 
driveshaft speed is: 

168 Rr.V 
N-

W 
H- CG 

F -, " , 

Ff F, 
A-· B 

Wd f Wd, 

f--- L .------1 
Fig. 4 - Four-wheel drive. light-duty truck at ma:ocimum accel­
eration 

where: 

168 = A constanl 
V = Vehicle speed, mph 

168x6.11x70 -
18.50 

N = 3922 rpm 

In four-wheel drive. the maximum torque output of the transfer 
case is: 

where: 

RIC = Transfer case ratio 
1l1C = Transfer case efficiency factor 

= 12 x 256 x 6.55 x 0.90 x 1.96 x 0.90 
T = 31945 Ib-in 

Since a conventional transfer case is assumed with a solid 
connection and no differential with a torque dividing (biasing) 
device incorporated, this output torque;s equally divided between 
the front and rear driveshafts as follows: 

T = 31 945 
2 

T = 15972 Ib-in 

However, it may be assumed that under certain instantaneous 
conditions. all the available torque output from a mmsfer case 
without a differential, or a transfer case with a locking differen­
tial. can be transmiued through either the front or rear driveshafts. 

In the following computations. the driveshaft torques due to 
front and rear wheel slip are determined. For the four-wheel drive 
arrangement, full vehicle weight can theoretically be utilized in 
produc ing tractive forces . This ideal condition is realized, how­
ever. only when tractive forces (and engine torque) are distributed 
to the axles in the same proponion as arc the dynamic weights on 
the respective axles. A variable torque dividing (biasing) 
mechanism in the transfer case would be required for this pur­
pose. Fig. 4 shows the dynamic forces acting on the truck during 
the four-wheel drive condition. 
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The distance of the e.g. from the rear wheels is: 

B=L - A 
= 132 - 74.61 

B = 57.39 in 

The basic eq u::It ion for the maximum tractive force at all four 
wheels is: 

The dynamic axle weight at the front wheels is: 

WB FH 
W'lf= ---

L L 

Substituting the maximum tractive force expression into this 
equation resuhs in: 

W 
W.f = - (B - J,LHl 

L 

The dynamic axle weight at the rear wheels is: 

WA FH 
W'I'= - +-

L L 

Substituting lhe maximum lractive force expression into this 
equation results in: 

W 
W.r = -(A + ILH) 

L 

Assuming thai the tractive forces are distribUied to the axles in 
the same proponion as are the dynamic axle weights on the 
respective ax les. the following relationship results: 

F" 
F" 

w" 
W" 

= 

The lractive force at the front axle is: 

B - ILH 

A + J,LH 

W 
F.f = Wu = - (B -ILH) 

L 

= 9200 (57.39 - 0.70 x 35.(0) 
132 

FH = 2292 lb 

The maximum front driveshafl torque at wheel slip is: 

T = F., Tr 

TJfaRr. 

where: 

1113 = Front axle efficiency faclOr 
Rrd = Front axle ratio 

= 2292 x 18.50 

0.95 x 6.17 
T = 7234 Ib-in 

The tractive force at lhe rear axle is: 

W 
F4r = Wu = - (A + ILH) 

L 

= 9200 (74.6 1 + 0.70 x 35.00) 
132 

F. r = 6908 Ib 

The maximum rear driveshaft torque at wheel slip is: 

O.95x6.17 
T = 21 803 Ib-in 

29 

These computed maximum front and rear driveshafl torques at 
wheel slip would be possible if a variable torque dividing 
mechanism were incorporated in the transfer case, and if lhe 
tractive forces were distribuled to the axles in the same proponion 
as the dynamic axle weights. 

The top speed of the vehicle in four-wheel drive and with the 
transfer case in low gear is limi{ed by the max imum govemed 
engine speed of 4200 rpm. The maximum vehicle speed is: 

v ~ N" 

168 R .. RIf:' 
4200 x 18.50 

168 x 6.17 x 1.96 
V = 38 mph 

The maximum front and rear driveshafl speeds in four-wheel 
drive are: 
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Section 2.5 

Duty Cycle Determination 
E. R. Wagne .... P.E . - Saginaw Stet'ring Gear Dil'., GMC 

A driveline duty cycle is a graph. chart, or table showing the 
period of time spent at variouscombinationsoftorque. speed, and 
joint angle for a typical load cycle or operational sequence of a 
vehicle in agivenoverall period of time. Theduty cycle expresses 
in engineering terms the performance and durability requirements 
of the design. The duty cycle can be computed from engineering 
est imates; however. when IX'ssible, this duty cycle should be 
established from an instrumented vehicle under actual operating 
conditions. Then realistic laboratory life testing can be conducted 
with tape-controlled test machines. (fe laborate testing equipment 

is not available, one can establish a duty cycle and detcnnine the 
life expectancy with a simpler conventional wear test machine 
and by compUiation. 

First, the loau I:yde is anillYLed ltJld divided into groups of 
fixed combinations of torque, speed, and joint angle. These 
groups represent fractions or percentages of the total operating 
time of the load cycle. Life expectancy values can then be estab­
lished by laboratory testing for fixed relationships of these vari· 
abies and expressed graphically. 

According to Miner's Theory, which is most commonly used, 
the total life expectancy for an application due lO the cumulative 
damage effect of operating at various stress levels caused by 
continuously varying conditions can then be established by sum· 
mation as follows: 

m 

2: 
j == I 

where: 

NJ 

LJ 

N, = Fraction of total time at operating condition j 
LJ = Life expectancy at operating condition j 
m = Total number of operating conditions 
This equation can be expressed in the following commonly 

used simplified form: 

Total Life = 

Expectancy 

where: 

N. = Fraction of total time al operdting I:om.lition 
L. = Life expectancy at operating condition I. huul1i 

In an illustrative problem for a particular type of universal joint, 
operating conditions representing three combinations of torque, 
speed, and joint angle are assumed at the percentages of time 
shown in Table I . 

31 

TABLE 1 - UNIVERSAL JOINT OPERATING CONDITlONS 

Opc:nllinJ; Fr"e!i"n of Time. Life €~po:cla",:y 
I..."ad Cllfldilion Pcn.~nt H"vr"lo 

1 , 400 
2 10 1BOO 
3 8' 70000 

Also, for each condition shown is the resultant life expectancy 
which can be detennined, for example, from previously estab· 
lished load~life curves or by laboratory testing a given type of 
universal joint. With the previous equation, it is possible to 
determine the total life expectancy as follows: 

Total Life Expectancy = -----'------
0.05 
--+ 
400 

0.10 D.NS 
--+--
[ROO 70000 

TOlal Life Expectan~'y = 5190 h 

Among other cum ulative damage theories proposed for 
evaluating fatigue life , the Corten-Dolan theory has also been 
used. [t should be indicated that the duty cycle, regardless of how 
determined, is at best the most realistic approximation of lhe 
intended usage oflhe design because. neither the designer nor the 
manufacturer has full conlrol over the final usage. Hence. if 
possible, the evaluation of a driveJine is best accomplished under 
actual operating conditions of an application. 

References 

1. J.A. Kayser, Drivelines for Heavy Equipnumr, SAE Paper 
403A. 1961. 

2. W.T. Condon,Application ofUniversalJoints TO Construc· 
lion and Industrial Machinery, SAE Paper 4038, 1961. 

3. Unil'ersal Joint LAyoul and Selection Data Book. Rockwell 
Standard, 1964. 

4. B. R. Reimer, Dt'siXfI and Application ConsideraTions for 
AgriculTural P.T.D. Drive/ines, SAE Paper 650680, 1965. 

5. C.E. Cooney, Design and Application of Universal loints 
for Off-Highway Vehicles, SAE Paper 650681, 1965. 

6. The Birfield lOlflf, An Angular ContaCT Constant VelociTy 
Universalloint, Hardy Spicer Ltd., 1967. 

7. A.F. Madayag, Metal Fatigue: Theory and Design, New 
York: John Wiley and Sons, Inc., 1969. 

American Axle v. Neapco - IPR2025-00090 
PET_AAM_1012-0039



 

American Axle v. Neapco - IPR2025-00090 
PET_AAM_1012-0040



Universal Joints 

Chapter 3 

American Axle v. Neapco - IPR2025-00090 
PET_AAM_1012-0041



 

American Axle v. Neapco - IPR2025-00090 
PET_AAM_1012-0042



Chapter 3 

Universal Joints 
Introduction 

E. R. Wagner. P.E. - Saginaw Steering Gear Div., GMC 

A universal joint is a mechanical device which can transmit 
torque andJor rotational motion from onc shaft to another al fixed 
or varying angles of intersection of the shaft axes. There are many 
types of universal joints and they can be classified according to 
their basic design characteristics . 

Generally, the initial interest in any universal joint is in its 
motion transmission characteristic, which can be either 
nonuniform or unifonn. A nonuniform motion or nonconstant 
velocity universal joint transmits motion with varying ratios of 
instantaneous angular velocity between output or driven, and 
input or driving members, when operating at joint angles greater 
than zero. The average angular velocity ratio is unity. A uniform 
molion or constant velocity universal joint transmits motion with 
an angular velocity ratio of unity between output and input mem­
be", 

In addition. a third category of universal joints is the near 
constant velocity universal joint which transmits motion with an 
angular velocity ratio of unity when operated at the design joint 
angle and at zero. When operated at other angles, the angular 
velocity ratio is near unity. Since the deviations from unity are 
smaIl compared to the deviations fornonconstant velocity univer­
sal joints, the near constant velocity universal joints are generally 
included in the same category as the constant velocity universal 
joints. 

Universal joints are also classified with regard to their support­
ing capabilities. A self-supporting universal joint is supported by 
internal means and hence requires location at only one shaft, 

which can be either the driving orthe driven member of the joint. 
On the other hand, a non-self-supporting universal joint requires 
external supporting means at both driving and driven shaft mem­
bers in order to maintain the proper alignment of joint compo­
nents. 

Universal joints are categorized further either as a fixed center 
or as an end motion type. A fixed center universal joint maintains 
the join! center at a fixed location and can resiS{ axial thrust forces. 
An end mOlion universal joint permits relative axial movement 
between input and output members and, therefore, has a variable 
joint center location. 

Anothercharacteristic of universal joints is their operating joint 
angle capability . Univer.;al joints are referred to as eith.er high or 
low angle types. A high angle universal joint is generally of the 
fixed center type. while a low angle universal joint is usually of 
the end motion type. 

In addition. universal joints can be described with regard to 
directional capabilities of power transmission. Most universal 
joints are hi-directional and therefore transmit torque from either 
joint member to the other. with equal efficiency, capacity, and 
various other functional characterislics. 

In the following sections, functional and design characteristics 
are discussed in varying detail for the different universal joint 
types. In addition, various rubber couplings, used to a limited 
extent in some European driveline and axle driveshaft applica­
tions, are shown and described briefly. 
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Section 3J.l 

Cardan or Hooke Universal Joint 
E. R. Wagner. P.E. - Saginaw Stl.'Cring Gear Di"., GMC 

C. E. Cooney - Mechanics Dil'., Borg Warner Corp. 

. 
• 

, 
'\ 

\ 

Fig. 1 - Cardan Of Hooke urllversal Jomt 

RETAINING FliNG 

NEEDLE ROLLER 

ROUNO 

SLIP YOK[ 
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(ELASTOMER TYPE) 

CROSS 

E 

Fig. 2 - Cardan universal loint 

The universal joint. commonly referred to as either the Cardan 
or Hooke universal joint. is an extremely old device The firsl 
known description of Ihi s mechanism can be found in a man u­
script by Villard Honnecoun. a lhineenlh century archilecl. La· 
ter, GeronimoCardano, an Italian malhemalician who lived in the 
sixteenth ccnwry. utilized 3 mechanism 10 suspend a ship's com­
pass which maintained irs horizontal position independent of Ihe 
ship's movements. This was later known as the Cardan su~pen ­

sian. In lhe seventeenth century. the British scienti~t Roben 
Hooke was granted a patent on the universal joint. He discovered 
the nonunifonn motion characteristics of this joint and found that 
these undesirable characteristics could be eliminated by correct 
phasing of two joims operating in series at identical join! angle.~ . 

The Cardan or Hooke universal joint shown in Fig. I. is a 
nonCOMlam velocity universal joint which consists of two yoke~ 
drivilbly connected by a cross through fouf bearings A kinematic 

A 

, 
. _ _ ""' ..... ,..L. . ' • • -'. 
c 

Fig. 3 - Various other Cardan type joint constructions 

study of this joint reveals the presence of unusual motions and 
forces when it operates al an angle. These characteristics impose 
eenain limitations on its applications which arc discussed in the 
following ~ection on Kinemwics . Fig . 2 shows a typical automo· 
t ive de~ign of thi~ joint while Fig . J illu~trates some other Cardan 
type joint designs which have simi lar operating charllcteristics. 
Fig. JCa) llnd (b) show pin and block type con~truclions. and Fig. 
J(c) illustrates a grooved spherical ball con~truction. The~e and 
other possihle intermediate member const ructions perform the 
~ilme function a~ the cros~ in rhe conventional type of Cardan 
joint 

Through the years. the Cardan joint has found the most wide­
spread usage of any fype of universal joint in the passenger car. 
truck. and various other on-and off-highway veh icle drivclinc. 
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axle driveshilf!. powenilke-nff. and ~(ccnng ~han sy~!cms Other 
application:-. hilve been in aircnirt. railwlIY. marine. agricu ltural . 
indu!'olnal. imd ~latiO/1ary drive ~y:-.lem Insl<lllal ions As shown 

schemar iclIliy in Fi g. 4(,1). it hll' been m{J\r generally used a~ a 
selr- supponing joint. bUl il ha~ aL~o ~en u.scd as a non ·"c l(· 
supponingjomllllu~tralCd In fig 4(1\). "I he pn~Clpal usage orrhe 
self-supportm g jOint ha~ been in convcnllona~, o~n-Iypc 
driveline construction!>. while Ihe non·~clf-supponlng Jomt wa!> 
once widely used in former torque lube drive conslrucrion.~ of 

passenger car.~. 
The prinCIpal advilnlages of the Cardan joinl arc il~ relatively 

low cost (0 manufacture a~ well as simple and rugged construc­
tion. combined with long life and ease of !ierviceability. In addi ­
tion to providing Ihe nece:.sary torque capacity in a limiled operat­
ingspace. the joinl ha$the thrust capabitity to withstand relatively 
high. t::xtemaJly imposed axial forces which may be produced. for 
example. by sliding~plint:: when :.haft length changes arc required 
during vehicle suspension movement.~ . Further. the joint offers 
the ven.:alility and flexibility to pennit the design of numerous 
yoke and bearing conslruCliom to meet the funct ional and durabil­
ity requ iremt::nts of a large variety of applications. 

Kinemalics 

Molion C haracteristics 

The kinematics of motion of a Cardan joint arc quite unusual. 
Whenever it opera~es at an angle. nonuniform mol ion is de­
veloped. W'hcn the driving yoke of the joint is operating al a 
unifonn rotational velocity, the driven yoke rotates nonuniformly 
with respect to angular displacement. velocity. and acceleration. 
This mOlion has the following characteristics: 

I. The average angular displacement and velocity is uniform . 
That is. if the driving yoke rotates one revolution. the driven 
yoke also rotates one re volution. However. during this one 
revolution. the increment .. 1 angular displacement and in­
stanlaneom angu lar velocity llnd llcceleration are not 
tran~mitted unifonnly through the joint. 

2. The angular displacement of the driven yoke during one 
revolution lags ilnd leads the driving yoke twice . 

3. Assuming conslant inpul motion of the driving yoke. the 
driven yoke has a maximum difference of output angular 
velocity wilh respect to the driving yoke when the driving 
yoke lies in the plane described by the joint angle. and also. 
when the driving yoke is nonnal or perpendicular 10 this 
plane . The driven yoke has the same instanlaneous angular 
velocity as the driving yoke at approximately 45 deg from 
the joint angle plane for small joint angles. 

4 . The maximum instamllneous angular acceleration and de­
celeration of the driven yoke occurs when Ihe angular 
velocity of the driven yoke is the same a1<l the driving yoke . 
Also. the maximum acceleration and deceler.uion coincide 
with the maximum lag and lead respeetively . 

5. The incremental angular displacement. velocity, and accel­
eration increase as the joinl angle increases. but at an 
increasing. rate 

FIXED BEARINGS 

____ CENTE RING CROSS 

SELF - SUPPORTING TYPE (a) 

NON CENTERING CROSS 

NONSELF SUPPO RT ING TYPE (b) 

Fig. 4 - Cardan universat Joint types 

Equations of Motion and Force 

The equations of motion and force of a Cardan joint have been 
developed according to the following nomencla1 ure : 

w = [npul angular velocity of driving yoke (assumed 
unifonn in the analysis) 

w! = Outpul angular ve locity of driven yoke 

8 ~ Joint angle 

f3 "" Angle of rotation of driving yoke from position 
where it is normal or perpendicular to the plane of 
the joinl ilngle 

f3, "" Angle of rotaTion of driven yoke from posilion 
where it is in the plane of the join! angle 

T "" Inpultorque on driving yoke (as~umed uniform in 
the analysis) 

T! = OutpU! torque on driven yoke 

C = Secondary cou ple on driving yoke 

C, = Secondary couple on driven yoke 

Ct = Input angular ilcccleration of driving yoke (as· 
sumed zero in Ihe analysi:.) 

Ct , = Output angular aceeleration of driven yoke 

(T = Angle of lag of driven yoke 

A = Amplitude of torsional vibration 

7 = Angle between driving yoke and cro~1o 
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TAN /3 

1 TAN /3 

Fig. 5 - Cardan joint angular relationship 

JJ. = Angle between driven yoke and cross 

Til = Torque on cross 

v = Linear velocity vector of point on cross trunnion 

r = Radius from joint center to poiO! on cross trunnion 

Fig. 5 shows the basic angular relationship of a Caroan joint 
operating al an angle. The illustration shows the fundamental 
relationship between /3 and PI as follows: 

tan {J, = cos 8 Ian f3 

By differentiating this expression with respect 10 time. and 
simplifying. the output angular velocity can be found as follows: 

w cos 8 

- sin2 f3 sin' fJ 

The output angular acceleration can be found by differentiating 
the velocity equation with respect to time and simplifying as 
follows: 

a, 
2t.J2 cos () sin! (J sin 2 f3 

(1 - sint (J sin~ (3)2 

The amplitude of the torsional vibration resulting from a Car­
dan joint operating at an angle is the maximum djffe~nce be· 
tween f;3 and {j, as follows: 

A = Arctan (--'-)'" - Arctan (cos 8)\\ 
cos B 

These equations satisfy the actual motion. velocity. and accel· 

z 
0 
i=3 o. 
. ~ 

~" .' "~ oj 
~-z • 

4' 

009 
DRI VEN YOKE 

~ 

~ 
~ DRIV ING YOKE 
~ 0 
~ 
~ 

0 

0 .09 

DRIVEN YOKE 
3612 
3608 

~ 3604 
~ 3600r----T<--~~~~~~-----
rr 3596 DRIVING YOKE 

3592 
3588 

900 
600 
300 

o 
300 
600 
900 

DRIVEN YOKE 

DR IVING YOKE 

I J I I I 
o 30 60 90 120 150 180 
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Fig. 6 - Cardan joint motion characteristics a14' 30' joinl angle 
and 3600 rpm 

eration characteristics of a Cardan joint operating at an angle. A 
much simpler set of equations can be used in solving practical 
problems when the joint angle is small or less than approximately 
10 deg. These approximate equations are: 

where: 

A is in rdd 

or: 

where: 

A .... lh(l-cosB) 

0' A-
4 

A and (I are in fad 

IT, ." - A sin 2 f;3 
w, :: W - 2A w cos 2 f3 
/1", "" 4A w2 sin 2 f3 
/1", (mu) = 4A w~ 

These motion characteristics are illustrated in Fig. 6 for a 
Cardan joint operating al a 4°30' joint angle and al 3600 rpm. This 
figure shows that the motion characteristics vary twice during 
each revolution of the shaft when the joint operates at an angle. A 
simpli fied derivat ion of the Cardan joinr:s nonconstant velocity 
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Fig. 7 - Cardan joint motion characteristjcs 

Ch':.''ClctCris:ks is shown in Fig. 7 .. if it is initially assumed thatlhe 
joint is operated with no angle between the driving and driven 
yokes. then thc effcctive length of the lever arms in the inler­
mediate cross member which cause rolation arc Ihc same when 
viewed from either the driving or the driven ends. Therefore. 31 
zero joint angle Ihe output angular velocity is the same as the input 
angular velocity and thus constant velocity is transmitted . How­

ever, when an angle is imposed on thejoint.lhe effec:tive lever 
ann varies when viewed along Ihe driven yoke Maliana] axis. 
Hence, when the input angu lar velocity of the driving yoke is 
assumed constant. the outpUl angular velocity of the driven yoke 
is nonunifonn . 

To analyze Ihis speed variation. first consider the speed of a 
poim on the cro~ trunnion, point A. as it appears when viewed 
along the driving yoke rotational axis. Point A rotates around this 
axis in a circular path of radius rand at a constant speed which can 
be represented as a constant length linear velocity vector v. 
Therefore. the input angu lar velocity of the driving yoke is: 

v 
w= , 

When viewed along the driven yoke rolational axis. the circular 
path of point A appears as an ellipse with a major axis radius of r 
and a minor axis radiusofrcos8. With point A located as shown. 
its distance from the driven yoke rotational axis is r cos 0 and its 
linear velocity vector around this axis is v. Therefore . the rota· 
tional speed of tile driven yoke in terms of the input angular 
velocity is: 

v w 

r cos 0 cos 8 

If the driving yoke is rotated 90 deg from the position shown, the 
distance from iXlint A to the rotational axis of the driven yoke 
becomes r and the linear velocity vector around this axis becomes 
v cos 8. Therefore. at this instant, the rotational speed of the 
driven yoke in tenns of the input angular velocity is: 

I 
0" 

w (DRIVING) I 
WI (DRIVEN) 

60" 

~ 

c 

I ---. 
I , 

Fig. 8 - Polar diagram lor Cardan jOint angular velocity 
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Fig, 9 - Maximum angular acr:eleration of Cardan joint driven 
,haft 

v cos 8 
cv . =' --- = w cos 8 , 

Thus, in 90 deg of constant speed rotation of the driving yoke, the 
instantaneous driven yoke output angular velocity has changed 
from cvlcos 8 10 w eos 0. These speeds are the maximum and 
minimum rot8tionalspeedsofthedriven yoke. Hence. the output 
angular velocity varies continually and produces two complete 
cycles of speed variation forevery revolut)on of the driving yoke, 

A polar diagram is shown in Fig. 8 which shows the angular 
velocity of both the driving and driven yokes for one complete 
revolution of lhe Cardan joint . Since the driving yoke is assumed 
(0 have a constant angular velocity. ils polar diagram is a circle, 
The diagram for the driven yoke. however, is an e llipse which 
intersects the circle al four places. This means that there are four 
instantaneous positions during a single rotation where the angular 
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Fig. 10 - Gardan jOint loree relationships 
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velocities of both yokes are equal. During the remaining time, the 
driven yoke roIates either faster for part of the time or slower for 
part of Ihe lime. 

Fig. 9 shows the effect of rotational speed and joinl angle on 
maximum angular acceleration. The constant acceleration curves 
shown in this figure resul t from the following relationships: 

A. Angular acceleration is proportional 10 angular velocity 
squared for a given joint angle. 

B. Angular accelerdtion is proportional 10 joint angle squared 
for a given angular velocity. 

C. If joint angle lime~ angular veloci ty is constant , then angu­
Jar accelerdtion is constant. 

Therefore, from these relationships, the following useful ap­
proximate equation results: 
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Another derivation of simplified basic mathematical rclati\ln­
ship~ for tbe Cardan joint is developed in Appendi.r K. It i:-. ,,1.'11 
shown in this appendix that the U.-.e of these iJpproximate equa· 
tions would produce a negligible elTor in computations involvin1-' 
practical joint angle problem:'>. 

The force relationships which exist on a Cardan jl)int lmnsmit­
ting torque at an angle are shown in Fig. 10, This illll.~tmiion 

indicates the presence of bending moments acting on both the 
driving and driven yokes. These bending ml)men!S are ca lled 
secondary couples and are produced whenever torque is tmn:.m;t­
ted around a comer by a univer.;al joint operating at an ang.le . 

The secondary couple in the plane Ill' the driving yoke i.~: 

C = TtllnR cos/3 

This equation is a cos wave form with a maximum ampl ~ t ude of: 

Cmax = T tan 8 (at 90 deg to the plane of the joint angle) 

In the plane of the driven yoke, the secondary couple is: 

c( = T sin 6 sin f3 (I + tant 9 cost 13l"" 

For small joint angles. this equation can be reduced to: 

c. ""' T sin 9 sin f3 

Thh equation is a sine wave form wilh a maximum amplitude of: 

c( m~~ = T sin 9 (at 90 deg to the plane of the joint angle) 

For small joint angles tan 8'" sin 8 and. therefore, the second:;;,), 
couples on the driving and driven yokes are approximately equaL 

Joint Phasing - (Application Motion and Force Equations) 

Torsional Equivalent Angle-In solvingpraclicaljoinl angle 
problems of Caroan joints. the following motion equation is used 
10 determine the basic relationship: 

8' A- - K9~ 

4 

where: 

K = A constant 

8 = Joint angle in rad 

This equation merely establishes {he ba.~ic relationship thatlhe 
maximum value of torsional amplitude is directly proponional to 

the joint angle ~uared. 

Parallel Shafts Arrangement- The first lwo·j()intdri ve~hllf! 

sy:-.tem to be analyzed is the pMuflt'1 .I'hcift.\· arr.mgemenl as shllwn 
in Fig.. II. The joint angles shnwn are true angles. since the input 
and output shafts as weI! as the cI)nnecting or intermeJi,(tc .~hati 

lie in the same plane when seen in the plan view. 
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90 DEGREE PHASING 

Fig. 11 - Parallel shafts arrangement 

D, 

d 2 

In (his arrangement. the input and OUlput shafts as seen in the 
.~ ide view, imersect <11 infinity when they are parallel or 011 some 
point outboard of joint centers for approximately parnlJel shans. It 
:.houJd be noted in Fig. II (a). that the driving yoke DI of joint I 
lies in the plane of its joint angle at the 'WT1C instant [hal the 
driving yoke D1 of joint 2 is nannal or perpendicular 10 the plane 
of ilsjoinl angle. This ammgemenl is the conventional combina· 
tion where ,he inboard yokes d , and D~ of the drive:-.haft ure 
phased in line or parallel and can also be expressed as zero degree 
phase angle. Hence, the p"lIse (JIIX'/! is the relative rotational 
position oflhejoim yokes on a driveshan . With this combination, , 
the residual tnrsion<ll amplitude ~lnd joint angle o f the sy!\tem is: 

A.~, = K 9",. t 

When the joint anglcs are equal. 9".,. c4ua1s zen> and constant 
velocity is tmnsmiued. Alst), there i." no significance to thc 
imaginary numhc:n; pos. .. ible in thb e4U<lt inn . Only the arithmcti · 
:al dilTerence in these VII lues shuu ld be used <lnd the negative sign 

--1~ Lt-

D 
'-~"-:-;:-:-:-:::-::-:-----i / d, -U PLA N VIEW U--

SIDE VI EW 

Fig. 12 - Intersecting shafts arrangement 

D, 

PLAN VIEW 

SIDE VIE W 

---­+ 

Fig. 13 - Generat two-joint shaft arrangement 

D, 

A 

] 
A 

possihility ignored . For small joint angles. Ihe angle in deg or r.ld 
mily be used. 

For example, when 9, = 5 deg and 8 t = 4 deg for the case of 
unequal joint angles, the residual joint angle is: 

9rrs "" \1'(51' (4"1 

8 .... = J deg 

This computation shows that the same torsional ampli tude. 
angUlar acce lerat ion and other mot ion characteristics occur over· 
all with thc 5 deg and 4 degjoint angle combination as occurs in a 
singlejoinl operating at a J degjoint angle. This single joinl angle 
producing the same speed variation as a driveshafl syste m of two 
or mOrt joints is called tOe rorsional equivalent angle. and its 
usefulness in driveline design is d iscussed in the sectio n on Tor­
siona' Excilarion. 

If the yokesd , and D1 on theconnecling or intennediate shaft as 
shown in Fig. J I (b) are phased 3190 deg orcrossed. the residual 
jo int angle or torsional equivalent angle of lhe system is: 

Thisequation indicates Ihedesirabi lity 10 have parallel yoke phas-
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Fig. 14 - Joint angle and driving yoke plane relationships ror 
best phasing 

ing on Ihe intermediate shaft of the driveshaft system as shown in 
Fig. 11(a). 

Intersecting Shafts Arrangement - The second two-joint 
drivcshaft system to be analyzed is Ihe inlersecting shafts aT­
rangemem shown in Fig. 12. As with the case of Ihe previous 
parallel shafts arrangement, the input and output shaft~ as well as 
Ihe intermediate shaft lie in the same pillne when secn in thc plan 
view. The input and output shafts in the side view. however, are 
nol parallel and their centerlines intersect al some point inboard of 
joint centers. This arrangement produces the same torsional 
characteristics as the parallel shafts arrangement in Fig. I I be­
cause the cancellation effect of one joint by another is identical at 
Ihe ~ame joint phase condition . 

General Arrangement of Shafts not in the Same Plane­
The third two-joint dri veshaft system to be analyzed is the genera! 
arrangement or case where the shafts do not lie in the same plane. 
Fig. 13 :;hows this general arrangement. An angular offset in the 
plan view, which could be parallel as shown. is combined with an 
intersecting condition in the side view producing an out-of-plane 
condition. 

The plane relationships of the joint angles and driving yokes 
can be shown by constructing an end view around the centerline of 
the intermediate shaft as shown in Fig. 14. This end view of the 
intermediate shaft can be seen in Fig. 13 when viewing the shaft 
from the direction of arrows A·A. The tangents of Ihejoint angle 
horizontal and vertical components for the general two·joint 
driveshaft arrangement in Fig. 13 are plotted in the proper direc· 
tion in Fig. 14 by using the right hand rule system. In Fig. 13, the 
angular disposition of the joint angle components is considered 
negntive( -) when they are clockwise and positive (+) when they 
are counterclockwise as shown. Then, when the components are 
plotted in Fig. 14 from the origin. vertically upward and horizon · 
tally to the right is positive. while vertically downward and hori­
zontally to the lefl is negative. 

If the joint yokes are phased properly, the same canceltalion 
condition exists as in the two simpler installations previously 
described. Fig. 14 shows the plane of driving yoke D\ of joint 1 in 
line with the plane of joint angle 8 1 in the same rotational position 

~REFERENCE 

2 
aRES. 

Ftg. 15 - Vectorial solut'oo for minimum 8'8S' 
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AXIS 

as when (he plane of driving yoke D2 of joint 2 is nonnal to the 
plane of joint angle 2. Under these conditions of phasing, the 
torsional resultant is a minimum and is based upon joint angle size 
in the same w<ly as in the driveshaft <llT"dngements of Figs_ II <lnd 
12. 

lt can be determined vectorially or graphically that the op· 
timum phasing condition shown in Fig. [4 produces a minimum 
torsional equivalent angle for the system . In this solution, the 
fol[owing steps are required: 

A. In Fig. 14 eSTablish angles q,1 and 4>2 in the same direction 
of rotation. These angles extend from the plane of the joint 
angle for both joints I and 2. Also. these angles are arbitrar· 
ily assumed in the counterclockwise direction and represent 
the relative phase relationship of the joint driving yokes DI 
and Dl . 

B. The actual veclOrial solution for the IOrsional resuitaIll can 
now be determined graphically as shown in Fig. [5. For Ihis 
solution, a reference axis is established with the vertical 
axis arbitrarily chosen as this axis. 

c. From Ihe vertical reference axis, construct angles 2$1 and 2 
$2 in the previously assum~d counterclockwise direction 
using the values of $, and 1;2 found in Fig. 14. The values 
of these constn.lcted anglcs in Fig. 15 are 360 deg for 2 <PI 
and 540 deg for 2 1>2. 

D. AI this relative phase relationship, construct vectors equiva. 
lent in length to the magnitude of the joint angle squared. 
These vectors for the two joint angles are 8 1

2 and 82
2 . For 

approximate solutions the joint angles in degrees or radians 
can be used. For exact solutions, the maximum amplitude 
of torsional vibration for each joint is used and can readily 
be adapted to computer programming. 
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Fig. 16 - Joint angle and driving yoke plane relationships for 
any assumed phasing 

E. The veclOrial sum of these twO vector:. is proponional [0 the 
magnitude of Ihe resullant joint angle squared . Since the 
individual vectors (J12 and 8~2 are oppositely directed as 
shown in Fig. 15, the residual vector is a minimum. These 
individual vectors are oppositely directed because Ihe op­
timum condition of phasing was used in Fig. 14 and if (J12 

and fll are equal [hen the residual vector or torsional 
equivalent angle squared is zero. 

It was previousl)' indicated Ihat under this condition of 
phasing. the torsional resultant is a minimum and is based 
upon joint angle size in the same way as shown in Ihe 
driveshaft Itrrangemenls of Figs. 11 and 12. Hence. Oro:sl is 
the numerical difference of 8 1

1 and 8/. Therefore. O~. is 
simply the square roO! of this difference and is expressed as 
follows: 

As previously stated. only the arithmetical difference in 
the~ values is used and the negative sign possibility is 
ignored for the torsional equivalent angle. 

Whe" any relationship of joint angles as shown in Fig . 13exists 
with any known or a~sumed phase relationship between joint 
yokes d l and Ot. a general solution can be obtained . To ac­
complish this solution. the planes of the joint angles are plotted as 
before in Fig . 14 . The assumed plane relationships of the yoke~ 
are laid over this same plol. This procedure produces an end view 
of the intermediate shaft as shown in Fig. 16. This il lustration is 
The same as Fig. 14. excepT forlhe relationship between the planes 
of the driving yokes DI and 0 :1' It is merely necessary to measure 
in the )oame direction of rotation in both cases The angle from the 
plane of the driving yoke 10 the plane oflhejoim angle for joints I 
<lnd 2. This procedure produces angles <1>1 and rJ>2 as shown in Fig. 
16. These angles arc: arbilariiy a~sumed in Ihe counterclockwise 
direction. 

The general vectorial solution for the torsional resultant can 
now be determined graphically as shown in Fig. 17 . In this 
solution. the following steps are required: 

A. Establish a reference axis. Note that the venical axis is used 
here and is arbitrari ly chosen. 

REFERENCE 
AXIS 

e2 
I 

~2 -_. - ..:oE==---

Fig. 17 - General vectorial solution 101" e,es' 

B. From the: veniclIl referencc axis conStruct angles 2 CPl and 2 
CPt in the previously <lssumed counterclockwise direction. 
using the values of <PI and <1>2 found in Fig. 16 . 

C . At this relative phase relationship, conSlrUCI vecTorsequiva­
lent in length 10 the magniwde of the join! angle squared. 
These vectors are O?· and 8~2 . For approximate solutions. 
Ihe joint angles in deg or rad can be used. For exact 
solutions. the maximum amplirude of torsional vibration 
for each joint is used and can be readily adapted 10 computer 
programming. 

D. The vectorial sum of these two vectors is proponional to the 
magnitude of the resultant joint angle squarer!. 8~. can then 
be determined from Ihe square TOOl of this residual vector 
and represents the lorsional equivalenl angle oflhe system. 

From this general vectorial solution for the torsional equivalent 
angle. i1 can be seen thaI in order to reduce the residual vector to a 
minimum. the intermediate shaft yokes d z and O2 must be so 
phased Ihat the individual vector~ 0/ and 0/ are oppositely di­
rected as shown in the solution in Figs. 14 and 15. Hence. ifO l

t 

and 8l are equal. the residual vector or torsional equivalent angle 
is zero as previously staled . 

This same solulion applies to any number of joints in series. In 
a system havingn number of joints in series. the general solution 
can be expressed as follows: 

These torsional amplitudes of the joims are vector quantilies 
and must be added veclorial1y . The general problem of joint 
angles and yoke phasing can be easily solved by this graphical 
method and the torsional excitation of a driveshaft system 
minimized as desi red . 

When a three-joim driveline is considered. it is noted that four 
principal phase relationShips can exist if the three joint angles lie 
in a common plane. A principal phase condition is one where the 
yokes of the two intermediate shafts are either parallel (in line) or 
crossed (at 90 deg). Therefore. a three-joint shaft can have fhe 
following four principal phase relationships: 
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Fig. 16 - General three-Joint shan arrangemel11 24>1 
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Fig. 19 -Joint angle alld yoIte plane relationships lor optimum 
phasing 

-a D 0 
A. Parallel - Parallel 

-(J 0 f}-
8. Crossed - Parallel 

-0 D D--
c. Parallel - Crossed 

-(J 0 0 
D. Crossed - Crossed 

The residual joint angle or lorsional equivalent angle of each of 
these four driveline phasing alTangements wou ld be as follows: 

H 
+ 

Fig . 20 - Vectorial solution fOr constant output velocity 

Residual Joint Angle 
Phasing Arrangement (Torsional Equivalent Angle) 

Parallel - Parallel V (J,'l - (Jl + Ol 
Crossed - Parallel V91

t + 9l 0,' 
Parallel - Crossed ...Jtlt', 0,' 0,' 
Crossed - Crossed V 0,'1. + Ol + 8:l 

If it is desired to achieve a zero output veloci ty variation (zero 
residual angle) of the system. an optimum or best phasing ar­
rangement can be found by means of the graphical procedure 
previously described. Fig. 18 illustrates the general arrangement 
or case of a three-joint driveline where none of Ihe shafts lie in the 
same piane. The solution for optimum or best phasing is ac­
complished by constructing views similar to Figs. 14-17. 

Fig. 19 shows an end view of the two imennediate shafts where 
the planes of the joim angles are plOlted and the planes of the 
yokes laid over this same plol. This end view can be seen in Fig . 
18 when viewing Ihe shafts from the direction of arrows A·A. 

The plan\! o f driv ing yoke D, of joint I is assumed in line with 
the plane of jOint angle 9,. while the planes of driving yokes D~ 
and D:! are unknown al this time. Angle <PI is measured in an 
i1ssumed counterclockwise direction from the plane of the driving 
yoke to the plane ofthejoim angle for joint I as shown in Fig. 19. 
The vec10rial solution for this three-joint drive line is shown 
graphically in Fig . 20. The vectors representing Ihejoint angles of 
joints I and 2 are added vec10rially in such a mannerthat1heirsum 
will be equal and opposed to the vector of the joint angle of joint 3. 
This procedure will result in a condition of const ant output ve loc­
ity for driven yoke d". In [he solution, the followi ng steps are 
required: 

A. As in Fig. 15. a ver1ical reference a",is is arbitrarily estab­
lished. 

B. Construct angle 2 q,1 in Ihe previously assumed coun· 
terclockwise direction using the val ue of q" found in Fig. 
19. 

C. At this location. construct a ve<:tor 91~ equivalent in length 
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(0 1he magnilUde of Ihe join! angle squared. Also. at this 
lime, the vector ... 8/ and 8/ rcprescnling. joint ... 2 and 3. 
respectively, should be determ ined and arbitrarily iocated 
on [he diagram. 

D . Since il is desired to achieve a zero residual joint angle of 
the system (conslan! output velocity), it is merely necessary 
10 locate vector 8l in such a way that the vector sum of 
vector ()12 and (J22 is equal to vector 83

2 . Now locate vector 
()J~ so that i1 is oppositely directed from the resultant of 
vectors 8 1

2 and ()~2 . Thi s procedure will result in a zero 

residual joint angle for the system. 
E. Construct anglc 2 4>1 to vector 8l and angle 2 tiJ3 to vector 

(j3~ in Ihe counterclockwise direction. 
F. In Fig. 19, construct in thc clockwise direction of rotation 

angles 4>1 and cp~ from the planes of joint angles 92 and 9~. 
respectively, as shown. Thi s procedure locates the planes 
of driving yokes D2 and D"ofjoints 2 and 3. respectively. at 
the instant when the plane of driving yoke DI of joint I lies 
in the plane of joint angle 8 1 , 

G. With al! driving yokes now properly oriented with respect 
to each other in Fig. 19. construct driven yokes d l and d2 of 
joints J and 2, respectively, and measure the phase angles 
of the appropriate yokes on the two intermediate shafts of 
the three-joint driveline. These are the phase angles re­
quired to achieve a constant omput velocity or a zero 
residual joint angle for the system. As explained in the 
vectorial solution for the previous two-joint arrangement. 
this procedure is readily adapted to computer programming 
for exact solutions. 

Fordrivelines with three or more joints, it should be pointed out 
that generally the optimum phasing required is determined by the 
necessity to minimize secondary couple forces which are usually 
more significant in vehicle applications. 

Inerlia Equivalent Angle-In a typical two-joint driveline. 
the portion of Ihe driveshaft between joint centers rotates 
nonunifolTllly . The inertia effects of this nonunifOITll rotating 
shaft can be quite significam and limit the sizes of the continuous 
operating joint angles. The entire solution oflhis !orsional system 
is a problem in torsional vibrations which will not be dealt with 
here. Only the basic principles involved and the practical limita­
lions gained through experience will be discussed. 

Fig . 21 shows a simulated two-joint system in a common plane 
with the following nomenclature: 

J\ :: Mass moment of inertill of drivcshafl ponion between 
joint centers 

M\ and M2 "" Effective ma ss moment of inertia at the 
driveshaft ends 

8 , and 82 "" loint angles 

A basic equation of this system is: 
T = lcr 

where: 
T = Exciting torque, Ib-in 
J = Mass moment of inertia. Jb-in - ~.2 

0: = Angular accelemlion. rad/sls 

MI and Mz are ~ubjecl to the o~i llaling torque from the cenlcr 
of the driveshaft itself. This osci llation occurs even with equal 

Fig. 21 - Simutated two-joint system 

joint angles. IfMI and Mz arc equal and large with respect tOJI. it 
is reasonable to assume that they will be subjected to oscillating 
torques equal to the maximum accelerating effects of the joinl 
angle times the inenia 11 of the center of the driveshafl. If MI and 
M2 are sm2!1 compared 10 J" then it ~s also reasonable to assume 
Ihat the center of Ihe driveshaft will tum uniformly while 
ma)limum amplitude and acceleration will occur through the end 
mass members . It can also be assumed Ihal if M\ or M2 is large 
compared to the other, that the smallest mass would have the 
largest amplitude and vibration. 

There are, therefore, many combinations of possibilities defin­
ing the relative effect of nonuniform mOlion of the center ponion 
of the driveshaft. It is. however, generally true that a balance of 
torque loads must exist. The oscillating torque required to change 
the angular velocity of J I must be supplied b)" some equivalent 
oscillating torque on tht rolating masses outside of J " namely. MI 
and M 2 . 

This brings up the situation Ihal exists when the driveshaft 
operates at somewhat unequal joint angles. In thi s case. M. and 
M1 are subject to torsional oscillation from inequality of tne joint 
angles as well as from the nonuniform motion of J 1 . In Fig. 21,8. 
and (}2 are a~sumed slightly unequal. while M, and M2 are equal 
and large compared 10 J I' 

In this siwation, the actual sleady state condition could be 
estimated to be <lpproximately as follows: 

M. and M2 are excited torsionally through one-half the 
amplitude of 8 ..... 

J , is torsionally excited through some joint angle which is 
probably about equivalenT 10 Ihe average of8. and 8~. An oscilla­
tory torque is imposed on MI and M~ equally from the osci llatory 
acceleration effects of J •. The summation of these OSCi llatory 
torques show that they are out-of-phase relative to their effect on 
the end of the driveshaft with the smallest joint angle end, and in 
phase with each other relative to their effect on the largest joint 
angle end. 

This leads 10 the following generalized conditions with unequal 
joint angles: 

I. Torsional e)lcitation effect is reduced on the member sup­
ponmg the end of the driveshaft with the smallest join! 
angle . 

2. Torsional excitation effect is increased on the member 
supponing the end of the driveshaft with the largest join! 
angle. 
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Fig. 22 - Simulated three-joint system 

These si tuations are very useful in analyzing installations 
where the excitation created by nonunifonn motion of the center 
of the driveshaft creates disturbances within one of the supporting 
members, such ilS a transmission . This excitation would usually 
appeilf as a disturbance whcn tran.~mitting vcry light or no torque 
loads; a floating type of noise or disturbance, when under light or 
no torque loads, pans clatter through working clearances. To 
improve this situation, slightly unequal joint angles with the smal­
lest angle at the disturbing elemen! will often produce a much 
smoother operdting drive system . 

For purposes of expressing the inenia effects of this two-joint 
system the term inerrilJ equivQlem angle can be used. More 
specifically, in a two-joint system, the inertia drive equivalenr 
angle is the joint angle of the first joint. while the inertia coaSt 
equivall!nt ang/I! I!'; the joint angle of the second joint. In this 
arrangement, the maximum inenia load is equivalent tothesize of 
the largest joint angle. 

The same situation described fo r the simple two-joint system 
applies to a multijoint system. The problem. while somewhat 
more compl icated, still shows th~ same general solution if the 
multijoint combination is considered equivalent to a simple lWO­

joint system . Fig . 22 shows a simu lated three·joint system with 
the following nomenclature: 

J I = Mass moment of inenia between joints I and 2. 
J ~ == Mass moment of inertia between joints 2 and 3. 
M, and Mt == Effective ma.~s moment of inertia at the system 

ends . 
6

" 
8! and 8~ = Joint angles 

It is possible to draw an analogy of an equivalent simple lWO­

joint system. If 1, and J2 are approximately equal. the following 
assumptions can be made: 

I. Relative to M
" 

J, is subjected to torsional oscillations from 
the effects of 8 1. 

2. Relative to M
" 

J2 is subjected to fOrsional oscillations from 
the sum of the effects of 8, and 82 , 

3. Relative to M2 , J2 is subjected to torsional oscillations from 
the effects of 8a. 

4. Relative to Mi. J, is subjected to torsional oscillations from 
the sum of the effects of 82 and 63 . 

If Ihe joint angles are all in a common plane and with parallel­
parallel phasing of the yokes as shown ill Fig. 22, the residual 
joint angle or lorsionlJ/ equivalent angle of the system was previ­
ously shown to be: 
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For purposes of determining Ihe inertia effect~ of this three· 
joint system, equations can be established by working from each 
end of the driveline. These expressions can be termed inerria 
I!quivalem angles. The inerlia drive equivalent lJngle is Ihe joint 
angle of a single joint which will produce the same maximum 
acceleration as the maximum of the sum of the accclerationsofall 
but the lasl joint in the driveline. The inertilJ coast equivlJil!nI 
lJngle is the joint angle of a single joint which will produce the 
same maximum accelerat ion as the maximum of the sum of the 
accelerations of all but the first joint in the driveline . These two 
inertia equivalent angles arc: 

It was previously indicated that arilhmetical values only are 
significant and that the negative sign possibility is ignored . 

As an illustration, assume 0, = 5 deg. O2 = 6 deg, and 03 == 4 
deg. 

(6)1 + (4)~ 

Ores = 2.24 deg 

90 = ,.12 (51 (61 

= v14 

80 = 3.74 deg 

9c = ,.12 (41 - (6)' 

=V4 

8c = 2.00 deg 

From these results, the following obvious relationship can be 
established: 

00
2 - 8C

2 = 2 9 ••. } 
14 - 4 "" 2 x 5 
10 = JO 

This three·joint system, therefore. is equivalent to a one-piece 
driveshaft installation with J = J, or J2 because they are assumed 
equal and with angles of 3.74 deg and 2.00 deg. 

As with the case of the torsional equivalent angle, it is possible 
to express the inert ia equivalent angles forthe four principal phase 
relationships as follows. if the three joint angles lie in a common 
plane: 
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Fig. 23 _ Vectorial solution lor inertia equivalent angles 

Phasing 
An-angement 

Parallel-Parallel 

Crossed-Parallel 

Parallel-Crossed 

Crossed-Crossed 

Inertia Equivalent Angle 

ep ~ 

V 28 1
2 e/ 

V 28,t + 92
7 

V 26 1" - ()/ 

V 28 1
2 + fJl 

Also. any random selection of out-of-plane joint angles or 
phasing can be considered by expanding the vector solution to 
include these pos~ibililics in very much the same way as was 
illustrated with the graph ical procedure outlined for the torsional 
equivalent angle. 

In illustr<lling the graphical procedure for determining the iner­
tia equivalent angles. the same general three-joint driveline ar­
rangement shown in Fig. I R is u~ where none of the shafts lit: in 
the same plane . An end view of the two intermediate shafts is 
shown in Fig. 19 where the planes of the joint angles are plolted 
and the planes of {he yokes superimposed over this same plO!. The 
phasing of the yokes is that which IS required to produce constant 
output velocity or zero rcsidual joint angle for the system. For 
these phase relationships of the yokes, Fig. 23 shows the vectorial 
solution for the inertia drive and inertIa coast equi valent angles of 
the three-joint system. Since this vectorial solution is for the 
optimum phasing condition, the inertia drive and inertia coast 
equivalent angles are equal and oppositciy directed or in phase 
opposition to each other as shown. The basic steps used are the 
same as forthe vectorial solution s illustrated in Figs. 15 , 17, a1d 
20. 

In a system having n number of joints in series. the general 
soiution forthe inertia driVe equivalent angle can be expressed as 
follows: 

-. ± (I)82
1n _ j) ± (O) 8~2 

where the torsional amplitudes of the joint s are vector quantities 
and must be added accordingly. The general solulion for the 

-
T ::: INPUT TORQUE 
TI = OUTPUT TOROUE 

{}= JOINT ANGLE 
C ' SECONDARY COUPLE T TAN e 
0= DRIVING YOKE. 
d ::: DRIVEN YOKE 

INPUT TOROUE T IS ASSUMED CLOCKWISE 
WHEN VIEWED FROM LEFT END. 

Fig. 24 - Cardan joint secondary couple at rotaliona! position 
I') 

inertia coast equivalent angle can be similarly expressed as fol­
lows: 

It was previously indicated that generally the optimum phasing 
required in multijoint drivclines is dictated by the necessity to 
minimize secondary couple excitation. which usually is more 
significant than torsional or inertia effects. 

Secondary Couple Forces---WJoten a Cardan joint transmits 
torque at an angle. an oscillating bending moment is produced by 
th is change in direction of torque. This bending moment. which is 
a function of torque and joint angle only. is called a secondary 
couple to distinguish it from the primary or torque transmining 
couple. This bending moment differs from the primary or torque 
transmitting couple in th<lt it acts in the axial plane of the driving 
and driven member yokes. i .~ transferred into any connecting shaft 
member. and is reacted hy the supponing hearings. 

Fig. 24 shows a Cardan joiOl in rotational position (a). This 
position is onc of the two Jquare positions of a Cardan joint where 
one of the yokes lies in the plane of the joint angle, while the other 
yoke is normal or perpendicular to it. The secondary couple on the 
driving yoke has a maximum value ofT tan 8, while on the driven 
yoke. it is zero. Fig 25 shows the joinl in rotational position (b) 
which is 90 deg of rOlation from position (a) and is the other 
square position. In this position. the secondary couple on the 
driving yoke is zero . while on the driven yoke . it has a maximum 
value ofT sin O. Thus. it is seen that the couples. while remaining 
in the planes of the yokes. are cyclic in nature with a magnitude 
from z.cro to maximum twice per revolution, and the resultant 
couple forces react on supporting bearings with aeomplex excita· 
tion. Fig. 26 shows the basic characteristics of a secondary couple 
force on a supporting bearing. The result is equivalent to aSIatic 
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Fig. 25 - Cardan joint secondary couple at rotational position 
(b) 

force constant in size and normal to the plane of the joint angle 
pl us a dynamic force of equal magnitude with a rotational fre ­
quency o(two cycles per revolution. It is the rotating force which 
produces a vibratory excitation on the bearing supports. 

For small joint angles, the sine and tangent afe appro)l:imately 
equal. Also, for small angles. the sine and tangent are approxi­
mately equal [0 the angle expressed in radians. Therefore. the 
couples within a joint are of essentially the same magnitude o n the 
driving and driven yokes. Since the couple on each yoke varies 
from zero 10 maximum twice per revolut ion and since it is 
maximum on one yoke when it is zero on its mating yoke, the 
couples alternate between a maximum and zero twice each revolu­
tion 90 deg out of phase with each other. With rcspectto each of 
the rotating shafts. therefore, the couple stays in the plane of the 
yoke and varies from a maximum value in one direction to a 
max im um value in the opposite direction and back again once per 
revolution. These maximum values always occur normal to the 
plane of the joint angle . 

For a given disposition or direction of the joint angle, the two 
couples of a joint are sensed in the same clockwise or coun­
terclockwise direction. The direction of these couples can be 
reversed by reversing the d irection of the applied torque or by 
reversing the direction of the joint angle. 

When a second joint is addcd to a driveshaft, the resulting 
installed arrangement is generally dcscribed as eithcr the parallel 
shafts or the intersecting shafts arrangement . Fig. 27 shows the 
pa~lIel shafts arrangement with parallel phasing of the inter­
mediate shaft yokes. Assuming equal angles at each end, this 
condition produces equal and opposite hand couples on the inter­
mediate shaft, which cancel each other relative to supporting 
bearings. The only effect of these couples is. therefore, to produce 
an oscillating bending force o n the intennediate shaft which 
results in the shaft being bent in an arc as shown if] Fig. 27. This 

F"OACE 

o· 

180· 

60· 
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Fig. 26 - Secondarycouple force characteristics on a sl.lppol1-
iog bearing 
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Fig. 27 - Parallel shaft arrangement with paraHel intermediate 
shaft yokes 

arc is a true radius since the joint angles are equal. Because the 
shaft is always bent in one direction from zero to maximum 
deflection. the intermediate member in the plane of its yokes is 
subjected 10 a completely reversed bending cycle at a frequency 
equal to the speed of rotation . With this parallel shaft arrange­
ment, the support bearing s tructures must only withstand the 
couple forces from the adjacent joint yoke. For cltample. the 
muimum couple forces at bearing B in the two principal rota· 
tional positions are as follows: 

Couple T sin 0, (yoke d,) 

F = T sin 0, 

L!I 

F, (~ - L,) = FL.~ 

F, = T sin !.!..L_-__ _ 

(~ - L,) L;, 
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Fig. 28 - Vectorial solution lor resultant static and dynamic 
forces 

F = T si n 8t 

L, 
Fz ::: (L:! - L t ) ::: FL~ 

T sin ()~ L~ 

(Lt - L,) 1...;1 

NOTE: For small angles. Ihc sine and tangent are a:ppro;li­
malely equal. Arbitrarily. thc: sine is u~d here. 

F
• _ T sin fI, , - ---

Lt - L, 
These couple forces may be summated al bearing B to deter­

mine Ihe over-all effects. Fig. 28 shows the veclOrial solution for 
the resultant slatic and dynamic forces accomplished by a graphi­
cal method with the following sleps; 

A. By viewing bearing B in Fig. 27 from the direction of 
arrows A-A, Ihe vertical plane is established as the arbitrary 
vertical reference axis for Fig. 28. The planes of joint 
angles 01 and O2 lie in this plane with 01 sensed downward 
and ()z sensed upward. Also, the planes of yokes d l and D:! 
are localed in the horizontal plane. This procedure is arbi­
Imy. 

B. The maximum value of a couple force occurs normal to thc 
plane of ils joint angle. Since the planes of joim angles 81 

and O2 lie on the vertical reference axis, Ihe maximum 
vector values of Ihc Ihree couple forces are on the horizontal 
axis. In Fig. 27, the maximum couple force at bearing B 
resulting from coupleT sin 91 is directed to the leff from the 
vertical plane when viewed from the direction of arrows 
A·A. while the maximum couple force resulting from 
couple T tan O2 is directed [0 Ihe righ!. Likewise. the 

ROTA110NA~ 
PO SlllON 10 I 

, 

J 
ROTATIONA l 
POS ITIONlb) 

Fig. 29- Parallel shaft arrangement with crossed intermediate 
shatt yokes 

maximum couple force resulting from couple T tan 8 1 is 
also directed 10 the right. Therefore, in Fig. 28. the 
maxim um value of ~oup le force FI is located 90 deg 
dockwi~t frum {ht plant and senSl': of join[ anglt 01' The 
maximum value of couple force F1 is located 90 deg 
clockw ise from the plane and sense of joint angle 82 , The 
maximum value of couple force Fl ' is located 90 deg 
counterclockwise from the plane and sense of joint angle 
9,. 

C. It was previously shown in Fig. 26 that with reference to a 
supponing bearing. the couple force is equivalent to a Sialic 
force constant in size and normal to Ehe plane of the joint 
angle plus a dynamic force of equal magnitude with a 
rotational frequency of two cycles per revolution. There­
fore, in Fig. 28, the static force vectors F1!i' Ft!i. and FI!i' 
are located as shown normal to their respective joint angles 
and added vectorially wilhout regard to yoke phasing. The 
vectorial sum is the resultant static force Flt.~ and is located 
as shown. 

0_ When adding dynamic force vccton;, yoke phasing i~ im· 

ponan!. Yokes d l and O~ are located in Ihe same plane 
(parallel phasingl. while yoke 0 1 is located 90deg from this 
plane. The dynamic force vector FlU is directed horizon­
tally to the left to the point where the circular trace of Fl 
intersect~ the plane of yoke d l, which lieson Ihe horizonta l 
ax is. Vector F!ll is directed horizonlally to the right 10 Ihe 
point where Ihe circular trace of Ft intersects the plane of 
yoke D~. which lies on the horizontal axis. Vector Fll,' is 
directed horizontally 10 the left to the origin where the 
circular trace of Fl' intersects the plane of yoke 0,. which 
lies on the vertical axis. The directions of all dynamic force 
vectors are now sensed correctly and can be added vecto· 
rially. The vectorial sum is the resultant dynamic force Fill > 

at1d originates at thc end of rll.~ ' 

When Ihe previous parallel shafls arrangement is considered 
with crossed phasing of the intermediate shaft yokes. as shown in 
Fig. 29, the only effect is to increase the resultant dynamic force 
FRll • while the resultant static force FRS remains the same. This 
solulion is shown in Fig. 30 for bearing B where the same steps 
were followed aSOUllined in the graphical solution shown in Fig. 
28. The relocation of yoke D2 from the horizontal (0 the venica! 
plane requires Ihe reversal of the sense of the dynamiC force 
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FIQ. 30 - Vectorial solution lor resultant static aM dynamic 
forces 
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FIQ. 31 - Imersecting shaft arrangement with parallel Inter· 
mediate shaft vokes . 

vector F2D and results in the increased resultant dynamic force. In 
studying these two solutions. it can be seen that for ali conditions 
of joint phasing in a given driveshaft installation, the resultant , 
static force always remains the same, while the resultant dynamic 
force varies. 

Fig. 31 shows the intersecting shafts ammgement with parallel 
phasing of the' intermediate shaft yokes and assuming equal 
angles at each end. Under this condition, the couples on the 
intermediate shaft are of the same hand and in phase with each 
other. These couples are supported through the 'length of ' the 
center portion of the driveshaft itself and result in the shaft being 
bent in an S shape baYing ,a nodal point at the middle of the shaft 
length as shoytn in Fig. 31. Because the shaft is always bent in a 
given S shape from zero to maximum deflection, it indicates thai: 
the intermediate member is subjected to a completely reversed 
~ding cycle at a frequency equal to the rotational speed. With 
this intersecting shaft arrangement, the support bearing structureS 
aI: each end must withstand the couple effect of the adjacent j~int 
yoke as well as provide support for one of the force members fro~ 
the couple aroun~ the length of the intermediate shaft. Fig. 32 
sbows the graphical solution for the resUltant static and dynamic 
forces at bearing B where the same steps were followed as 

'. 
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Fig. 32 - Vectorial SOlution for resultant static and dynamic 
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Fig. 33 - Intersecting shaft arrangement with crossed inter­
mediate shah: yokes 

outlined in the previous solutions. 
When the previous intersecting shafts arrangement is coosid­

ered with crossed phasing of the intennediate shaft yokes, as 
shown in Fig. 33, the only .effect is to reduce the resultant 
dynamic force FRO. while the resultant static force FRS Imlains 
unchanged. This solution is shown in Fig. 34 for.bearing B. The 
relocation of yoke 0, from the horizontal to the vertical plane 
requiIes the reversal of the sense of the dynamic·force vector Fm 
.and results in the decreased resultant dynamic force. 

The previous 'two-joint .drivesbaft arrangements were consid­
ered with bothjoint angles lying in the same plane. The graphical 
solution forthe secondary couple effects can easily be extended to 
arrangements where the joint angles do not lie i.p a conunon plane. 

Since aU the previous two-joint drives.haft arrangements were 
considered with both joint angles in a common plane. it is also 
possible to determine the couple effects by mathematical equa­
tiQns which can be easily developed and used. Fig.,35 shows the 
parallel shafts ammgcment with parallel phasing of tbe .mter­
med.ial:e shaft yokes. ~ coupl~ ~ ~ this system are shown 
with the joint angles expressed in radians rather than with the sine 

, " 
or tangent. nus procedun: is ~ssible for small angles. The 
maximum couple forces at bearing B are as fol1oWs: 
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fig. 34 - Vectorial solution for resultant static and dynamic f"ro,,, 
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Ag. 35 - Parallel shaft arrangement with paranel intermediate 
shaft yo,,", 

Couple.T 8, (yok. dJ 

F = T 81 

L, 
F, (1., - 1.,) ~ FL, 

FI = TO 14· 
(L, - L,) L, 

Couple T O,.(yokeW 

F = T8z 

L, 
F, (1., - LJ ~ FL, 

T 8: L: 
(L, - L,) L, 

Couple T (JI ~oke DI) 

T e, 

, 

J 

When viewing the driveshaft system of Fig. 35 from the 
direction of arrows A-A, the couple forces acting on bearing B 
will be arbitrarily considered positive (+) if they act left: nans­
verscly (horizontally), and negative (-) if they act right trans­
versely. Therefore, the couple forces in the two principal rota-

ROTATIONAL 
POSITION 
cos ""r 

, 
D, >e, J 

" ~' ROTATIONAL 
POSITION 
COS( ... T-90·j 

L, 

Fig. 36 - Parallel shaft aJTangement with crossecllntermediate 
shaft yokes 

tional positions can be swnmated as fol1ows: 

Force at 
bearing B 

T 8 L, 
t cos ldt 

(L, - L,) L, 
T 82 L: cos wt 

(1., - L,) L, 

T 8, 
-~-c6s ( wt - 90 deg) 
Lt-L, 

This equation of the resultant force at bearing B must now be 
~xpressed as aresultant static force and a resultant dynamic foo:e. 
The resultant static force FRS is simply'the above expression 
divided by two as follows: 

FRS = 
T81 Lt 

2(L, - L,)L, 

T 82 It 
2(L, - L,)L, 

T 9, 

2(1., - L,) 

The resultant dynamic force is, however, affected by the loca­
tion of the couples with regard to the two rotational position views 
in Fig. 35. If lhe view of rotational position cos wt is assumed as 
the reference view, then the signs of all the couple forces originat­
ing in the view of rotational position cos (wt - 90 deg) must be 
changed 10 their opposite sign. Also, as in the static force equa­
tion, all couple forces must be divided by two. Therefore, the 
resultant dynamic force is: 

~..:T...;8",..:L,,,-_ + T 01 

2(L, - L,)L, 2(L, - L,) 

When the previous parallcl shafts arrangement is considered 
with crossed phasing of the intennediate shaft yokes as shown in 
Fig. 36, the couple forces acting on bearing B can be summated as 
follows: 

Force at ---,T"8",,,,L,"-,- ---:c-,T..:8",:.I.,,,:-_ =--::: COSw(- -
bearing B (L, - L,)L, (L, - L,)L, 

cos (wt - 90 deg) - cos (cut - 90 deg) 
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Fig. 37 - Intersecting shaft arrangement with parallel inter­
mediate shaft yokes 

From Ihis equation. the resuhant static force is: 

2(~ - LI)~ 

T e, 
2(L.! - L I ) 

T9l Ll -------
2(~ - L,)L;I 

and the resullant dynamic force is: 

T 9, L:! + __ ..!~.!--=--__ 
2(Lz - L,)L'I 2(1....J - LI )L.1 

T e, + ---------
2(l-.! - l,) 

Fig . 37 shows the intersecling ~hafts arrangement with parallel 
phasing of the intermediate shaft yoke~. The couple fon:es acting 
on bearing B can be summaled as follows: 

Force al 
beuring B 

T 91 Lz 
------ cos wi 

(L-, - L,lL. 

+ __ ~1__ cos (Wi - 90 deg) 
L! - L, 

From this equation. the resultant static force is: 

TO, L! -------
2(,-:! - L,ll.1 

T e, + -_. -----

and Ihe resultant dynamic force is: 

T e, --------
2(L;z - L,) 

T 0: L.! 

2(L~ - L,lL;l 

___ !_~_L,_ 

2(L! - L1)l.1 

cos WI 

POT /lT' UN/l L 
POSITION 
;:OS '" T 

ROTIITlO",/l L 
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ss 

') 
o , 

Fig. 38 - Intersecting shaft arrangement with crossed inter­
mediate shaft yokes 

When the previous inlersecting ~hafts iHTangement is consid­
ered with crossed pha~ing of Ihe intermediate shafl yokes as 
shown in Fig . 38. the couple forte.; acting on bearing B can be 
summated as follows; 

Force aT 
bearing B 

cos (wt - 90 deg) + T e, 
cos (w t - 90 degl 

k - LJ 

From this equal ion. The resultant ~lalic force k 

FIL~::: _ _ _ TO, L:! 

+ 

2(L1 - L, )L" 

T e, 
2(~ - L,) 

_--2_e,~ 

2( L.l - L, )L, 

Jnd the resultant dynamic force is: 

TO, l..:! 

The graphical and mllthemalical procedures for the secondary 
couple effects used in the previous two-join! driveshllft arrange­
ments can also be applied todrivelin~s having three or morejoinls 
in series. In fact, in multijoint drive lines, these couple effects are 
usually more significant than torsional or inenia excil<uioos . 
Therefore. oplimum phasing is generally dictated by the desire to 
minimize secondllry couple disturbances a! the relatively ~ensilive 
shaft suppon bearings in mullijoinl drivelincs. 

The driveline, however, as!;umes a varying geomeTry due [0 

suspension movements and various driving modes to which a 
vehicle may be subjected. Hence. a compromise on phasing must 
be made in order 10 minimize the major disturbance for a specific 
dynamic driveline condition. 

Fig. 39 shows a Iypical three-join! driveline in IwO principal 
rOlational posiTions with the four secondary couples which influ­
ence the resultant forces on the shaft suppon bearing. Fig. 40 
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Fig. 40 - TyPical three-joint driveHne 

shows a typical three-joint dri veline in top and side views. The 
vectorial solution is used in an illustrative problem to delennine 
and compare the secondary couple effects at the suppa" bearing 
for various yoke phasing combinations. 

For a four-passenger load wide-open throttle (WOT) forward 
start or ma;o;imum wheel slip (tractive effort) condition in a typical 
small passenger car. the following driveline data is as.'iumed : 

T = 5000 Ib·in (assumed clockwise when viewed from 
from of car) 

OIH ::0 0<>53'03" 

LI := 26.33 in 

4 = 29.26 in 

L~ = 34.32 in 

The true joint angles are found as follows: 

= (0.015433): + (0.038533)' 

tan 01 = 0.041509 

9 1 = 2"22'37" 

O2 = 5°18'00" = 0:'0' (O:H = 0 deg) 

~ (O.OI5433f + (O.023974f 

tan 03 = 0.028512 

The maximum couple forces on the shaft suppan bearing are as 
follows: 

Couple T sin 81 (yoke d l ) 

5000 x 0.041474 = 
26.33 

FI = 7.876 Ib 

Couple T tan 82 (yoke D2) 

~ 
5000 x 0.092371 

26.33 

F, ~ 17.541 Ib 

F/ 

Couple T sin 9: (yoke dt ) 

~ 
TsinO: 4 

L, L, 

=~5~~~x~O~.W~23~7~I~X~2~9.~26 

26.33 x 34.32 

14.9551b 
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Fig. 41 - Secondary couple lorce vectors 

Couple T sin 93 (yoke DaJ 

5000 x 0.028498 x 29 .26 

26.33 x 34.32 

F3 = 4 .614 Ib 

NOTE: For small angles. the sine and tangent are approximately 
equal. Arbitrarily. the sine is used here. 

Although they can be constructed as one figure in the following 
vectorial solution, the single vectors and Ihe various combinations 
on the (Wo shafls are shown separately in sequence for conveni­
ence of explanation. 

Fig. 4\ shows the trace of the force FI on the suppon bearing 
from the couple at yoke d l _ Because the couple varies as the sine 
of the angle of rotation of the driving yoke. the force must also 
vary at this angle, and makes the trace of the force a circle which 
passes Ihrough zero. The maximum value of this trace occurs 
nonnalto Ihe plane of the true joinl angle, and gives the effect of a 
static force equal to one-half of the maximum force plus a 
dynamic force equal to one-half of the maximum force acting at 
the end of the static force . This dynamic force has a rotational 
frequency of twice shaft speed. When viewing the front shaft 
from the right or rearend in Fig. 40, and using the vertical plane as 
the arbitrary veI1ical reference axis, locate the plane and sense of 
joint angle 8 1 upward and to the right. As shown, the plane of this 
angle is detennined by constructing the tangents of the side and 
top view component angles. The maximum value of force FI is 
located 90 deg counterclockwise from the plane and sense of joint 
angle 8 1, The vector representing this force may be more readily 
visualized as the IWO veclOrs previously described. One veclor is a 
static force F is at 90 deg counterclockwise from the plane and 
sense of the joint angle and the other vector is a dynamic force FlO 
of the same magnitude beginning at the end of Fls . 

Fig. 42 shows the trace of the force F2 on the support bearing 
from the couple at yoke D t . The same vertical reference axis in 
Fig. 41 must be used here. Also, the plane and sense of joint angle 
82 coincide with this axis as seen in Fig. 40. The maximum value 
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Fig. 42 - Secondary couple force vectors 
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Fig. 43 - Vectorial solution for Ironl shaft secondary couple 
forces 

of F~ is located 90 deg counterclockwise from the plane and sense 
of this angle. Therefore, the static force Fzs is also located in the 
same 90 deg counterclockwise position and the dynamic force F20 

of the same magnitude starts at the end of F2S ' 

II is now possible to combine the static and dynamic ve<:fOl"S of 
forces arising from the two yokes on the from shaft to otxain the 
net effect of these forces on the suppan bearing. The first results 
to be shown are for the case of yoke. d l and D2 lying in the same 
plane (parallel phasing). This solution is shown in Fig. 43, where 
these yokes lie in the horizontal plane, which, is arbitrary. Since 
the angular setting of yoke d l relative to yoke D2 does not alter the 
relationship of F ls and F2S , these vttlon; may be added without 
regard to yoke phasing. Thus, the resultant fronl shaft static force 
F1s + ! S ::= 12.51 lb. 

In adding dynamic force vectors, phasing is important. The 
vector FlO is angled downward and to the left from the end ofFls 
to the point where the circular trace of FI intersects the plane of 
yoke d l , which lies in the horizontal plane. Vector F20 is directed 
horizontally to the left to the point where the circular trace of Ff 
intersects the plane of yoke D l , which lies in the horizontal plane . 
With the directions of the dynamic force vectors now sensed 
correctly. they can be added vectorially. Thus. the resultant front 
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shaft dynamic force FLO + 2D = 12.51 Ib and originates at the end 
of F,s -I- 25-

Fig . 44 shows the net effect of the front shaft forces on the 
support bearing for yokes dJ and D2 at 90 deg (crossed phasing) . 
F,s + 2sremains the same as before at 12.51 lb. The plane of yoke 
D2 is maintained in the horizontal plane. while the plane of yoke 
d , is relocated to the vertical axis. Therefore. vector Fzo remains 
sensed horizontally to the left. but vector FlO is angled upward 
and to the right from Ihe end of Fis to the point where the circular 
trace of FI intersects the plane of yoke d,• which lies on the 
vertical axis. Thus, Flo. 20 = 5.321b and originates at the end of 

F,s + 1S' 

If an absolute min imum vibraling force is desired, the YOKes 
should be phased so that F]nand FlO are exactly opposite in sense . 
Fig. 45 shows the yoke phasing necessary in order to minimize the 
sum of these dynamic force vectors. F,s. 2S remains the same as 
before at 12.51 lb. The plane of yoke D2 is maintained in the 
horizontal plane with vector Fm sensed horizontally to the left. 
Therefore, the trace of F, must intersect the plane of yoke d l at a 
point horizomally to the right of the end ofFls. With FII) and Fl !) 

now sensed at 180deg toeachother,lheminimum FlO. 2D = 4.83 
Ib and originates at the end ofF,s. lS. The angle between yokesd, 
and Dz is measured as 102 deg and is the phase angle required at 
the front shaft to obtain the minimum couple disturbance from this 
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Fig. 46 - Front shaft yoke phasing 
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Fig. 47 - Secondary couple force vectors 

shaft at the four-passenge r load wide open throttle stan condition. 
Fig. 46 shows this yoke phasing when the front shaft is viewed 
from the rear. The plane of the front yoke d 1 is 78 deg coun­
terclockwise from the plane of the rear yoke D2• 

The influence of the rear shaft couples on the support bearing 
disturbance are detennined vectorially applying the same 
methods used for the front shaft. Fig. 47 shows the trace of the 
force F2 ' on thesuppon bearing from Ihe couple at yokedt • When 
viewing the rear shaft from the right or rear end in Fig. 40, the 
same vertical reference axis as before must be used, since the 
effects of the two shafts have to be considered in proper phase 
with each other in orderlQ obtain the final net effect of both shafts. 
Obviously, the planes of yokes D2 and d2 must be al90 deg to each 
other, and if Fig. 39 is reconsidered, it is evident that the couple 
force of D2 acting at the support bearing is opposite to the couple 
force of d!. Since joint angle 8: lies in the vertical plane, the 
maximum value ofF2' is located 90deg clockwise from the plane 
and sense of this angle. Therefore, (he static force Fas' is also 
located in the same 90 deg clockwise position, and the dynamic 
forte Fto ' of the same magnitude staItS at the end of Fas·. 
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Fig. 48 l;hows Ihe Irdce of Ihe force F3 on Ihe suppon bearing 
from the couple at yoke D3. The same vertical reference axis as 
before must again be used here. As secn in Fig. 40, the plane and 
sense of joint angle 63 is located downward and to the left. As 
shown, the plane of this angle is determined by construclitlg the 
tangents of the side and top view componenl angles. The 
maximum value of F3 is located 90 deg clockwise from the plane 
and sense of joint angle 63, Therefore, the static force F:ss is also 
located in the same 90 deg clockwise position and the dynamic 
force Fm of the same magnitude startS at the end of F:ss. 

The vectors for the rear shaft forces can now becombined in the 
same manner as the nel front shaft forces were resolved . Fig. 49 
shows the case of yokes d1. and 0 3 lying in the same plane (parallel 
phasing), Since the plane of yoke O2 was maintained horizontal in 
Figs. 43-45, the plane of yoke d2 and 0 3 must be vertita1 in Fig. 
49. The resultant rear shaft static force F21/ + 3S == 5.681b and the 
resultant rear shaft dynamic force F20' + 30 = 5.68 lb. 

Fig. 50 shows the net effect of the rear shaft forces on the 
support bearing for yokes ~ and 0 3 at 90deg (crossed phasing). 
Fzs' + :IS remains the same as before at 5.68 lb. The plane of yoke 
d~ is maintained on the vertical axis, while {he plane of yoke D~ is 
relocated to the horizontal plane and thus Fzo' + 30 increases to 
9.50 lb. 
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forces 

Fig. 51 shows the yoke phasing necessary in order to minimize 
the sum of the dynamic force vectors. As before, F2S ' + 3S remains 
the same 3t 5.68 lb. The plane of yoke d: is maintained on the 
vertical axis with Fm' sensed horizontally to the left. Therefore, 
lht:: trdct:: of F3 must inten:ccl the plane of yoke D3 al a point 
horizontally to the right of the end ofF3S. With Fzo' and Faa now 
sensedat lBOdeg to each other, F2D ' + 3D is a minimum at S. 17Ib. 
The angle between yokes d2 and D3 is measured as 15 deg and is 
the phase angle required at the rear shaft to obtain the minimum 
couple disturbance from this shaft at the four-passenger load 
wide-open throttle start condition . Fig. 52 shows this yoke phas· 
ing when the rear shaft is viewed from the rear. The plane of the 
rear yoke 0 3 is 15 degclockwise from the plane of the front YOlce 
d,. 

To obtain the combined effect on the support bearing of the 
couples from both shafts, the net front and rear shaft static and 
dynamic forces can be added vectorially in any phasing combina­
tion desired. The best combination for minimum resultant 
dynamic force would be from Figs. 45 and 51 and is shown in Fig. 
53. The resultant static force FRS "" 7.40 lb. The resultant 
dynamic force FRO = 10.00 Ib and originates at the end of FRS. 
(Since this is an illustrative problem, it should be noted that this 
value for the resultant dynamic force is generally too high to be 
acceptable in a passenger car as is shown in the section on 
Secondary Couple ExciralioTl. Therefore. changes in the driveline 
geometry must be made in order to reduce this force.) 

Since there is a possibility of confusion in setting yokes at odd 
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Fig. 52 - Rear shaM yoke phasing 

angles when the shafts arc manufactured. it is of interest to know 
what percentage increase in disturbance might be expected if the 
yokes are placed al the nearesl 90 deg setting to the optimum 
position. In studying Figs. 43, 44, 49, and 50, it is evident that the 
crossed (90 deg) phasing of the front shaft shown in Fig. 44 and 
the parallel phasing of the rear shaft shown in Fig. 49 would be the 
next most desirable arrangement. Fig. 54 shows the solution for 
this arrangement. FRS remains a1 7.40 lb and FRV increases to 
10.99 lb. Since the vibrating force increase is only 9.90%, it 
appears reasonable to accept the crossed-parallel phasing combi­
nation for the driveline at the drive condition stUdied. 

Various other operating conditions must be analyzed by the 
preceding vectorial method to complete a study of the couple 
disturbance and finalize on the yoke phasing combination to be 
used. In order to achieve an acceptable low disturbance level, it 
may be necessary to make various adjustments in the driveline 
geometry including revised cngine and pinion shaft angles. In 
addition. it may be necessary to substitiJle one or more constant 
velocity joints, such as double Cardan joints in place of Cardan 
joints. The usc of a constant velocity joint may be especially 
required next to the sensitive support bearing in a three joint 
drivcline for a passenger car application. The same procedure 
used in analyzing the couple forces on the suppOr1 bearing can be 
applied, if desired, at the bearing supports on the transmission and 
pinion shaft ends of the driveline. 

In order to accurately detennine the couple forces acting on the 
supporting bearing structures , the dynamic operating cond ition of 
the driveU"ain should be simulated with a computer program. High 
torque loads, when applied to the drivetrain, cause the various 
drivetrain components to shift to new positions from their initial 
slatic locations. The dynamiC position of the drivetrain is needed 
if the true couple forces on .the supports are to be predicted. AJso, 
the true ton;ionaJ and inertia equivalent angles can then be deter­
mined. 
Excitation and Effects 

The nonunifonn angular motion characteristics of the Cardan 
joint produce fluctuating speeds and torques, which cause excila­
tion in the driveshait and its supporting memben;. This excitation 
can be classified generally inlO one of three basic Iypes. each with 
its own distinctive characteristics and effect. The disrurbances 
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resu lting from these different excitations can be identified by 
these characteristics and general maximum limits of allowable 
excitation established based upon experience in similar installa­
tions. 

Torsional Excitation - The nonunifonn velocity obtained 
when a Cardan joint operates at an angle produces a ton;ional 
vibration. In a driveline having two or more joints in series. it is 
desirable to have the individual joint angles arranged such that the 
nel result produces unifonn velocity characteristics over the sys· 
tern when optimum yoke phasing is employed. Since iJ: is practi­
cally impossible to maintain the desired joint angles throughout 
the operating range, it is necessary to detennine some maximum 
limit of ton;ional excitation which can be considered as generally 
acceptable. The effect of two or more joints operating in a 
driveline can be combined and expressed as an equivalent single 
joint angie called the torsional equivalent angle . The procedure 
for determining this equivalent angle of a drivcline system was 
described previously. 

The amplitude of ton;ional oscillation which can be accepted 
without causing excessive disturbance depends upon operating 
speed and characteristics of supporting structures and other units 
in the driveline and drivetrain system. 11 has been found that if this 
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excitation is maintained under approximately 400 radlsls 
maximum angular acceleration in any continuous operating posi­
lion and speed, the driveline is generally satisfactory in passenger 
car and most truck installations. This e}(citalion level iscquiva!cnt 
to driving the system with a single joint at an angle no! c}(ceed ing 
approximately 3 deg at 3600 rpm. Certain other highway as well 
as off-highway vehicles, agricultural equipment, power take-off, 
and stat ionary installations may tolerate other and generally 
higher levels of excitation. Fig. 9 shows the effect of rotational 
speed and joint angle on maximum angular acceleration and can 
be used in analyzing various driveline systems. 

Excessive torsional excitation can be identified usually by the 
following characteristics: 

A. Torsional vibration produces oscillating reaction torque on 
major supports. This vibration can excite the engine and 
transmission mounts and rear axle suspension supports 
especially through any resonant frequency of these mount­
ings. The disturbance is usually frequency and torque sensi­
tive. Often extreme peaks of disturbance will occur through 
a short speed range under specific loading conditions. Thi s 
disturbance very often occurs under full drive or full coast 
where angles are more severe and deflected supporting 
mounts have their highest vibration transmilling charac­
teristics. 

B. The torsional fluctuation of the supporting shafts can cause 
load and unload cycles on the driving members. This 
chardcleris!ic lends to accentuale gear noises and clalfer 
which otherwise may not be noticeable. 

C. Rotating components not under load are often oscillated 
within their backlash limitations. This characteristic can be 
especially disturbing where these rotating members have a 
response frequency that corresponds with two cycles per 
revolution within the operating range. 

Inertia Excitation - This excitation is produced by the oscil­
lating torque loads resulting from the driveshaft inertia being 
accelerated through nonunifonn motion. This condition exists in 
any driveshaft operating at a joint angle and exists even when 
torsional excitation is eliminated by exactly equal angles in a 
two-joint installation . The inertia of the intennediatc member in a 
driveshaft produces fluctuating torque loads due to its changes in 
angular velocity. The level of torsional fluctuation depends upon 
the size of the joint angle and the inertia of the intennediate 
member. This type of fluctuation limits the size of the maximum 
joint angle which is acceptable in an installation. 

It has been found thai automotive vehicle installat ions are ex­
tremely sensitive to this type of excitation and to the disturbance it 
creates. Generally, for average passenger car and light-duty truck 
installations which have a relatively large driveshaft inertia, the 
acceptable excitation level must be kept under a maximum accel­
eration ofapplOAimalely 1000 rad/sls ill any contiouousoperating 
position. This maximum acceleration is equivalent to operating 
the shaft with a single joint at an angle not exceeding approxi­
mately 4* deg at 3600rpm. A long one-piece. two-joint driveline 
generally falls into this class of insta1lation. Where the driveshaft 
inertia is relatively small, as is the case often in many multipiece 
truck driveline systems, the max.imum acceleration can be in­
creased to 2000 radlsfs for reasonable limits of excitation from the 
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inertia on nonrotating members. This maximum acceleration is 
equivalent to an angle not exceeding approximately 8 deg at 3000 
'Pm. 

Extremely short, small diamcterdriveshafts used in some truck 
applications allow this increased acceleration, due to the rela­
tively small inertia of the driveshafl. Certain other highway as 
well as off-highway vehicles, agriculrural equipment, power 
take-off, and stationary installations may tolerate other and gen­
erally higher levels of excitation. Fig . 9 can be referred to when 
analyzing inertia problems in drivelines. Also, the procedure for 
det~nnining the inertia equivalent angles of a driveline system 
was described previously. 

In multipiece shaft installations, it is possible to arrange the 
joint angles in the system with proper yoke phasing so that the 
acceleration of the shafts are in phase opposition to each other and 
reduce the effecI on the over-all system. This type of arrangement 
can allow (he use of larger joint angles for those applications 
where cancellation can be achieved. The typical three-joint instal­
lation in an automotive vehicle generally does not allow full 
advantage of this cancellation due to Ihejoint angle arrangement 
and yoke phasing required to cancel or reduce secondary couple 
forees a( the shaft support bearing. 

Inertia excitation usually produces disturbances in the unloaded 
or very lightly loaded drive condition. The effects are quite 
simi lar to that of torsional excitation except usually being iden­
tified with unloaded operating conditions. This e}(citalion shows 
up most ofren during a float down condition. Under these light 
loads. components in the driving system are allowed to reverse 
and clatter through their backlash and clearance limitations. The 
resulting disturbance is usually extremely disturbing due to the 
generally low noise level of the operating condition where inertia 
excitation occurs. Since response characteristics of the vehicle 
must resonate the inertia excitation, (he d isturbance is frequency 
sensitive. 

Secondary Couple Excitation-The secondary couple is a 
bending moment which resu lts from a Cardan joint transmining 
torque at an angle. In a drivcline, the secondary couples react on 
both the supporting structures and the inrennediate shaft or shafts. 
They can produce an effect like critical speed by shaking the 
supports twice per revolution. The vibration of the supports can 
cause a response of the driveline itself at one-half of the frequency 
where a nonnal critical speed would occur. The couple effect on 
the intennediate shaft or shafts is a one per revolution excitation 
and only adds to other one per revolution effects such as unba­
lance. The couple effect is also evident in joint assemblies having 
end clearance in the bearings. Here, me yokes are forced back and 
forth endwise on the cross trunnions by the couple force at a cyclic 
frequency of once per revolution. 

Support response itself can be a major cause of disturbance. 
Disturbances resulting from the couple force rear.;lions will usu­
ally occur during some frequency response range and increase 
directly with the transmitted torque. Shaft support bearings of 
multipiece drivelines for automotive vehicles are quite critical to 
this excitation. The couple forces will excite this support bearing 
when the driveline is rotating at a speed equivalent to one-half of 
the support bearing natural frequency . A low frequency, low 
damping support bearing required to produce good isolation at 
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high speeds will often respond to these couple forces al low 
speeds. Support bearings of this type usually have a critical or 
natural frequency of 1000 to 2000 cpm and , therefore, they will 
be excited at 500 to 1000 rpm driveline speed. 

Experience in driveline installations having shaft support bear­
ings has shown that the dynamic or rotating couple force should 
be maintained under a certain maximllm value in order to prevent 
an objectionable shudder-type of vibration . In Table J are shown 
the limits on the oscillating force, which have been found to be 
generally acceptable at maximum transmitted torque. These rotat­
ing couple forces act twice per driveshaft revolution on the shaft 
support bearing. 

TaDle 1 _ Maximum Dynamic CoupMli Forces 

Inmll8tlon 

Passenger cars 
light-Duty Trucks 
Medium-Duty Trucks 
Heavy-Duty Trucks 

15 
25 
75 

A shaft support bearing must be studied primarily to obtain 
acceptable cancellation. The procedure for detennining the sec­
ondary couple forces on the support bearing was shown previ­
ously in an illustrative problem. Since these forces are torque and 
rear suspension jounce (or load) sensitive, the wide open throttle 
stan condition of the driveline is generally most imponant. 

Design 

The various components of a typical Cardan joint, shown in an 
exploded view in Fig. 55, must be designed to provide the 
necessary joint angularity. stIength, and life requirements for a 
given application. In a typical Cardanjoint, the yoke is the basic 
torque and motion input and output member with drivable means 

B ~ D 
Di LI 

F 
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Ar-- r --flA 
D, R 

.1 
Fig. 56 - Needle roller bearing and cross trunnion 

of anachment, while the cross is the intennediate drive member 
which has four equaJly spaced trunnions in the same plane. The 
ultimate strength of the joint must be safely in excess of the 
maximum applied torque which can be developed by various 
loading modes discussed in the chapler on Basic Drivefine Re­
quirements. The ultimate strength is the maximum applied torque 
at which failure of any of the joint's components will occur. 

Initially, a tentative bearing size with a given number of needle 
rollers, as the rolling elements, must be detennined . The bearing 
configuration must have the dynamic capacity to transmit power 
for a required period of time at various torques, speeds, and joint 
angles. Generally, this tentative bearing size selection is deter­
mined by analytical means. In the section on Rating Procedure 
and Joint Si~ Selection, a method is shown for determining this 
dynamic capacity. In addition, me desired yoke ear, cross trun­
nion, and bearing seal configuration must be assumed. If the 
components can be assembled with ease, it is then possible 10 
proceed with other computations and design procedures. 

Fig. 56 shows a cross sectionaJ v~w of the assumed needle 
roller bearing and cross t:nlnnion. The bearing is acted upon by the 
torque couple force F which is assumed to be concentrated at the 
centroid of the projected bearing area on the cross trunnion, 
fonned by the trunnion diameter D and the effective length L of 
the needle rollers. For a given torque T acting on the joint, the 
torque couple force is: 

T F- __ 

2R 
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Fig. 57 - SoN curve lor cross 

where: 

T - Torque, lb--in 

R = Torque radius, in 

F = Torque couple force, Ib 

When the joint is operated at a uro degree joint angle and has 
equal length torque radii in both driving and driven yokes. the EWO 

pairs of couple forces are equal and opposed. The bending 
strength of the cross trunnion at section A-A due to the torque 
couple force can be detennined. Section A-A is assumed at the 
tangent point of the fillet radius, r. with the trunnion or journal 
diameter, D. If the cross has one or more stepped diameters such 
as D, with blending fillet radii connecting the trunnion to the 
body, these sections also must be analyzed for strength. The fillet 
radii act as points of stress concentration and. therefore, must be 
considered in the design of the cross. The nominal bending stress 
at section A-A has a maximum value at the outennost fiber and is: 

z 
where: 

L Bending moment arm, in 

Z = Area section modulus. in3 

For a round solid section, the section modulus is; 

where: 

Z = 7T J)'l 

32 

o = Trunnion diameter, in 

However, some cross trunnions have lubrication reservoirs or 
holes which extend below the trunnion area into the center of the 
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Fig. 58 - Needle roller bearing types 

body. For this hollow section trunnion configuration, the section 
modulus is: 

where: 

Dl = Inside diameter of trunnion, 10 

The nominal bending stress applies to a trunnion without a point 
of stress concentration or a stress raiser. When a trunnion with a 
stress raiser is considered. the maximum or effective stress Sb' is 
affected by the geometric or theoretical stress concentration factor 
K, and is expressed as follows for a solid section trunnion: 

K!FL 

Z " 
32K1FL 

Therefore. it is possible to compute the maximum or effective 
stress from static ultimate and yield torque test data for a given 
cross trunnion. This limiting stress value can then be used with 
sufficient accuracy to predict the strength of other cross designs 
which have the same material and heat treatment as well assimilar 
geometric configurations. Appendix D shows values of K! for 
various shoulder fillet radii. In the case of the hollow section 
trunnion. consideration must also be given to the machining and 
heat treatmem effects in the hole on the overall value of K!. 

For a cruburized and hardened cross trunnion. a typical ulti· 
mate bending stress of 220 000 psi. which includes the effect of 
the shoulder fillet stress concentration factor, can be used in 
estimating the required trunnion size. Also, it is possible to 
predict the fatigue life of a cross at various stress levels with the 
use of an SoN curve. Fig. 57 shows such a rypical curve based on 
B10 fatigue test data for fully reversed bending of a carburized and 
hardened cross where failures were concentrated in the area of the 
critical trunnion fillet radius, which represented a given theoreti­
cal stress concentration factor. 

When the ultimate strength of the cross trunnion is detennined. 
it is possible to finalize the tentative bearing design. The basic 
bearing design can be either the full complement needle roller or 
the caged needle roller type as shown in Fig. 58. The commonly 
used full complement needle roller bearing has proven more suc­
cessful in the smaller joim sius. while the caged needle roller 
bearing has been used to some degree in the larger joint sires for 
severe service. Also, in certain very lightly loaded and very slow 
speed applications. such as steering shafts. no needle rollers have 
been used at all in the bearings of some joints. 
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Fig_ 59 - Full complement bearing needle roller types 
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Fig. 60 - Cylindrical and controlled contour needle rollers with 
comparative contact stress patterns 

Both the spherical end rollers and the flat end rollers shown in 
Fig . 59 have been generally used in full complement bearings . 
The spherical end type has been most widely used and is the most 
economical type. The flat end type of roller provides the 
maximum effective contact length for a given roller length. 

In the case of the spherical end roller, it can be made as a 
cylindrical folleror as a comrolled contour or relieved end roller 
as shown in Fig. 60. Also shown in this figure are the comparative 
comact stress patterns for ideal bearing alignment and for a 
misaligned bearing when the mating bearing raceways in the 
bearing cup and on the cross trunnion are cylindricaL It has been 
found that bearing life can be extended when using relieved end 
rollers because the stress concentrations at the roller ends are 
decreased as shown in Fig. 60. The effects of manufacruring 
inaccuracies or misalignment caused by deflections due to the 
transmitted torque are minimized. The use of a crowned raceway 
in the bearing cup, or on the cross trunnion, or on both compo­
nents with cylindrical roHers, has also proven beneficial for much 
the same reasons. 

With regard to needle roller proportions, the length.to-diameter 
ratio generally has been in the relatively wide range of 3.50 to 
8.50. The minimum permissible diameter of the roller is deter­
mined by its compressive strength value. In passenger car applica­
tions rollers as small as 0.0625 in diameter have been successfully 
used, while in heavy-duty truck applications, rollers as large as 
0 . 125 in diameter or larger are employed. The roller length can 
vary considerably in the different bearing designs. Theoretically, 
universal join! capacity increases with roller length, suggesting 
that as long a roller as possible should be used. However, practi­
cal limitations are imposed by cross and yoke deflections and by 
bearing clearances employed. These clearances will affect the 
skewing tendency of the rollers which can resull in bending forces 
imposed on them and lead to subsequent roller failure. 

OIAMETRAL 
CLEARANCE 

CIRCU MFER£NTIAL 
CLEARANCE 

{clearonce~ shown are greatly e~aggeratedl 

Fig. 61 - Circumferential and diametraJ clearances for a full 
complement needle roller bearing 

For a full complement needle roller bearing, the circum­
ferential and diametral clearances are shown in Fig, 61. Certain 
minimum values arc desirable ror optimum bearing life. For 
passenger car applications, a total minimum circumferential 
c1carnncc (c.c.) of 0.0012 in is generally recommended to obtain 
the ultimate in needle roller guidance. Since the bearing motion is 
oscillatory, the diametral clearance (d.c.)can also be quite small. 
The usual recommended minimum diametral clearance is 0.0001 
in. Appendix C illustrates a bearing computaTion procedure using 
typical automotive Card an joint component dimensional toler­
ances and minimum bearing clearanct:s. The lotal dimensional 
lolemnces for the cross trunnion diameter and bearing cup bore 
are 0.001 in and for the needle roller diameter it is 0.0002 in. 
These tolerances were selected because of economic factors. The 
computed results show a wide variation of circumferential and 
diametral clearances, and therefore, a wide variation in test results 
may be possible. For larger size joints or those used in applica­
tions other than automotive drivelines, usually higher minimum 
clearance values as well a~ larger component tolerances may be 

used . Other dimensional features of the cross trunnion and bear­
ing cup bore, such as taper and out-of-roundness within the 
operating length of the rollers, must be con,'(\;ied within given 
limits. otherwise bearing life can be impaired. 

After the dimensions and tolerances of a tentative bearing 
design have been selected and computed, it is possible to proceed 
with a computation of the Heitz contact stresses between the 

needle rollers and cross trunnion. and between the rollers and the 
bearing cup bore. In Fig. 56 is shown a needle roller bearing and 
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Fig. 62 - Needle roller radial load distribution 

cross trunnion with the torque couple force F acting at the centroid 
of the projected bearing area on the cross trunnion. This couple 
force is assumed to be a pure radial load and when applied to the 
needle roller bearing it is not even ly distributed on all the rollers as 
shown in Fig. 62. With the rollers assumoo to be positioned as 
shown, and the torque couple force F applied at the center of the 
trunnion. the individual radial forces at the rollers are as indio 
cated. In this bearing design, it is assumed that some radial 
clearance exists. Therefore. the individual radial forces range 
from a maximum value directly under the applied load to a zero 
value at some angle less than 90 deg on either side. In the remain· 
ing arc of the bearing. the collers are completely unloaded. The 
force at the highest loaded roller can be computed with the follow­
ing load diSiribution equation: 

p = 5.00F 
• 

" 
where: 

Po = Force on highest loaded needle roller. lb 

F = Torque couple force, Ib 

n = Number of needle rollers per bearing 

5 .00 = Constant for needle roller bearing with radial play or 
clearance. When a needle roller bearing has zero radial 
clearance, the constant is 4.08 (per Stribeck and 
Palmgren) 

65 

Following computation of the force on the highest loaded nee­
dle roller at maximum torque, it is possible todelermine the Hertz 
contact or mean compressive suess between Ihis roJ1er and the 
mlnnion with &j. A-22 shown in App~ndix A . For convenience. 
this equation can be expressed in terms of the diameters rather 
than the radii as follows: 

where: 

Sm = 2464 p. (~+.!J 
L d 0' 

Sm = Mean surface compressive (Hertz contact) stress, psi 

Po = Force on highest loaded needle roller, Ib 

L = Effective needle roller length on cross trunnion, in 

d = Needle roller diameter. in 

D = Cross trunnion diameter, in 

The Hertz contact stress between the roller and the bearing cup 
bore can be computed with the following equation: 

Sm = 24 

where: 

LI = Effective needle roller length on bearing cup bore. in 

B = Bearing cup bore diameter, in 

It is also IX'ssible to compute the contact stress between the 
roller and trunnion with the following approximate equation: 

where: 

T = Torque. Ib--in 

Sm = 2220/ T 
BF 

BF = Bearing Factor (This factor is defined in the section on 
Rating Procedure and Joint Size Selection. Also . the 
constant of 5.00 for the load distribution equation is 
assumed to apply) . 

In most Cardan joint bearing designs. the contact stress be­
tween the roller and trunnion is higher than between the roller and 
bearing cup bore. The allowable limits of the mean contact stress 
at the maximum applied torque are discussed in detail inAppendix 
A. At nonnal operating load conditions much lower stresses must 
be employed. 
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( c) ( b) 

(d) ( e) (f) 

Fig. 63 - Bearing cup grind relief, trunnion chamfer and needle 
roller end design features 

Bearing life is also affected by the surface finish used on the 
cross trunnion and bearing cup bore. Typical maximum rough­
ness height values used on the cross trunnion and bearing cup bore 
are 30 and 3511- in (arithmetical average), respectively, where 
these finishes are based principally on economic considerations. 
A finer finish means better bearing performance, and insofar as it 
diminishes the progress of fretting corrosion , results in longer 
bearing life . 

To take full advantage of the relatively high radial load capacity 
of needle rollers, the bearing components must be made of the 
proper materials, as discussed in the following section on Mate­
rials Selection, and have optimum metallurgical structures. The 
surface hardness, case hardness gradient, and core hardness range 
of the cross trunnion and bearing cup bore must be adequate as 
indicated in Appendix A. 

Another characteristic which can add significantly to bearing 
life is precession. This term, as used in universal joint oscillatory 
bearing teminology , describes a condition where the rollers con­
tinually change position with respect to the bearing cup bore and 
the cross trunnion so that the raceway wear condition appears to 
be similar to that found in rotating bearings. Unfortunately, at this 
state of the art , it is not known how to design this desirable feature 
into an oscillatory bearing with any degree of reliability. 

Also contributing significantly to bearing life, are the use of 
proper design techniques in the area of the bearing configuration 
containing the cup bore grind relief and the trunnion chamfer as 
shown in Fig. 63. In good bearing design, it is desirable that the 
cylindrical portion of the raceway in the cup bore and on the 
trunnion be greater than the effective roller length. If the cylindri­
cal portion of the roller overhangs the grind relief in the cup or the 
chamfer on the trunnion, as shown in Fig. 63 (a), roller stress 
concentrations will occur which can cause premature bearing 
failure. This potential source of failure can be circumvented by 
maintaining minimum grind relief and chamfer length , as shown 
in Fig. 63 (b), or by employing a steel or plastic thrust washer in 
the bottom of the cup as shown in Fig. 63 (c). The thrust washer 
prevents the roller from contacting the grind relief or chamfer 
edges. Other design innovations which can prevent premature 
bearing failure are the crankpin end rollers shown in Fig. 63 (d), 
the conical end rollers shown in Fig. 63 (e), or the ball end rollers 
shown in Fig. 63 (f). 

An additional important factor contributing to optimum bear­
ing life is the provision of an adequate sealing means for the 
bearing. The principal function of the bearing seal is to prevent the 

I 
(0 ) 

m I 
BEARING SEAL _ 

(ELASTOMER TYPE) . 

SEAL RETAINER~ 

~~ 

( b) 

~I BEARING SEAL 
W/(ELASTOMER TYPE) 

I 

(c) 

B EA R I N G SEA L ___ 1S1=----+-_Ii':.,..-'1 

(PACKING TYPE) 

DUST SHIELD 
(SEAL RETAINER, 

ALTERNATE) 

Fig. 64 - Typical bearing seal types 

(d) 

escape of lubricating fluid from or entry of foreign matter into the 
bearing. In addition, the bearing seal which is a flexible member 
must be capable of operating under varying environmental condi­
tions at various speeds, joint angles, and its design depends on 
joint usage . When moisture gets into the bearing and mixes with 
the products formed by normal lubricant breakdown, corrosive 
compounds can develop that will react on all surfaces. Often a 
joint failure which was initially attributed to bearing malfunction 
would upon closer examination point to acid corrosion as the 
contributing or primary cause. Corrosion in areas other than the 
bearing raceways is indicative of seal, rather than bearing failure. 

The typical bearing seal is generally of the elastomer or packing 
types as illustrated in Fig. 64. These seal types can be further 
classified as to venting or purging and non venting or nonpurging 
types. The elastomer type seals shown in fig . 64 (a) and (b) are 
typical of the nonventing types and are, therefore, generally used 
in joints which are lubricated for life. A lubrication fitting or plug 
cannot be used with the nonventing type seal and can only be 
used, if desired, with the venting type elastomer seal illustrated in 
Fig. 64 (c) . The packing type seal, which is nonventing, is illus­
trated in Fig. 64 (d). 

Another type of elastomeric seal shown in Fig. 3 (b) is a boot 
seal. In certain applications, this seal is used to enclose the entire 
joint. 

q 
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BEARING RETAINER 
RETAINING RING -- RETAINING RING 'STAR TYPE' K 

IlNT~~~MOX~'~ ~u 
RETAIN ING RING STRAP U-BOLT npE~ 

(INJECTION MOLDED PLAST~ 

~> 
ALTERNATE ROUND BEARING AND RETAINER CONSTRUCTIONS 

THRU 
, 

HOLE T'I'PENTAPPED HO LE 
TYPE 

LOW HIGH DElTA 

ALTERNATE WING BEARING AND RETAINER CONSTRUCTIONS 

STAKE 

ALTERNATE ROUND BEARING AND 
RETAINER CONSTRUCTION 

Fig. 65 - Typical bearing and retainer types 

Bearing life is further influenced by the bearing retention 
means employed. Misalignment of the bearing cup with respect 10 
the cross and end clearance between the cross and bearing cup 
thrust surfaces mUSI be controlled 10 dose tolerances 10 prevem 
premature bearing failure or unsatisfactory functioning of the 
join!. Also, if the fit between component parts is too tight, 
detrimental results will occur. Therefore. proper design of the 
bearing retention means is quite imponanl. Fig. 65 shows the 
various types of typical bearing and retainer constructions. 

In the design of a typical yoke. preliminary strength computa­
tions can be made. In general, the design of the yoke ears require 
special attention. These yoke ears are the projecting members of a 
yoke which must resist the torque couple forces applied at the 
joint bearings. The cross sections of the ears vary in size and 
shape from the bearing cross holes to the yoke body. 

A typical section of the ear is subjected to both bending and 
torsional moments. Therefore, the combined stresses at various 

sections should be computed and analyzed. Together with experi· 
ence factors and test results, the ears can be designed and propor­
tioned for adequate strength. Since manual computations at 
numerous sections are tedious and time consuming, a computer 
stress and deflection analysis procedure using the finite element 
method can be readily applied to complex shaped components 
Such as yokes. 

The important load-deflection characteristics of the Cardan 
joint components and their effccts on bearing life are of len over­
looked. The yoke ears will deflect due to the applied torque and 
the centrifugal force effects caused by the high rotational speeds. 
For adequate bearing life, it is highly desirable to provide for 
balanced yoke and cross deflectiorl under torque loads so that the 
needle rollers will not be pinched at either end, but are unifonnly 
loaded along their active length as shown in Fig. 66. This deflec­
tion characteristic can be accomplished by proper proponioning 
of the yoke ear and cross trunnion sections through the use of 
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f ig. 66 - DeUeclion characteristics 

mathematical procedures. bUI generally Ihe solution can beSt be 
obtained by practical design experience and by analysis of leSI 
results. 

When the trunnion in a bearing design is relatively small and 
the rollers are large in diameter, the trunnion is the weaker 
member and thc rollers are load~ at Ihc mdially inner end as 
shown in Fig. 66 (a). The inoorporalion of smaller diameter 
rollers allows the use of a larger diameter and, hence, stiffer 
trunnion in thc same space . This design procedure reduces the 
trunnion deflection . If Ihe yoke is the weaker member, roller end 
loading can also resull, bUI at the radially outer end as shown in 
Fig. 66 (b). When the deflections ofbol:h the cross trunnion and 
the yoke ear are balanced, the ideal loading condit ion shown in 
Fig. 66 (c) exists and results in improved bearing life. 

Fig. 67 shows schematically the deflcctions of Ihe cross trun­
nions and yoke ears due to Ihe applied torque load. In using an 
approximate mathematical procedure for detennining the deflec­
tion characterist ics, basic deflection equations can be used. After 
computing the trunnion deflection, computations can be made at 
various sections of the ear to detennine if thc torsional rigidity lit 
its weakest section is such so as to allow it to deflect with the 
trunnion and thereby nOI induce an additional twisting couple into 
the ear. This loading characteristic would occur if the ear were 
stiffer than nect:Ssary. 

Since the joint may operate at substantial rOlational speeds in 
certain applications. the yoh: ears will also deflect radially out­
ward due tocemrifugal force effects acting on theears and bearing 
cups as shown schematically in Fig. 68. This radial deflection 

F 

Fig. 67 - Yoke deHection due to torque 

Fig. 68 - Yoke deftectlon due to centrifugal force 

I 

BEARING a SEALING HOLE 
CROSS 

characteristic results in increased t:nd clearance between the cross '.Pl.IN' _-lr::;#!'li!!'li!~!'li!~ 
trunnion and beanng cup thrust surfaces and can cause the 
dnveshaft attached to the joint to rotate off its rotational center. 
The skewed thrust · surfaces of the trunnion and bearing cup. 
combined with the centrifugal force. can produce galling-type 
failures on these surfaces. ThLs type of failure generally does nOI 
occur in joints used in thc smaller llghtweighl driveshafts. In large 
heavy-dutydriveshafls, however.lhiscondition can readily occur 
in improperly designed joints. In some heavy-duty joints, a trun­
nion thrust washer between the trunnion and bearing cup thrust 
surfaces may be necessary to withstand the centrifugal force and 
eliminate galling. 

In the eKtremely wide variety of Cardanjoint applications. the 
yokes assume numerous constructions. The detail design of each 
yoke is therefore dependent upon these applications, but in many 
instances . existing yokes are used if possible for economic and 
standard ization considerations. 

Yokes must be designed to pennit the joint to operate at the 

HU'---tt=-__ ~~--u 
GASKET 
(OPTIONAL) BOOY 

-----P,'UG (VENT PLUG. 
AL T£.RNATE I 

FIg. 69 - Slip yoke (internal spNned type) 

maximum required joint angle. In addition, some joints such as in 
cer1ain agriculrural implement drive shafts and as steering shans in 
vehicle tilt cabs . must have a hinge capability as high as approxi­
mately 90 deg. even though rolational operation is not encoun­
tered al this high an angle. 

Fig. 65 shows typical bearing and retainer Iype constructions 
which can be incorporated in the yoke ear designs. Commonly 
used yoke constructions are the slip yoke. lube or weld yoke. end 
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Fig 70 - Slip yoke (eJcternal splined type) 

Fig 71 - Tube or weld yoke 

) pkc. <lncl tlunge yoke . 

ThL' slip yoke j~ a yoke which accommod'Jif>' aXlill movement 

II has ,I hub auachcd 10 Ihc yoke hody and L~ ~tl\lwn in Fig 09 wuh 

appropri<llc descriptive nomenclature . The huh u ... uaHy ha:.. an 
outer ground bearing and sealing surface and intemal spline with 
the hody end of the hub closed by a plug. The chapler on Sr/llll's 
onrl 11 1;(// Mcllion Dedc'l.'s discusse.~ type" of spline:. suilal'>lc for a 
~Iip yoke. The huh length and diameters required depend ,m the 
applical ion and Ihe transmitted lorque . Thb length t'tln,bl~ of I h~' 
dc)"ircd averallc engaged ."pline length plu~ thc lotal ~p1inc [r,[wl 
rC(luired hy Ihc vehicle driveline. In pa~scngcr car :lmlllghl .lUI) 
Irw,:)... applkillions. Ihe nl!io of the aver<lgc engaged ~plinc length 
In Ihe ~pline pitch diameter has been in the typical rangl' on ::?S tn 
2 75 , The total spline travel includes not only thc ~pline !1lOV<> 

men I due In ~uspen),ion motion and pinion windup or winddown, 

hUI abnlht' huild or assembly tolerance . An aduitillnat huh length 
mol) abu b.; n.:quirc:d to a..:commod,lh: II ~ountcrhl,)rc whi..:h I' U"l:d 
,,~ an intem<ll scaling !>.urface in ~()me applic;J1i(ln~, and a vented 
plug will. therefore, he necc~~ary in pl<lce (If a "(Ilid plug 

In ),lIme applit'atmns, espcd<lll) in n ; ulli~h<lft <lrr<lngcment~, il 
~Iip yoke i~ used having a ~olid hubor ,haft with external ~plinc ,1:-' 

~hown in Fig 70. In pii:-.~ngcr t'ur and light-dut~ truck appltt'a­
tion.,. thc ralill nf the <I\'cr<lge engaged .pline length IOlhe .~plim: 
pitch diameter Ill' Ih i ~ yoke ha~ been in the typical T<Jnge (If 2 to J 
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Fig 72 - End yoke (U·boll type) 

Fig 73 - End yoke (Slrap type) 

In .,juwer :-.pced .. pplil'atjnll~, thl.\ ralln ha~ been ;.maller 
Thl' tuhe or weld )llkl' 1\ a )ll)..,C wilh J piloting hub lor 

.lllilchmeniina 1U0t: and I;' ~hown in Fig 7/ Tht' pi)ol diarneterof 

Ihi' hun ,upporh the lUo.:. and In (lrd.cr til 'lbt;lin ade4u<ltl! ratigue 
life III the lypic,11 r.:irr.:umkrential an: welded tube and yoke 
cnnn.ct'ltnn. the kngt h and prl'),' fil 01 th .... pit(ll mu.\( bc oplimiz.ed 
Thi .~ optimum length IS u\u:llI)' developed by experience and 
I<ltiglle lc.,ting . If the lube 1:-' atlilched II) Ih .... )lIkc by Ille;m~ Olh .... r 
than welding. dllTcrenl or additional de~ign cunsiderJli(ln~ will 
ha\c III b..: incI)rpor<llcd. 

Til .... end Yllkc I;. a yoke which llUachc:-. a drivc)'hafll{l another 

drivl.!lrain L'ompon .... nl It (l),~ume' nUIl1CTllUS construction!>. with 
lht' ~pcdllt- de~ign hein,!! dcpcnd .... nt III ,I larg .... degree on the 
<Jppli('al ion requirem .... nt. I n pa~....:ngcr car ;tnd lruck applir.:alions. 
the rdallvcI) ~hon huh g.:ncrall~ ha~ an outer ground sealing 
~urbcc and tnternill ~plinc The ,pi In,' i:-. (If Ill .... Interference lit or 
nero hackl:!~h lype and Ihl' eh;lpter on S"fim'\ (llId Axial Morioll 
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Fig. 74 - End yoke (wing bearing type) 

Del'ices discusses types of spline suitable for this yoke. The {'Hio 
of Ihe engaged spline length 10 the ~plinc pilch diameter ha~ been 
in Ihc Iypical range of 0.80 10 1.10. 

The U·boU and slraptype end yokeC{)nMrUclilln~ with a :.pJincd 
hole in Ihc hub tlnd using round bearings. ~h()wn in Fjg~ . n :.md 
7.1 r~'~pcclively, are common1} u~cd in pu:-.senger car amj light> 
dUlY truci.. applications. The wing bearing type construction with 
a ~rlincd hole. ~hown in Fig . 74, is commonly used in heav)·dut} 
Iruck~ and nrr-highway vchidc~ In all ofthc:-.c ;lpplications. Ihc 
ynke i\ u\ually retained with;! nUl \lr boll ,md washer al Ihc 
... plincd cllnncclion when al1ached In anolher drive line or drive­

train cnmpl.lnent. Tht: Ihn:arJ ~i7.e oflhe~ f.t!-.tencn.. a!-. well J!-. for 
the U·holt. holt. or cap screw fastener". retaining the (()und or 
wmg hearing~ to thc yokc~ must he of sufficiem .~i7.e and .~In: ngth 

tll withstand the fon;e~ which may result from the runctional and 
durabilit y requirements of a given applic'-Ititln. The ljuid-. ­
di~conncc[ type comtruc[ ion with a ~plined hole. as shllwn in Fig. 
75. i~ generally u~ed in power take-orr drive ~y~lem~. The (lamp 

bolt type <.:on~truc[ion with a parl ially serrated hule, shown in Fig. 
7f1. i~ mmt ('ommonl} u~ed in very slow 'peed app)il'ation~ such 

as steering sh'-lft "ystems. 

Other end yoke conMruclions with a splined hole Of wilh a 
... traighl round hole and kcyway are retained with a ... cl :-.crew or a 

nul. An cnd yoke can also have '-I tapered mund hole and keyway 
,Ind he retained wilh a nul. Slill, other end yoke clln ... lruction, 

have square. rcctangular or hexagon:11 hole.,. which arc u~ua! lv SCI 

screw retained. 
A nange yoke 1S a ytlke which allal'hes a drive~haf1 In a 

companion tbnge The flange )okc is ... hown in Fig 77 in two 
altemate con~lruclil)ns These !WlltyJX' .... arc the cummtlnly used 

t 

Fig 75 - End yoke (Quick-disconnect type) 

Fig. 76 - End yoke (clamp bolt type) 

circular and rcc(;1ngular o.:(lnftguratil)n~. For darifio.:alion pur­

rnse .~. thc m;lling (companion nan!,c for each type is tll~o ~hown. 

The ~ (Ike is held 10 Ihc thngc with ""011.'. and tl pilot d iameler b 
pr ,vided til maintain cono:ntricit). The bull size required is die-
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and surface hardened to a typical R.,60 minimum. to provide [he 
required wear characteristics and strength. The necessary case 
depth is determined in a manner similar to that described for the 
cross trunnion. The cup is then finish ground. It can also be made 
of resulphurized medium carbon steel which is induction har­
dened in the bearing bore to an adeqU<lIe case depth and a typical 
R.,60 minimum surface hardness before finish grinding. 

The needle rollers used are made of chromium sleel which are 
hardened [0 a typical range ofR.::60·64 and finish lapped. In some 
joint bearing designs. components having low coefficients of 

CIRCULAR TYPE RECTANGULAR TY PE friction are included, as desired. to improve bearing perfonnance. 

Fig. 77 - Ftange yoke 

tatoo by the clamping force necessary to withstand the forces 
which may result from the functional and durability requirements 
ofa given application. The flange yoke is used in a wide variety of 
driveshafl applications. 

Material Selection 

The selection of optimum materials for the Cardan joint is 
based on ultimate strength. fatigue strength. and other functional 
and durability requirements for a given application. as well as 
economical processing advantages. 

Because of the large variety of applications , the yokes may be 
made from a number of different materials and by various 
processing methods. The most commonly used yoke materials are 
steel forgings made of resulphurized or plain medium carbon 
steels which are heat treated to a typical range of BHN 228-255. 
Those yokes welded during assembly operations are generally 
machined from these forgings. Also. these medium carbon steels 
allow certain surfaces to be surfaced hardened by induction har· 
dening when necessary, if the yoke has. for examplc, an integral 
spline on an external splined slip yoke. Yokes which arc not 
subsequently welded to a connecting member. as a tube or shaft. 
or if they are made integral with a spline. as in an intemal splined 
slip yok.e. are frequently made from either pearlitic. mallcable or 
nodular iron castings. These castings when heat treated to a typi· 
cal range of BHN 241-269 for pearlitic, malleable iron and BHN 
241·285 for nodular iron. allow the machining of yokes having 
the equivalent strength of forged steel comlXfnents. In some 
cases, certain yokes are also fonned from plain low carbon steel 
stampings or made by other means. 

Since the cross serves the important function as the inter­
mediate drive member of the Cardan joint. it is generally made 
from a low carbon alloy steel forging which is carburized to an 
adequate case depth and surface hardened to a typical R.,60 
minimum to provide the required wear characteristics and tor­
sional strength. The trunnions are then finish ground. in some 
applications. the cross is also shQ( peened prior to finish grinding. 
The necessary case depth of the cross trunnion is detennined by 
the size of the Cardan joint and its application requirement. This 
requirement was discussed in the previous section on Design and 
is further ex.plained in Appendix A. 

The bearing cup is usually made of plain low carbon or low 
carbon alloy steel, which is carburized to an adequate case depth 

Typical examples are the plastic needle thrust washer and seal 
washer used at the needle roller ends. Also, in certain cases, a 
trunnion thrust washer is incorporated belween the bearing cup 
and cross trunnion thrust surfaces. This component is generally 
made of plastic or plastic with metal backing material. 

The dust seal or seal retainer used in che bearing seal design is 
usually made from a plain low carbon steel stamping. The two 
common seal designs are generally either the packing or the 
elastomer types. The packing type of seal is usually made of cork 
neoprene coated with graphite or molydisulfidc and must meet 
certain compressibility and recovery specifications. The elas· 
tomeric type of seal is generally a synthetic rubber. Both seal 
designs must exhibit specific resistance to the action of 
petroleum-based fluids and pennit the seal to function satis· 
factorily for any environmental operating condition of [he joint 
application. 

The retaining ring is usually made of carbon spring steel. Also, 
in some applications an injected ring of plastic, such as glass­
filled nylon. serves as the retaining ring. 

Bearing retainer types other than the retaining ring are also 
commonly used. The U-boJt is one of these lYpes and is generally 
made of medium carbon alloy steel, which is heat treated to a 
typical hardness range of BHN 302-352. The strap is another 
retainer and is usually made of plain low carbon steel, which may 
have a typical hardness of R.,70 minimum after forming. 

Bolts and cap screws are used not only to retain various bearing 
constructions, but also to fasten an end or tlange yoke to another 
driveline or drivetrain member. Therefore, these bolts and cap 
screws are generally made of medium carbon alloy steel and heat 
treated to conform 10 the SAE grade 8 bolt specifications. 

Lubrication 

In a Cardan joint the cross can be designed to hold an adequate 
supply of lubricant. This stored lubricant is supplied to the bear· 
ings by the centrifugal action of the rotating joint. The joint 
bearing and cross assemblies may be lubricated for life or pr0-

vided with a lubrication plug or fining for periodic replenishmenl 
of the lubricant. This lubrication procedure depends on the joint's 
specific design characteristics as well as the operating conditions 
encountered in an application. The lubricant type and grade are 
dependent primarily upon the application, the transmitted torque 
and speed, and the operating environment. 

For most passenger car. truck, and other highway and off· 
highway vehicle driveline applications. a lubricating grease hav· 
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ing an NLGI grade number I or2, is genemlly preferred due to ils 
ability to withstand relatively heavy loads. A typical lubricant of 
this Iype usually consists of a refined mineral oil and lithium 12 
hydroxy stearate soap. Extreme pressure and other additives are 
incorporated, as required. to impart to, or enhance specific prop­
erties or performance characteristics of the lubricant. An add::d 
advantage of using an NLGI grade number I or 2 lubricating 
grease is that its consistency is film enough to assist in maintain­
ing the full complement of needle rollers in position against the 
inside diameter of the bearing cup until the joint is assembled. 

In some Jigh!ly loaded applications, a more fluid lubricating 
grease having an NLGI grade number 0 may be desired. Also, in 
some axle driveshaft applications. the joint operates submerged in 
lubricant inside the closed steering knuckle of a vehicle's front 
live axle steerable wheel. This typical lubricant is a lubricating 
mineral oil of SAE viscosity number 90 or 140. In addition, in 
some very slow speed applications below 500 rpm, a lubricating 
mineral oi l in the range of SAE viscosity number 140 or 250 has 
been used. 

Typical basic perfonnance requirements of a lubricating grease 
or oil which must be met, and its various properties, are described 
in the SAE Handbook under Automotive Lubricaring Greases. In 
addition to providing for optimum joint life by reducing friction 
and wear at all bearing surfaces, the lubricant used must perform 
satisfactorily in all environmental conditions of the joint applica­
(ion. 

Rating Procedure and Joint Size Selection 

The following rating procedure for the Cardanjoint applies to a 
complete universal joint assembly which consists of the cross, 
four bearings with full complements of needle rollers and bearing 
seals, as well as the attaching yokes. Also included are miscel­
laneous components such as bolts, cap screws, lock plates, 
U-bolts, retaining rings, and so forth, as required. It will be 
assumed that these miscellaneous attaching mcans as well as the 
driving yoke members have been designed with the comparable 
strength and life of the cross and bearing assembly. 

The Cardan joint can be rated according!O its sialic and operat­
ing capabilities in terms of such design parameters as torque, 
speed, and joint angle as described in Appendix I. Also, the joint 
can be rated in a manner which establishes a common size charac­
teristic for comparison with other size Cardan joints. Fig. 78 
shows a cross sectional view of the cross trunnion and bearing 
configuration ofajoint. The bearing is acted upon by the torque 
couple force F which is assumed to be concentrated at the centroid 
of the Pro.1ected bearing area on the cross trunnion, fanned by the 
croSS trunnion diameter D and the effective length L oflhe needle 
rollers. This couple force is at a distance R from the center of the 
cross and is called the torque radius . 

The size characteristic of the joint can be expressed by a term 
caJled the bearing faclor. BF. which is determined as follows: 

BF = DLK 

o 

F 

R 

-+l-J 
Fig. 78 - Needte rolter bearing and cross 
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where: 

D :.. Trunnion diameter, in 
L = Effective needle roller length on cross trunnion, in 
R = Torque radius , in 
Therefore, the bearingfaclor is simply the product of the pro­

jected bearing area on the cross trunnion times the torque radius, 
and serves as an index by providing a simple means for comparing 
various size joints with regard to relative bearing capacity. 

The life of a Cardan joint is a function of the applied torque. 
speed, and joint angle. These three operating requirements can be 
shown on convenient curves. Fig. 79 shows a basic torque rating 
curve for ajoint operating at 3 degjoint angle. 1000 rpm and 30CXJ 
h of Bu\ life. Fig. 80 shows correction factors for speed and joint 
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angle while Fig. 81 is a life factor curve. The following typical 
problems illustrate the use of these curves: 
Problem 1: 

A Cardan joint with a bearing factor of 1.80 is assumed to 
operale in an application al600 lb-fi torque, 6 degjoinl angle. and 
3000 rpm. Delennine the eSlimated BI6 life. 

In Fig. 79, al a bearing faclor of 1.80. the torque rating of the 
joint is 1300 Ib·ft for a 3 degjoinl angle, 1000 rpm, and 3000 h of 
B,o life. 

A correction must now be made for the speed and join! angle of 
the required application. In Fig . SO. at 3000 rpm, the speed factor 
Ks is 0.70. and at 6 degjoint angle, the angle factor K" is 0.78. 
Therefore. at the speed and joint angle required. the torque rating 
of the joint is: 

= 1300 x 0.70 X 0.78 

T2 = 709 lb-ft 

The life factor is: 
T 

KL = 
T, 

600 ----
709 
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Then in Fig. 81 , at a life factor of 0.846. the Blo bearing life is 
4500 h. 
Problem 2: 

A vehicle application requires a Cardan joint which can operate 
31 3 continuous torque load of 400 lb· ft with a speed of 2000 rpm 
at 5 deg joint angle. The expected life is 300 000 miles at 3000 
revolutions per mile. Determine the minimum size joint that 
should be used. 

The expected life in hours can be computed as follows: 

Expected life = 300 000 x 3000 
2000 x 60 

Expected life = 7500 h 

The basic torque rating at 3 degjoinl angle, 1000 rpm and 3000 
h of B10 life is: 

where: 

T 2 = 400 llrft 

KL = 0.73 at 7500 h from Fig. 81 

K" = 0.82 at 5 deg from Fig. SO 

Ks = 0.80 at 2000 rpm from Fig. 80 

400 

0.73 x 0.82 x 0.80 

TI = 835 Ib-ft 

Then in Fig. 79 at 835 Ib-ft, the bearing factor of the required 
minimum joint size is 1.22. 
Problem 3: 

In a truck application, the continuous IOrque is 300 Ib-ft at 1800 
rpm. The tire size used results in 506 wheel revolutions per mile 
and the axle ratio is 6: 1. A Cardan joint with a bearing factor of 
0.70 is used at a 3 deg operating angle. Detennine the expected 
life in vehicle miles. 

From Fig. 79. a joint with a bearing faclor of O. 70 has a basic 
lorque rating of 500 Ib-ft at 3 degjoinl angle, 1000 rpm and 3000 h 
of Blo life. This rating must be corrected to 3 deg and 1800 rpm . 
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From Fig. 80, the speed factor is 0.80. Hence. at 3000 h. the 
corrected torque is: 

= 500 x 0.80 

T2 = 400 lb-ft 

The continuous torque. however, is 300 Ib-ft and the life must be 
corrected as follows: 

300 
~--

400 

KI. = 0.75 

From Fig. 81, the average Blo life is 7000 h. In order 10 express 
the life in miles, the vehicle speed must be computed as foUows: 

Truck speed = 
1800 x 60 

6 x 506 
Truck speed :: 35 mph 

Therefore, the expected life is: 

Applications 

Expected life = 35 x 7000 
Expected life = 245 000 miles 

The Cardan joint has been used in by far the widest range of 
applications of any universal joint in existence. Through the 
years, this joint has found nearly universal usage in passenger car. 
truck. and various OIher highway and off-highway vehicle 
driveline. axle driveshafi , power take-off, and steering shaft 
systems. In addition. the Cardan joint has been widely used in 
aircraft, railway, marine, agricultural, military, industrial. and 
stationary drive applications. 

For passenger car and light-duty truck driveline applications, it 
has been found that the Cardan joint will operate satisfactorily 
with a minimum of disturbances at continuous operating joint 
angles up to about 4'h deg. In these applications, the minimum 
continuous operating angle should not be less than approximately 
Ih to * of one degree. In other vehicles. varying joinl angle 
limitations ~ usually required because of the numerous possible 
driveline configurations. 

In axle driveshaft applications of four-wheel drive, light..-duty 
trucks in particular, the Cardan joint has been used at the wheel 
position of live, rigid front axles where the maximum intennillenl 
operating joint angles have reached approximately 40 deg during 
extreme steering movemems. However, in this locatjon, the nOf­
mal operating angle is very low, and is in the range of 'h-I 'h deg. 

The use of a single Cardan joint on a driveshaft is not advisable 
where the operating speed is very high , Of where considerable 
power is to be transmitted because of its nonunifonn motion 
characteristics. This undesirable condition can be corrected by 
using two joints in series in proper phase relationship and operat­
ing at or nearly equal joint angles. In addition to one-piece 
driveshafts, Cardan joints are also used in multipiece driveline. 
anangemems with proper phasing and selection of joint angles. 

The recommended maximum operalingjoim angle is governed 
by the rotational speed of the Cardan joint, and since the many 
joint applications cover a wide range of speeds, Table 2 is an 
application guide for operating joint angles where the angle and 
speed arc: continuous conditions and the maximum angular accel­
eration limit is 1000 radlsls. Also, the driveshafts have two joims 
with equal joint angles. In certain applications, the shafllength 
used, usually a very short or a very long center-to-center distance, 
may require a reduction of the recommended maximum operating 
angles, and whenever the joint angles arc: not equal, phasing of the 
joints with respect to one another may be necessary. 

In very slow rotational speed applications such as steering 
shafts, for example, the joint angles should be such that the tor­
sional equivalent angle of the system will not exceed approxi. 
mately 25 deg for a generally smooth feel at the steering wheel 
rim. A higher torsional equivalent angle results generally in a 
"lumpy" feel or variable effort due 10 the lag and lead of the 
angular displacement of the steering gear input shaft. 

Table 2 - Allowable Operating Joint Angles 

Driveshatt 
Speed, rpm 

5000 
4500 
4000 
3500 
3000 
2SO<> 
2000 
1500 
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Section 3.1.2 

Ball and Trunnion Universal Joint 
J. Koinis - Chrysler Corp. 

E.R. W~r, P. E. - Sa2inaw SteerinR Gear Div., GMC 
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Fig. 1 - Ball and trunnioo universal pnt 

Introduction 

The patent literature shows that the concept of the baJl and 
trunnion universal joint was developed as early as 1914 and that 
patenl.~ on various applicahle features were is.'med thmugh !he 
early 19305. This joint has also been commonly called a bipot 
joint. It was used as the inboard joint in an early American front 
wheel drive passenger car built in the late 1920s, and then used 
extensively in some American passenger car driveshafts from 
1932 until the middle 1960s. The join! has also been used in 
independently sprung European rear drive passenger cars as either 
the axle driveshaft inboard or outboard joint. Other limited usage 
of this joint has been in some American military vehicles and 
various induSIr"ial applications. 

The ball and trunnion universal joim, shown in Fig. I in a 
typical design for adriveshaft application, is a nonconstant veloc­
ity universal joint radially self-supported, and permiuing axial 
movement, which consists of a housing drivably connected to a 
ball head shaft through a pair of d iametrically opposed trunnion 
mounted balls. The principal advantage of this joint is the rela­
tively low axial thrust force required for end motion when com­
pared with a conventional sliding spline. Thisjoint characteristic 
minimizes thrust forces on supporting driveline structures due to 
shaft length changes and eliminates the undesirable spline noise or 
grunl problems of some sliding spline installations when sub­
jected to relatively high torque. The joint also has a self-align ing 

feature when stroked axially and angulated within its design limi­
tations. When compared with a Cardanjoint, thebalJ and trunn ion 
joint hac; a relatively large lubricant capacity, and if adequate 
sealing means are provided, no relubrication during nonnallife is 
required . 

There are several limiting characteristics inherent with this type 
of joint. It has a larger swing diameter and less joint angular 
capability than a Cardan joint of comparable torque capac ity. 
Also, the maximum joint angle required can limit the axial travel 
available within the joint . Therefore, the ball and trunnion joint is 
generally used in low angle applications so that sufficient end 
motion is available. 

Kinematics 

An analysis of the ball and trunnion joint indicates that it 
exhibits the same, nonconstant velocity, kinematic characteristics 
as a Cardan joint. II is importailt to correctly specify whether the 
joint housing or the trunnion pin is the driving or input member in 
a particular driveline system. This will affect the phase relation­
ship required when the joint is used in series with either another 
ball and trunnion joint, or a Cardan joint. 
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Case 1 
Rotational Position (a) 

1:# 
T, 

w, 

0= Driving Member (Housing 1 
d = Driven Member (Pin) 
e = Joint Angle 

Input Torque T is Assumed Clockwise 
When Viewed from Left End . 

Joint Member 

0 d 
Angular Velocity w = canst. WI =Wcos e-

Torque T=consL T,:T/cos~ 

Secondary Couple C: Ttan~ C,: 0 

Fig. 2 - Ball and trunnion joint kinematic relationships 

Simplified motion, torque, and secondary couple relationships 
are shown in Figs. 2, 3, 4, and 5. The housing is the driving 
member in Figs. 2 and 3, while in Figs. 4 and 5 the pin is the 
driving member. Fig. 6 shows the velocity variation characteris­
tics in the driven shaft of a baH and trunnion joint and Cardan joint 
for a 15 degjoinr angle. Figs . 7 and g show the driving and driven 
member secondary couple characteristics. respectively , of both 
joints. In Figs. 6, 7, and 8, the joints are shown in various rota­
tional positions with the ball and trunnion joint being shown with 
both the housing and the pin as the driving members. In addition, 
the same joint infernal geometry which provides for angular mo­
tion also allows simultaneous axial movement. 

Phasing 

Sincc the kinematic characteristics of the ball and trunnion joint 
and Cardan joint are identical, the same phasing procedures out­
lined for Cardan joint driveline systems can be used. As indicated 
in the previous section on Kinem£ltics, attention, however, must 
be given to the orientation of the housing or pin of one ball and 
trunnion joint relative to another ball and trunnion joint, or a 
Caroan joint when they are used in series. 

Case 1 
Rotational Position (b) 

D = Dr iv ing Member (Housing) 
d = Driven Member (Pin) 
e- = Joint Angle 

Input Torque T is Assumed Clockwise 
When Viewed from Lef! End. 

Join! Member 

0 d 

Angular Velocity w = const. WI =w/cos -& 
Torque T =const. T\ = Teos-& 

Secondary Couple CoO C, = Tsin9 

Fig. 3 ~ Ball and trunnion joint kinematic relationships 

Forexample, in Fig. 9, the ball and trunnion joint is used with a 
Cardan joint on a one-piece driveshaft in an intersecting shaft 
arrangement. The shaft is shown schematically in two rotational 
positions 90 deg apart, and the joint angles are true angles. The 
housing of the ball and trunnion joint is the driving member, and 
the pin is phased parallel or in line with the driving yoke of the 
Cardan joim. 

For this phasing arrangement, the IOrsionai equivalent angle or 
residual joint angle of the system is: 

This residual joint angle characteristic is the same as for a one­
piece driveshaft having Cardan joints with parallel intennediate 
shaft yokes. If the shaft lengths, joint angles, and the supporting 
bearing locations ofthcse two driveshafts with intersecting shafts 
are identical, the secondary couple forces on the bearing struc­
tures are also the same. By referring to the kinematic characteris­
tics shown in Figs . 2 thru 8, various driveline configurations using 
ball and trunnion joints can be analyzed with regard to optimum 
joint phasing. 
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Case 2 
Rotational Position (0) 

c 

D = Driving Member (Pin) 
d = Driven Member (Housing) 
e- = Joint Angle 

Input Torque T is Assumed Clockwise 
When Viewed from Left End. 

JOint Member 

D d 

Angular Velocity w~ c \.lns t . Wi = wcos ~ 
Torque T = canst. Tj ~Tlcos ~ 

Secondary Couple C:Ttan-9 C,~ 0 

Fig. 4 - Ball and trunnion joini kinematic relationships 

Design 

The various components of a typical ball and trunnion joint 
shown in an exploded view in Fig. 10, must be designed to 
provide the necessary joint angularity, axial travel, strength, and 
life requirements for a given application. The ultimate strength of 
the joint must be safely in excess of the maximum applied torque 
which can be developed by various loading modes discussed in 
the chapter on Basic Driveline Requirements. Initially, the size of 
the ball head shaft is determined as outlined in the chapter on Axle 
Driveshafts. Then the ball head shaft assembly consisting of the 
ball head shaft, pin, needle rollers, balls, spacer washers, spring 
washers, and centering bunons, as well as the housing configura­
tion, can be designed to meet the various joint application 
parameters. 

Proper considerations for designing the joint bearing elements 
are necessary for adequate joint life. The ball-to-housing bore 
wear can be minimized by the selection of optimum comparable 
component materials. dimensions, Hertz contact stresses. surface 
hardnesses. and surface finishes or coatings, as well as an op­
timum hardness gradient of the housing bore casc depth. In 
addition, an optimum lubricant must be utilized which is compat­
ible with the overall ball-to-housing bore design selected. and also 
must meet the requirements of the joint application. The op-

Case 2 
Ratotionol Position (b) 

C, 

0= Dr iving Member (Pin) 

' ..... w, 

d = Driven Member (Housing) 
e- = Joint Angle 

Input Torque T is Assumed Clockwise 
When Viewed from Letl End . 

Joint Member 

D d 
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Angular Velocity w~ can st . :: w/cos e-
Torque T"'const. T\ : Teas e-

Secondary Couple CoO CI" Tsin'6 

Fig. 5 - Ball and trunnion joint kinematic relationships 
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Fig. 9 - Intersecting shaft arrangement with parallel inter­
mediate Shaft pin and yoke 

limited design should provide for an adequate precession of the 
balls in the housing bores and of the needle rollers relative to the 
pin and ball bore. This precession characteristic is also de­
scribed in the section on the Cardan or Hooke Universal Joint. 

The needle roller length-to-diameter ratio employed is usually 
at the high end of the range or somewhat higher than the range 
used in a typical Caroan joint . The needle roller bearing load 
distribution and Hertz contact suess computation is discussed in 
the section on the Cardon or Hooke Universal Joint . For the entire 
bearing configuration, the permissible Hertz contact stress, in~ 
eluding the associated computaton procedure, is also shown in 
Appendix A. With regard to needle roller bearing design. the 
selection of optimum size and tolerances, as well as diametral and 
circumferential elearances is generally the same as for a Cardan 
joint in similar applications. Appendix C illustrates a typical bear· 
ing computation procedure fo r determining these clearances. 

The ball head shaft asseml]ly configuration with an adequate 
ball circle diameter must be optimized by tria] computations. The 
ball head shaft is a me mber which provides for the transversely 
located pin and has drivable means of anachment. Strength com· 
putations can be made by assuming the ball head cross section at 
the pin to be circular with a transverse hole. For a tentative as· 
sumed bearing design with sufficient capacity, the bending 
strength of the finish ground pin is of primary imponance. The pin 
is a member pressed through the baU head shaft which provides 
trunnions for the needle rollers, balls, centering bunons. and 

Fig. 10 - Ball and trunnion universal joint 

associated components. The pin bending strength is computed in 
the same manner as the Cardan joint cross trunnion. Generally, 
the press fit in the spherical-shaped hub of the ball head is a typical 
0.0CI02·0.00IS in total interference, which has an important effect 
on joint fatigue life. The interference fit used must be sufficient to 
prevent relative movement, commonly called ' 'chafing" or "fret· 
ting", between the pin and hole in the hub when torque is trans­
mined. This interference fit results in a compressive stress in the 
pin and also imposes a stress concentration due to discontinuity at 
each end where the pin protrudes from the hub. 'This stress con­
centration can be minimized somewhat by chamfering both ends 
of the hole passing through the hub. Therefore, the application of 
a torque load on the joint results in acornplex s~ss state, which is 
at a maximum in the pin just inside the hub edge. For passenger 
car and other similar applications, a typical allowable bending 
stress of ISO 000 psi can be used at the maximum applied torque 
to determine the size of the pin which is carburized, hardened. and 
finish ground. The use of this stress vahle allows for the indicated 
stress concentration effects. With respect to the ball head shaft 
axis, the pin is usually centered within 0.004 in total indicator 
reading for automotive applications. At each end of the pin, a 
bearing assembly is mounted which consists typically of a bal1 , 
needle rollers as the rolling elements, spaqer washer, spring 
washer. and centering button. These bearing assemblies mate 
with the housing, which is a member with two diametrically 
opposed, partly cylindrical axial ball bores on the cylindrical 
inner clearance surface, and with drivable means of attachment. 
Fig, 11 (a) illustrates a typical housing construction used in a 
driveshaft application, while Fig. It(b) shows a typical housing 
configuration for axle driveshaft usage. 

The bal1 is a partly spherical shaped member which pivots and 
transmits torque from t~e housing to the boll head shaft through 
needle rollen and the pin, and permits axial movement. Instead of 
being true spherical, the our.er profile swfaceofthe ball may also 
be made toroidal in shape, as shown in Fig. 12, in order to control 
the contact area length and thus prevent edge contact in the 
housing ball bores during high torque load applications. For this 
toroidal~shaped ball, the generating radius is smaller than the 
equatorial radius and results in an elliptical spot contact in the 
cylindrical bore instead of the long and narrow elliptical contact 
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Fig. 11 - Typical ball and lrunnion joint housing constructions 
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Fig. 12 - Toroidal ball 

condition of the spherical ball, which actually runs off or extends 
beyond the ball edges during high torque loads. 

The generating radius-to-equatorial diameter ratio of a typical 
toroidal ball may be approximately 0.46-0.48 and not result in 
contact run-off. For a given torque load, the smaller elliptical 
cOnlact area produced by the toroidal ball increases the Henz 
contact stress and the required case depth over that resulting from 
a spherical ball. However. the smaller COnlact area resulting from 
less conformity or wrap around of the bore on the toroidal ball 
reduces sliding and scuffing produced by the longer contact area 
of the spherical ball. as well as the edge contact and. hence, may 
improve housing ball bore wear life when other optimum design 
procedures are incorporated. even though the contact stress is 
higher. In a typical driveshaft design. the total clearance between 
the ball and housing cylindrical ball bore may be in the range of 
0.0005-0.0025 in, whereas for an axle driveshaft application this 
clearance may be approximately 0.001-0.004 in. 

The spacer washer is a member which positions the needle 
rollers inside the balL The spring washer is a member which 
maintains contact of the centering buttons with the housing bore 
radial thrust surfaces. The centering bullon is a thrust-loaded 
member which locates the ball head shaft assembly during its 
various movements and radially retains the needle rollers. With a 
centering button and spring washer assembled to each end of the 
pin : the resulting total radial clearance in the housing axial bores 
is in the typical range of 0 .000-0.006 in. 

Depending on the maximumjoim angle requirement, adequate 
clearance must be provided between the centering button flat 
surface and ball, while at zero joint angle clearance must exist 
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Fig. 13 - Determination of joint angularity and clearances 
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AXIAL RADIUS = f (SPAN Of HOUSING BORES) 

BORE DIAMETER TRAN SVERSE 
RADI US 

TRAN SVERSE RADIUS =+ (BORE DIAMETER ) 

Fig. 14 - Centering button design radii 

between the ball and spacer washer adjacent to the ball head. Figs. 
13 and 14 show these clearances and the required radii of the 
centering button thrust surface in both axial or longitudinal. as 
well as transverse planes. These illustralions clearly show the 
design studies which must be made for a typical joint before the 
design can be finalized and are affected by joint angularity and 
axial movement requirements. Fig. 13 shows the highest joint 
angles possible at the extreme ends of the required end motion. AI 
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the maximum joint angle position the ball ;sshown adjacent to the 
bonom of (he centering bullon, indicating the necessity of the 
clearance illustrated in Fig. 14 to prevent interference. AI the 
maximum joint angle position also. the required length of the 
centering button is shown. Good design practice allows a length 
sufficienT to provide for 2 deg-3 deg joint angle over travel before 
edge contact is reached. Since the bulton is subjected 10 Sliding 
motion as well as thrust forces, it must be surface hardened. 
Therefore, the resulting minimum thickness at the edges of the 
toric curved surfaces must be adequate to prevent brittle fracture. 
Also, the necessary minimum length of the bunon stem protrud­
ing into the pin end for support can be detennincd al the maximum 
joint angle position. 

In perfonning its principal function of keeping the lubricant in, 
and foreign matter oU[ of the joint, the boot seal, which is a 
flexible member, must be capable of operating under varying 
environmental conditions at various speeds, joint angles, and end 
motion positions, and its design depends on the joint usage. For 
high-speed automotive driveshaft applications. a typical convo­
luted conical-shaped seal with an internal baffle is used. This 
internal baffle prevents the lubricant from working out of the joint 
housing and into the seal area. For slower speed applications, 
such as vehicle axle driveshafts, the baffle is generally not re­
quired. Also , for typical high speed drive line applications. the 
boot seal configurations illustrated for the cross groove and end 
motion type double offset joints for such installations can be used. 
Both ends of the seal are usually held in position with clamps 
which are thin metallic or nonmetallic adjustable bands. If the 
joint axial movement is relatively high, joint venting means may 
be required. When the closed end type of housing is employed, 
axial stroke limitation means can be incorporated in the seal 
design to prevent accidental disassembly. 

In the Oanged housing design commonly used in automotive 
driveshaft applications. the open flanged end is closed by a 
housing end cover and sealed with a gasket. This housing end 
cover is a memb:er which protects the joint from contamination 
and loss of lubricant during shipping and handling. When a ball 
and trunnion joint is used on both ends of a driveshaft. a conical 
spring has been used between the housing end cover and balJ head 
shaft to keep the joints centered at each end . If a Cardan joint is 
used with a ball and trunnion joint, then no centering spring is 
required. The maximum angular design capabi lity of the joint for 
its entire axial stroke range can be detennined by plotting a chan 
as described in Appendix G. 

As previously indicated, the principal advantage of the ball and 
trunnion joint is that it requires a relatively low axial thrust force 
during end motion when compared with a conventional sliding 
spline. Fig . 15 shows the static (nonrotating) axial force charac­
teristics for a lypicaJ joint. 

Material Selection 

The selection of optimum materials for the ball and trunnion 
joint components is based on uhimate slrength, fatigue strength, 
and other functional and durability requirements fora given appli­
cation. as well as economical processing advantages. 
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Fig. 15 - Ball and trunnion joint axial 'oree characteristics 

The housing is usually made from a low carbon alloy or plain 
low carbon steel forging which is carburized 10 an adequate case 
deplh and surface hardened to a typical Rc60 minimum to provide 
Ihe required wear characteristics and torsional strength. The 
necessary case depth required in Ihe axial ball bores after finish 
grinding is relatively deeper when a toroidal ball is used than 
when a spherical ball is utilized, and is detennined by the contact 
load requiremem explained in Appendix A. 

The pin is generally made from cold drawn low carbon alloy 
steel bar stock which is carburized to an adequate case depth and 
surface hardened to a typical Rc60 minimum and finish ground. 
The necessary case depth is detennined by the joint size and its 
application requirement and is essentially the same as discussed 
for the Cardan Joint cross trunnion. and is also explained in 
Appendix A. 

The finish ground balls are usually made of low carbon alloy 
steel which are carburized to an adequate case depth and surface 
hardened to a Iypical ~60 minimum. The balls can also be made 
of chromium steel which are hardened to a typical range of Rc62-
65. After basically providing for adequate surface hardness and 
case depth in the housing ball bores, the bore wear can sometimes 
be reduced by modifying the ball surface finish by. for example. 
gril or vapor blasting or lapping. Also. a phosphate type coaling 
can be applied to the housing, if desired. 

The needle rollers are made of chromium steel which are har­
dened to a typical range of Rc60-64 HJld finish lapped. The spacer 
washers are generally made of plain low carbon sleel, which can 
be cyanided to a Iypical surface hardness of Rc60 minimum. The 
spring washers are usually made from spring steel stampings. 
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The centering bullons are generally made of cold formed. low 
carbon alloy steel, which are carburized to an adequatc case depth 
and surface hardened to a typical Rc60 minimum and finish 
ground on the toric curved thrust faces and the piloting stem. 

The ball head shaft when used in drivcshaft applications, is 
usually made from a resulphurized medium carbon steel forging. 
which is heat lreated [0 a typical hardness i.lOge of BHN 255·285. 
For heavy duty or axle driveshaf[ applications. typical materials 
and heat treatments are the same as discussed for axle shafting in 
the chapter on Axle Driveshafts. 

The e1astomeric material of the boot seal is generally a synthet· 
ic rubber which mU.~l exhibit specific resistance to thc action of 
petroleum ba~cd nuid~, and pcrmillhe ~ea l lo function sati~facto · 

rily for any environmental operating condition requirements of 
the joint application. The clamps are usually made of plain low 
carbon steel. The gasket is generally made from gasket paper and 
the housing end cover is usually made from a plain low carbon 
steel stamping. The spring, when used. is generally mtlde from 
carbon spring steel wire . 

Lubrication 

The ball and trunnion join! has a relatively large capacity for 
lubricant and is generally lubricated for life. In high speed 
driveshaft applications, approximately one half of the avail able 
volu me of the assembled joint cavity is filled. The lubricant 
should be evenly distributed in thc housing since it will not 
transfer from onc ball bore to the other during operation. If too 
much lubricant is used. it may work past the boot seal baffle and 
cause failure of the convoluted seal due to centrifugal force 
effects. In slower speed applications such as axle driveshafts. 
generally most of the assembled joint cavity is filled with lubri­
cant and the presence of lubricant in the sea! area is not detrimen· 
tal to seal life. 

A lubricating grease having an NLGI grade number I or 2 is 
usually used. A typical lubricant o f this type generally consists of 
a refined mineral oil and lithium 12 hydroxy stearate soap. Ex­
treme pressure and other additives are incorporated, as required, 
10 impart to orenhance specific propclties or perfonnance charac­
teristics of the lubricant. 

Typical basic performance requiremenTs of a lubricating 
grease. which must be met, and its various properties are de­
scribed in the SA£ Halldbook under Automotive Lubricating 
GreQSes. In addition TO providing foroptimumjoint life by reduc­
ing friction and wear at all bearing surfaces. the lubricant used 
must pcrfonn satisfactorily in all environmen tal cond iT ions of the 
joinT application. 

Rating Procedure 

The ball and Irunnionjoint can be raled on the same basis as tnc 
Cardan joint where the Term bearing factor is used in rating and 
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comrwnng Joml SIZC~. In addition. the joint can aha be raled as 
deseribcd in App~ndix I. 

Applications 

The ball and trunnionjoint found its most common usage as the 
front joint ill many paST. one-piece passenger car driveshafTs 
where there was a need for a joint providing low effort end motion 
in addition to a relatively low joint angle capabili ty. Also. the 
joint has been used in axle drivesh afts or fronl and rear drive 
vehicles where axial movement was required along with the 
necessary intennittent joint angle capability during suspension 
movements. Additional usage of this joint has been in aircraft, 
military vehicles, and industrial applications. Depending on the 
axial stroke requ irement of an application, the maximum angular 
design capabiliTy of this joint is approximately 15 deg. 

The normal design operating angle of the joint will depend on 
the specific application, while the maximum intennittent operat· 
ing angle, throughout its entire aJiial stroke range, must be wiThin 
the limit lines of the angular capability chart for a given joinT 
design as described in Appendix G. For passenger car and light 
d uty truck applications, normal operating angles of approxi· 
mately 3 deg have been. used in driveshafts. If this angle is de· 
creased to less than I Y.t-2 deg. the bearing life is affected. Rota· 
tional movement or osci llation of the needle rollers and balls 
becomes crratic, which can cause brinelling of the trunnion pin 
and housing ball bores. 
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Section 3.1.3 

Roller and Trunnion Universal Joint 
E. R. Wagner, P.E. - Saginaw Steering Gear Div" GMC 

HOUSING COVER~ 
Introduction 

- CLAMP 

The roller and trunnion universal joint was patented by Llpc: in if -BOOT SEAL 

1909 and was used in some European front wheel drive passenger ~ _', ~. >. . ~~ I ' 
cm~th~~bo~joint. Thisjoint, ~hic~i~similactotheballand ,,-; "'--' f/ '~~~·'.\~~f\).",~ - CLAMP 
trunmon Jomt, IS another type of blpot JOint construction. '. rf{l Q Ii" ~ \ :'- ~ 1 \ ,,\ ,,~ ~ 

The roller and trunnion universal jomt. shown In Fig. 1 in a ---\ 1 • \ \ \ j,.~? 0 
tyPlficai desi~~, is da nonc~~stant ~alelOCity universalh,johint ra~iallYf \~\\ ~.-~( . __ , . _ ... _._ \ _ ) 
se -supportcu, an perrrutung axl movement, W Ie consIsts 0 ~ . 

a housingdrivably connected toa shaft through a pairofdiametri- O· RING .... -.. -.. 
SEAL - SHAFT 

cally opposed trunnion mounted roUers. Its advantages and dis- / r 
advantages are essentially the same as for the ball and trunnion ROLLER -..J 
joint except for a somewhat higher axial thrust force during end 
motion which is. however. still lower than conventional sliding 
spline. 

Kinematics 

The kinematics of the roller and trunnion joint are the same as 
for the Cardan and ball and trunnion joints. which both transmit 
nODconstant velocity. As in the ball and trunnion joint, the same 
internal geometry which provides for angular motion also allows 
for simultaneous axial movement. The joint phasing procedure is 
the same as described for the baH and trunnion joint. 

Design 

The various roller and trunnion joint components must be 
designed to provide the necessary joint angularity, axial travel, 
strength, ancIlife requirements for a given application. The ulti­
mate strength of the jOillt must be safely in ex.cess of the 
maximum applied torque which can be developed by various 
loading modes discussed in the Chapter on Basic Drivdine Re­
quirements. Initially, the shaft size is detennined as outlined in 
the chapter on Axle Driveslwfts. Then the housing, pin, needle 
roller, and roller configuration can be designed to meet the 
various joint application parameters. 

The needle roller bearing load distribution and Hertz contact 
stress computation procedure is discussed in the section on the 
Cardan or Hooke Universal Joint. For the entire bearing config­
uration, the pennissible Hertz contact stress, including the as­
sociated computation procedure, is also shown in Appendix A. 
With regard to needle roller bearing design. the selection of op­
timum size and IOlerances as well as diametral and circumferen­
tial clearances is generally the same as for a Caman, or ball and 
trunnion joint in similar applications. Appe"dix C illustrates a 

HOUSING - ' 

-- NEEDLE 
ROLLER 

Fig. 1 - Aolier and trunnion urliversal joinl 

typical bearing computation procedure for determining these 
clearances. 

The roller and trunnion joint is very similar in design to Ihe ball 
and trunnion joint except that cylindrical rollers are used in place 
of balls. The roller is a cyJindrical·shaped member which pivots 
and transmits torque from the housing to the shaft through needle 
rollers and the pin, and permilS axial movement. Centering bUI­
tons, spacer washers. and spring washers are not used. The func­
lion of the centering bunons in providing radial thrust support is 
incorporated in the closed spherical end of the roller itself, or the 
pin is spherically shaped at the ends when open end rollers are 
employed. The radius of the spherical-shaped end of the roller or 
pin is equal to one-half of the span of the housing roller tracks or 
slots. Needle rollers are generally used with both roller designs. 
The closed end roller design allows a maximum joinl angle capa­
bility of approximately 17 deg. while the open end roller permits 
approximately 10 deg of maximum angular capability. 

8S 

For similar applications, the selection of various clearances and 
tolerances is generally the same as for the ball and trunnion joint. 
Also, the allowable pin strength and its interference fit with the 
mating shaft member are essentially the same as employed in the 
blll and trunnion joint. Fig. 2 shows two typical housing con· 
structions used. The housing is a member with two diametrically 
opposed axial roller slots on the cylindrical inner clearance sur­
face and with drivable means of attachment. In the tulip type 
housing, these roller slots extend through its periphery. 

The boot seal is a flexible member. and in perfonning its 
principal function of keeping the lubricant in and foreign matter 
out of the joint, it must be capable of operating under varying 
environmental conditions at various speeds. joint angles, and end 
motion positions. When the closed type of housing is used. the 
seal is generally connected to the housing with a seal adapter and 
held in position with a seal retainer. An a-ring seal is usually 
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Fig. 2 - Typical roller and trunnion joint housing constructions 

employed between the housing and seal adapter. Generally, a 
clamp is used to hold the boot seal in position on the shaft. When 
the tulip type of housing is used, a housing cover must be 

employed. This housing cover is a sleeve-like member which 
encloses the housing and provides for attachment of the boot seal 
and bearing surfaces for radial support of the joint. Usually, the 
housing cover has an interference fit with thc housing outside 
surface and an Coring provides sealing between these two mem­
bers. The boot seal is generally held in position on Ihe housing 
cover and shaft with clamps. To prevent accidental disassembly 
of the joint, the seal adapter and seal retainer for Ihe closed type of 
housing and the housing cover for the tulip type of housing can be 
designed to limit the maximum axial movement. The maximum 
angular design capability of the joint for its entire axial stroke 
range can be detennined by ploHing a chart as described in Ap­
pendix G. 

As previously indicated, a principal advantage of the roller and 
trunnion joint is that it requires a relatively low axial thrust force 
during end motion which is somewhat higher than for a ball and 
trunnion joint, but still much lower than for 3conventional sliding 
spline . Fig. 3 shows the slatic (nonrotating) axial force charac­
teristics for a typical joint. 

Material Selection 

The selection of optimum materials for the roller and trunnion 
joint components is based on ultimate strength, fatigue strength, 
durability, and other functional requirements for a given applica­
tion, as well as economical processing advantages. 

The housing is generally made of plain, medium carbon steel. 
After finish broaching of the roller tracks or slots, the housing is 
induction hardened 10 an adequate case depth and a typical R..:,60 
minimum surface hardness in the roller slots and other selected 
areas to provide the required wear characteristics and torsional 
strengtn. The case depth in the roller slots must be sufficient to 
meet the contact load requiremem explained in Appendix A. The 
housing can also be made of low carbon alloy steel which is 
carburized to an adequate case depth and surface hardened to a 
typical R..:,60 minimum to meet Ihe functional and durability re­
quirements. 

The pin is usual!y made from low carbon alloy steel bar stock, 
which is carburized to an adequate case depth and surface har­
dened to a typical R.:60 before finish grinding. The necessary case 
depth is detennined by the join! size and application requiremcnt 
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Fl!!. 3 - Roller and trunnion joint axial lorce characteristics 

and i~ essentially the same as discussed for Ihe Cardan joint cross 
trunnion, and is also explained in Appendix A. 

The finish ground closed end rollers are generally made of low 
carbon alloy steel which are carburized to an adequate case depth 
and surface hardened to a typical R..:,60 minimum. The finish 
ground open end rollers are usually made or chromium steel 
which arc hardened 10 a typical range of R.:60·64. The needle 
rollers are madeofchromium steel which are hardened to a typical 
range of R.;60.64 and finish lapped. 

The choice of Iypical steels and heal treatments for the shaft are 
the same as discussed for axle shafting in the chapter on Axle 
Driveshafts. Theelastomeric material of the boot seal is generdlly 
a synthetic rubber, which must exhibit specific resistance to the 
action of petroleum based fluids and permit the seal to function 
satisfactorily for any environmental operating condition of the 
joint application. The housing adapter, seal retainer, and clamps 
are usually made of plain, low carbon stee l. The housing cover is 
generally made of plain, low carbon Slcel which can be surface 
harrlened to a typical ~60 minimum and an adequate case depth. 
The O-ring seal material is usually a symhetic rubber. 

Lubrication 

The roller and trunnion joint has a relatively large capacity for 
lubricant and is generally lubricated for life with an NLGI grade 
number J or 2 lubricating grease. A typical lubricant of this type 
usually consists of a refined mineral oil and lithium 12 hydroxy 
stearate soap. Extreme pressure and other additives are incorpo­
rated, as required, to impan to or enhance specific properties or 
perfonnance characteristics of the lubricant. 
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Typical bask: performance requirements of a lubricating grease 
which must be met, and its various properties are described in the 
SAE Handbook under Automotive Lubricaling Greases. In addi­
tion to providing for optimum joint life by reducing friction and 
wear at all bearing surfaces, the lubricant used must perform 
satisfactorily in all environmental conditions of the joint applica­
tion. 

Rating Procedure 

The roller and trunnion joint can be rated on the same basis as 
the Cardan and ball and trunnion joint, where the term bearing 
factor is used in rating and comparing joint sizes. In addition, the 
joint can also be rated as described in Appendix I. 

Applications 

The roller and trunnion joint has found usage as the inboard 
joint in axle drivcshafts of front drive vehicles where there has 
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been a need for ajoint providing end motion capability. Depend· 
ing on the axial stroke requirement of an application, the joint 
employing the open end rollers allows a rn3:\imum angular design 
capability of appro:\imately 10 deg, while the joint incorporating 
the closed end rollers pennits approximately 17 deg. The normal 
design operating angle of the joint will depend on the specific 
application, while the maximum intermittent operating angle, 
throughout its entire axial stroke range, must be within th: limit 
lines of the angular capability chart for a given joint design as 
described in Appendix G. 
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Section 3.1.4 

Sliding Block and Trunnion Universal Joint 
E. R. Wagner, P.E. - Saginaw St~ring Gear Di .... , GMC 

~
~'E"",":.HOU::--,~<~::~, 
.. J~ ___ ~~IN -HOUSING SOOT SE" I.. 

(SlOE G£4~) 

FIg. 1 - Sliding block and trunnion universal joint (axle 
driveshaft application) 

Introduction 

The sliding block and trunnion universal joint was used as the 
axle driveshaft inboard joint in some small low-powered Euro­
pean rear drive passenger cars with independent swing axle sus­
pensions. This joint is another type of bipot joint construction and 
is similar to the ball and trunnion and roller and trunnion joints. 
Since the lale 19505, this joint has found widespread usage in 
steering shaft systems of American passenger cars and some 
trucks where it has commonly been called apor coupling. 

The sliding block and trunnion universal joint, shown in Fig. I , 
in a Iypical design for an axle driveshaft appJicatlon. is a non­
constant velocity universal joint, radially self-supported and per­
milling axial movement which consists of a housing drivably 
connected to a shaft through a pair of diametrically opposed trun­
nion mounted bearing blocks. Fig. 2 shows thisjoim as used in a 
typical steering shaft application. Irs advantages and disadvan­
tages are essentially the same as for lhe ball and trunnion and the 
roller and trunnion joints except that its axial thrust force charac­
teristics during end motion are approximately the same as for a 
conventional sliding spline. 

Kinematics 

The kinematics of the sliding block and trunnion join! are the 
same as for tile Cardan. ball and trunnion, and roller and trunnion 
joints which all transmit nonconstant velocity. As in the ball and 
trunnion. and roller and trunnion joints, the same internal 
geometry which provides for angular motion also allows for 
simultaneous axial movemenl. The joint phasing procedure is the 
same as described for the ball and trunnion joint. 
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Fig. 2 - SUding block and trunnion universal joint (steering 
shaft pol coupling application) 

Design 

The various sliding block and trunnion joint components must 
be designed to provide the necessary joint angularity , axial travel, 
strength, and life requirements for a given application. The ulti­
mate strength of the joint must be safely in excess of the maximum 
applied torque which can be developed by various loading modes 
discussed in the chaptet on Basic Drivelil1e Requiremenrs. Ini· 
tially, the shaft size is determined as outlined in the chapter on 
Axle Driveshafts. Then the housing, pin, and bearing block con­
figuration can be designed to meet the various joint application 
parameters. 

This joint is more simple in construction than either the ball and 
trunnion or roller and trunnion joints. 10e housing design is 
basically the same as for the roller and trunnion joint housing. 11 is 
a member with (WO diametrically opposed axiaJ bearing block 
slots on the cylindrical inner clearance surface and with drivable 
means of attachment. In axle driveshaft appiicalions, the housing 
generally is integral with the differential side gear, while in 
steering shaft applications, it is the common enclosed construc­
tion. 

The bearing block is a square or rectangular-shaped member. 
which pivots and transmits torque from the housing to the shaft 
through the pin and permits axial movement. As in the roller and 
trunnion join!. the function of providing radial support for this 
joint is incorporated in the closed spherical end of the bearing 
block, or the pin is spherically shaped al the ends when open end 
bearing blocks are employed. The radius of this spherical shape is 
equal to one-half of the span of the housing bearing block slots. 
When a closed end bearing block is used, a rnaxium joint angle 
capability of approximately 15 deg can be reached. When the 
open end bearing block is employed , the maximum angular capa­
bility is reduced to approximately 10 deg. Needle rollers are not 
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u~d since the square or rectangular-shaped bearing blocks only 
slide in the housing slots. 

The same general design procedure for the pin and shaft. as 
used in the baIl and trunnion, and roller and trunnion joints can be 
followed. In axle driveshaft applications. the same press fit of the 
pin in the shaft can be used which is a typical 0.0002 - 0.0015 in 
total imerference. In steering shaft applications, however, a Iypi­
callOlai interference ofO.OOO7-0.(Xn in has been used because of 
the lower hardness materials employed. Therefore, lower levels 
of allowable stress rOTlhe pin and shaft are also used as compared 
to 3J) a",le driveshaft design. 

In axle driveshaft applications. the boot seal, which is a flexible 
member. is generally a noorotating design. Therefore, a bearing 
and a lip-type oil seal must be incorporated for the rotating shaft. 
The boot seal is usually held in position on the differential housing 
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side with a seal retainer. small bolts. and lock washers. and must 
perform its principal function of keeping the lubricant in and 
foreign manerout of the joint under varying environmemal condi­
lions at various speeds, joint angles and end motion poSitions . In X 
steering shaft applications, a conventional boot seal is used which c:t 
is generally held to the housing with a retaining ring. and on the 
shaft with a clamp. In some steering shaft applications, a spring 40 

2.00 PITCH DIA. 

has been incorporated to dampen noise between the bearing 
blocks and housing slots due to the necessary clearances 
employed. To prevent accidental disassembly ofthejoint, the seal 
retainer in axle driveshaft applications and the boot seal in steer-
ing shaft applications can be designed to limit the maximum axial 
motion. The maximum angular design capability of the joint for 
its entire axial stroke range can be determined by planing a chan 
as described in Appendix G. 

As previously indicated. the axial thrust force during end 
movement for a sliding block and IJUnnionjoint is approximately 
the same as for a conventional sliding spline. Fig. 3 shows the 
static (nonrotating) axial force characteristics for a typical joint. 

Material Selection 

The selection of optimum materials for the sliding block and 
trunnion joint components is based on ultimate strength, fatigue 
strength. and other functional and durability requirements for a 
given application. as well as economical processing advantages. 

For axle driveshaft applications, the housing is usually made 
from a low carbon alloy steel forging. After finish broaching of 
the bore and bearing block slols. the housing is carburized to an 
adequate case depth and surface hardened to a typical Rc60 
minimum to provide the required wear characteristics and tor; 
slonal strength . After heal treatment. the housing is generally 
phosphate coaled. 

The pin is usually made from low carbon alloy steel bar stock, 
which is carburized to an adequate case depth and surface har­
dened 10 a typical R.,60 minimum before finish grinding. The 
necessary case depth is detennined by the joint size and applica­
tion requirement and is essentially the same as discussed for the 
Cardanjoinr cross trunnion. The finish ground bearing blocks are 
generally made of low carbon alloy steel. which are carbulized to 
an adequate case depth and surface hardened to a Iypical R.,60 

OL-------~--------~ o 100 200 
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Fig. 3- S~ding block and trunlliotl joint axiallorce characteris. 
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minimum. Th~ choice of typical steels and heattrealmenlS for the 
shaft are the same as discussed for ade shafting in the chapter on 
Axle Driveshafts. The boot seal retainer is usually made from a 
plain low carbon steel stamping. The bearing can be made of 
various typical plain bearing materials, and the oil seal is gener­
ally of the elastomeric lip lype. 

For steering shaft applications, the housing is usually formed 
from plain low carbon steellubing or is extruded from plain low 
carbon steel bar stock. The pin is generally made from medium 
carbon alloy steel orchromiurn steel bar stock which is hardened 
and tempered to a typical range of R.:40-45 before finish grinding. 
The bearing blocks are usually made of sintered ferrous powdered 
metal with specific density and hardness characteristics. The 
steering shaft is generally made from cold drawn, plain low car· 
bon steel coil stock having a typical hardness of Rb85 minimum. 
Forretaining the boot seal, the retaining ring is usualiy made from 
carbon spring sleel wire. while the clamp is generally made of 
plain low carbon steel. The spring is usually made from carbon 
spring steel sheet or strip slock . 

For both axle driveshaft and steering shaft applications, the 
elastomeric material of the boot seal is generally a synthetic 
rubber, which must exhibit specific resistance to the action of 
petroleum based fluids and permit the seal to function satis­
factorily for any environmental operating condition of the joint 
application. 
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Lubrication 

The sliding block and trunnion joint has a relati vely large 
capacity for lubricant and is generally lubricated for life. In axle 
driveshaft applications where the joint operates within the differ­
ential, it is lubricated with the same lubricating mineral oil used in 
the differential, which is general ly of SAE viscosity number 90, 
and incorporates various additivcs, as required, to impan to or 
enhance specific propenies or performance characteristics of the 
lubricant . 

In steering shaft applications, the lubricating grease used is 
usually an NLGI grade number 2. A typical lubricant of this type 
generally consists of a refined mineral oil, lithium 12 hydroxy 
stearate soap and tacking agents. 

Typical basic performance requirements ofa lubricating oil or 
grease which must be met and its various properties are described 
in the SAE Handbook under Automotive Lubricating Greases. In 
addition to providing for optimum joint life by reducing friction 
and wear al all bearing surfaces, the lubricant used must perform 
satisfactorily in al! environmental conditions of the joint applica­
tion. 

Rating Procedure 

The Slid ing block and trunnion joint can be rated as described in 
AppendIX I. Since needle rollers are not used with this joint, the 
term bearing factor as used with the Cardan. ball and trunnion, 
and roller an<! trunnion joints does not apply. 
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Applications 

The sliding block and trunnion join! has found usage as the 
inboard joint in axle driveshafts of relatively small, low powered 
rear drive vehicles with swing axle· type suspensions where there 
was a need for a join! providing end motion capability at a rela­
tively low join! angle. Depending on the axial stroke requirement, 
the open end bearing block design of the joint construction gener­
ally used in these axle applications allows a max imum angular 
design capability of approximately 10 deg. 

The most extensively used application of this joint, however, 
has been as the pot coupling in veh icle steering shaft systems, 
where the relatively fixed operating joint angles have been in the 
range of 3-12 deg. Depending on the axial stroke requirement, the 
closed end bearing blocks generally employed in these applica~ 
tions can allow a maximum angular design capability of approxi· 
mately 15 deg. The axial motion capability of the join! allows for 
relative movement between the body and frame of the vehicle and 
also for installat ion allowances. Whether the joint is used in axle 
driveshaft or in steering shaft applications, the maximum inter· 
mittent operating angle of the fonner application or the relatively 
continuous operating angle of the latter application throughout the 
entire axial stroke range, must be within the limit lines of the 
angular capability chan for a given joint design as described in 
Appendix G. 
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Section 3.1.5 

Rubber Couplings 
E. R. Wagner, P.E. - Saginaw Steering Gear Dh'" GMC 

A rubber coupling is a mechanical device with an intermediate 
resilient elaslomeric drive element or elements, which absorbs 
impact and shock forces, dampens drivetrain disturbances, and 
functions with universal joint characteristics by providing for 
angular misalignmenl. Rubbercouplings of varying design have 
been used in both driveline and axle driveshaft applications in 
certain European passenger cars and in some industrial drives. 
When operated at an angle , these devices generally transmit 
motion with nonconstant velocity characteristics which introduce 
nonuniform forces and moments ime the drive system. Natural 
rubber is usually used because of its desirable mechanical proper­
ties and damping characteristics. 

With regard 10 advan18.ges, these devices reduce shock loads, 
torsional vibration, and noise transmission . Loads on gear boxes, 
bearings, and other drive components are reduced. Depending on 
their panicular design, they may allow some axial compliance, 
varying degrees of joint angle capability, and torsional resilience. 
They are maintenance free. require no lubrication except for the 
cemering device when used, and are relatively unaffected by din 
and moisture. A major disadvantage of rubber couplings is that 
they become excessively large in swing diameter with increasing 
torque requirements. For adequate life they are generally limited 
10 low torque applications and must operate at very low or 0 deg 
joint angles under continuous operating conditions. Cenain cou­
plings, however, can operate continuously at angles up 10 approx­
imately 3 deg and intermittently at angles up to nearly 15 deg. 

A commonly used rubber coupling has been the regular poly­
gon shaped annular type shown in Fig. I, in two constructions. 
The coupling consists of a regular polygon of rubber with metal 
insens and usually has four, six or eight sides. After molding, the 
rubber elements are compressed to the assembled position by 
fitting a steel retaining band around the outside. This band is 
discarded after assembly of the coupling to the mating forked 
shafts in an alternating attaching arrangement of the driving and 
driven merYJbers. Maximum fatigue life and torque capacity is 
thus assured by the rubber being loaded in compression. The use 
of metal interleaves provides for increased torque capacity when 
required . For speeds in excess of vehicle axle driveshaft speeds, a 
centering device is required as shown in Fig . 2, in a typical 
driveline application. 

Fig. 3 illustrates another basic type of rubber coupling in two 
constructions. Both the link and integral annular variations are 
assembled to mating forked shafts in an alternating attaching 
arrangement of drivine: and driven members. Because of the 
molded internal braids, lhe rubber can be loaded in tension to 
transmit the torque. A centering device, as shown in Fig. 4, is 
employed when the coupling is used in driveline applications. 

Fig. 5 Illustrates a Cardanjoint type ofrubbeccoupling used in 
some axle driveshaft applications where the rubber is molded to 
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the cross trunnions between split, conical·shaped steel stamped 
members. The coupling is attached to mating yoke members with 
U-bolls as shown in Fig. 6, which preJoads tlte rubber in compres­
sion. 

Fig. 7 shows a rubber coupling consisting of two, thin steel 
swnped and formed round plates which serve as a housing for 
four, molded-in·place rubber bushings. These plates are fastened 
together by roll fonning . The bonding and preloading of the 
rubber in compression ensures maximum torque capacity and 
fatigue life. The thin rubber sections loaded in compression 
provide for a relatively high fildial stiffness and thus a1low the use 
of this coupling without a centering device in driveshaft applica­
tions. The coupling is attached to mating forked shafts in an 
alternating attaching arrangement of the driving and driven mem­

be" . 
Fig. 8 shows a rubber coupling used in some axle driveshaft 

applications. This design whk:h provides for the rubber to be 
loaded principally in compresssion when torque is applied to the 
shaft coupling member. has equally spaced integral paddles 
positioned by rubber molding. in the cavities of the outercoupling 
member. 

Ag. 6 - Cardan joint type rubber coupling in asserOOled posi­
tion 

Ag. 7 - Rubber coupling with compression \oadQd n.tlberbaH 
joints 

Fig. 8 - Rubber couping with Internally molded patjdIes 
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Section 3.2.1 

Basic Requirements for Constant Velocity (CV) 
Universal Joints 

E. R. Wagner, P .E. - Saginaw Steering Gear Div" GMC 

Basic relationships can be established which show the 
mathematical conditions necessary for a universal joint to trans­
mit constant velociry when operating at an angle. The following 
conditions required to achieve constant velocity must be satisfied 
by all universal joint constructions with but one known exception. 
the tripot joint, which will be described later: 

1. The plane of contact between the driving and driven or input 
and output members, respectively. of a universal jOint, 
must be held constant in space. (Note: In a nonconSlant 
velocity joint. such as the well known Cardan joint, this 
plane of contact oscillates back and forth in space and is 
alternately perpendicular to the two yokes .) 

2. The plane of contact must be perpendicular or nannallo the 
plane determined by the rotational axes of the driving and 
driven members of the universal joint. 

3. The plane of contact must form a relative angle to both 
driving and driven members which is equivalent to one half 
of the total joint angle. This is usually defined as bisecting 
the obtuse angkform.ed by the driving and driven member 
rotario1lO1 axes. 

Synonymous terms used for the constant velocity p~ are. 
bisecting angk p/.tlM and homokiMtic pltJne. Therefore. the 
constant velocity plone is the plane described by all contact points 
of a universal joint which produces an angular velocity ratio of 
unity between the output and input members. This plane bisects 
the obtuse angle formed by the input and output member rota­
tional axes and is perpendicular to the plane containing these axes. 

It should be further emphasized that a requirement for constant 
velocity is that all contact points between the driving and driven 
members must at all times lie in the bisecting ansie plane for the 
entire design angular displacement range of the joint. Some joint 
constructions. bowever. produce constant velocity at a specific 
joint angle or over a limited angular range only, while at other 
angles they traosmit approximate constant velocity. In order to 
fulfill the requirement for constant velocity, it is obvious that no 
point in the constant velocity plane can be rigidly connected to or 
be a fixed part of cithec the driving or driven members of the joint. 

The basic principle of operation of a simplified constant veloc­
ity joint is shown in Fig. 1. Both shafts 2 and 3 bave arms which 
are equally bent to angle Ill. %en the input and output centerUnes 
of the shafts are displaced at joint angle (J, the point of contact of 
2 and 3, point B, lies in the plane of the paper and in the constant 
velocity or bi.sc:cting angle plane pn:viously described. The veloc­
ity ofB as a point in 3 coincides with tbalofB as a point in 2. The 
perpendiculars to the axeS, BC and BD IlIC equal. Because of 
symmetry, the point of contact B will lie in the bisecting angle 
plane for an other positions of rotation. The radius to the point of 
contact will be d:ae same for both membels and, therefore, the 
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Fig. 1 - SimpUfied constant velocity universal )oJnt 

angular velocities of the two shafts will be equal at all times. 
Ball type joints in various constructions have been the most 

common means used to achieve conSlant velocity utilizing the 
principle oftheconstant velocity or bisecting ang;1e plane. In these 
ball type joints. this pJane'passes through the in!;tantaneous center 
of the joint and bisects the driving and driven member rotational 
axes at any instant. The instantaneous center of a body is defined 
as that axis. throug9 a point, about which the motion of the body 
at any instant is one of rotation only and no translatory motion 
need be combined with the rotation to produce the actual motion 
of the body . The intersecting rotational axes locate the joint 
geometric cenler and thus the instantaneous centtt of rotation of a 
ball type joint coincides with its geometric center, whenever the 
plane of contact is maintained in the bisecting; angle plane. 

In order to transmit constant velocity. a system or means must 
be incorporated in a bail type joint which requires that the balls 
serve as the intermediate drive member in the constant velocity 
plane. These balls, when located in cooperating grooves in the 
joint driving and driven members. must allow relative angular 
displacement between these members. and when properly 
guided, will maintain contact through the bisecting angle plane. 
When a ball type joint rransmits constant velocity by utilizing the 
principle of this plane, all major joint elements rotate at constant 
velocity. The design problem in ball type CV joint constructions, 
therefore, is that of producing an arrangement which provides 
contact between driving and driven members always through the 
bisecting angle plane; and this can be achieved as follows: 

I. By baving ball grooves in the mating members whose 
centerlines intersect at one defined location. nus location 
then positions the ball. (for example, the Weiss joint) 

2. By baving ball grooves that are inclined relative to one 
another in such a manner that the ball is positioned in one 
din::ction but is permitted to move in the other direction. By 
alternately inclining these grooves, the adjacent balls are 
allowed to move in essentially opposite directions; and 
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when a cage is provided, the adjacent balls effectively hold 
each other in position. (for example, the cross groove joint) 

3. By having ball grooves that position the ball in onedireclion 
only, but with a cage construction which is located between 
one or both members and positions the balls in the proper 
plane. (for example, the Rzeppa joint) 

4. By having parallel ball grooves and providing some exler· 
nat locating element which could be a located cage or 
individual piloting means for each ball. (for example, the 
double offset joint) 

Many ball type CV joints use some form of intersecting groove 
design. In this construction, the grooves cross each other in such a 
way that the intersection point always lies in the bisecting angle 
plane. It can be shown that any groove construction will achieve 
Ihis result, provided me mating grooves are of the same geometric 
characteristics but of the opposite hand. The grooves may be 
curved, or straight, or any combination thereof. as long as they 
are not concentric. Reference is often made to the term mirror 
image. 

The same mathematical relationship which produces contact 
through the bisecting angle plane will usually allow axial slip or 
end motion. Where the grooves intersect each other, axial move­
ment will provide the same type of geomeuy as when operating 
through a joint angle. This geomeuy will make the drive balls 
move one half of the distance of the relative axial motion of the 
driving and driven members and will maintain contact through the 
grooves. Some ball type CV joints which are pennitted to tele­
scope, maintain the ball contact between the piloting device in 
one member. 1lte other member is allowed to move axially which 
does provide considelably more sliding but still permits reason­
ably free axial movement. 

If it were asswned that the grooves in the driving and driven 
members of a baH type CV joint were perfectly concentric, such 
as in a typical ball bearing, the balls could roll to their half angle 
position when the joint was operating at an angle. Since the 
grooves are not concentric and generally intersect each other. this 
true rolling condition cannot exist. 

When a joint has been turned through a given joint angle, the 
ball itself must move into the bisecting angle plane in orderforthe 
joint to produce constant velocity. Theoretically, pure rolling 
occurs only around the center through which the joint angle takes 
place. Therefore. depending on the geometric characteristics of 
the grooves employed in a particular joint design, it follows that 
the distance outward or inward in a radial plane. or sideways on a 
tangential line, or a combination of both that the baU must move. 
is a function of the relative sliding which occurs. 

The relative rolling movement of the ball is reasonably free of 
friction and can produce a substantial1y high capacity contact 
between the groove and ball. The relative sliding movement, 
however, has higher friction characteristics which increases the 
operating temperature. The groove contact subjected to this slid­
ing load has relatively less capacity. It is generally trUe that the 
ratio of rolling to sliding motion in any joint is an important factor 
in defining permissible operating speeds and loads. The higher 
relative sliding motion characteristics place more limitations on 
the extremes of the operating conditions. Not only is the load 
carrying capacity of the joint somewhat reduced, but the bigher 
temperatureS produced by the frictional beat severely limit the 

operating speeds and loads. 
In constant velocity joint constructions, it is also possible to use 

rolling elements other than balls as the intennediale drive 
member. 1bese rolling elements which have been rollers, partial 
spheres, cones, or other geometric shapes. often can produce 
better groove contact with mating. driving, and driven members. 
and provide increased capacity. 

They do, however, introduce an additional problem of properly 
orienting the axis of rotation of the rolling element in the bisecting 
angle plane. 1bey often produce larger relative sliding compo. 
nents of motion than simpler balls which are free to rotate about 
any axis. 

Constant velocity can also be produced by joint constructions 
which do not incorporate rolling elements as the intermediate 
drive member or members. The most common example of these 

designs is the double Cardan joint which consists essentially of 
two Cardan joints connected by a coupling yoke and having a 
suitable centering device for support and for dividing the total 
joint angle. The rotational axis of the coupling yoke lies in the 
plane of this joint angle. When the total joint angle is equally 
divided, the coupling yoke is symmetrically positioned with 
respect to, and its rotational axis is nonnallo, the bisecting angle 
plane. The coupling yoke provides the contact requirements to 
produce constant velocity. However. the coupling yoke and other 
components connected to it do not rotate unifonnly within the 
joint. The double Cardan joint can be designed to produce con­
stant velocity at one specific joint angle only. over a limited 
angular range or over its entire angular range. 

Another joint with constant velocity characteristics is the 
Tractajoint, which consists of two fork yokes connected by two 
intermediate members. When properly supported and centered by 
external means, the intennediate members equally divide the total 
joint angle between the two fork yokes. Also. these two inter­
mediate members are then always symmetrically positioned with 
respect to the bisecting angle plane in the plane of the joint angle, 
and constant velocity is transmitted. This function of dividing the 
joint algle is very similar to that of the coupling yoke of a double 
Cardan joint. 

In the preceding discussion of the requirements for constant 
velocity. it was emphasized that the joint construction must be 
such that the driving and driven members always maintain contact 
through the bisecting angle plane. A ball type CV joint construc­
tion does exist. however, in wbich contact is always perpendicu­
lar to the rotalionaJ axis of either the driving or driven member. 
This joint is the tripot joint and consists essentially of three 
equally spaced balls located on one member and perpendicular to 
its rotational axis. These balls mate with three equally spaced 
axial bores in the other member. Therefore, when the joint is 
angulated, an offset must take place between the driving and 
driven member geometric centers, and when the joint is rowed, 
an orbiting motion occurs. Since the geometric centers of the two 
members do not coincide. the instantaneous center of rotation of 
the joint also does not coincide with either of these points but must 
also rotate in an orbital path about the joint center in order to 
produce constant velocity. This orbiting characteristic is not pre­
sent in other ball type CV joints which utilize the principle of the 
bisecting angle plane since in those joints, the geometric center 
and instantaneous center of rotation always coincide. 
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Various specific joint constructions have been used to satisfy 
the previously described requirements for constant velocity. 
These designs are described in detail in the following sections. 
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Section 3.2.2 

Double Cardan Universal Joint 
E. R. Wagner, P.E. - Saginaw Steering Gear Div., GMC 
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Fig. 1 - Doubl9 Cardan universal Joint 

Introduction 

The patent literature shows Ibat the concept of the double 
Cardan universal joint was developed as early as 1903 and that 
patents on various applicable features were issued through the 
mid 1970s. Its fust known vehicle usage began in the latc 1920s 
and early 1930s as the outboard joint in early American and 
French front wheel drive passenger cars. Since that time, it has 
found wjde acceptance in automotive drivelines and other appli­
cations where increased joint angles have precluded the use of the 

Cardan jomt. 
The double Cardan universal joint shown in Fig. I, in a typical 

design, is a near constant velocity universal joint, which consists 
of two Cardan universal joints, whose crosses are connccted by a 
coupling yoke with internal supporting and centering means and 
has intersecting shaft axes. At the design joint angle and at zero, 
the instantaneous angular velocity ratio is unity while at other 
joint angles it is near unity. 
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The ball and socket centering device divides nearly equa1l~ ~ 
total joint angle between the two joints. The ~u~le cardan ~1Il1 
transmits constant velocity because the second JOIn! com~ es 
for the fluctuations in angular velocity created ~Y the rust 1Omt. It 
does not have true constant velocity at all openmng angles, ~t the 
enor is $0 slight that it can generally be neglected. as wdl be 

""'wn. In order to appreciate the advantages of the double Cardan 
joint. the limitations of the Carda?~oint m~t first be .unde~~. 

The lcinematics of the Cardan Jomt are discussed m detall m a 
previous section and will be repeated here only briefly. When 
operating at an angle, this joint does not produce a uniform 
uansmission of angular velocity and torque since the output or 
driven yok:e rotates at nonuniform angular velocity with respect to 
the input or driving yoke. Depending on the type of installation, 
the maximum continuous operating angle must be controlled so 
that this nonuniform motion will not set up exciting vibrations in 
the driveline system. The joint angle limitations are detennined 
by these three basic parameters: 

I. TorsionaJ excitation produced by nonunifonn transmission 
of veloctiy. 

2. Inertia excitation produced by the oscillating torque loads 
resulting from the driveshaft inertia being accelerated and 
dcceJerared through nonuniform motion. 

3. Second:uy couple excitation caused by the transmission of 
torque when operating a Cardanjoint at an angle. This tends 
to excite the end supporn. 

In comparison, the double Cardan joint has the following 
kinematic advantages: 

I . TOBional excitation is effectively cancelled within the joint 
itself. 

2. The large inertia of the driveshaft will rotate at effective 
unifonn velocity when driven by a constant velocity joint. 
The coupling yoke of the double Catdan joint does not tum 

uniformly; however, this produces a comparatively small 
rotating inertia. 

3. The secondary couple forces from the double CardaD joint 
are effectively reduced to static components only. This 
eliminates the exciting forces on the end suppons and will 
be shown with an illustrative problcm. 

In addition to these kinematic characteristics and the ability to 
operate at higher joint angles lhan the Can:lan joint, the double 
Cardan joint in drivcline applications offen the foUowing addi­
tional advantages: 

1. Usc of common be.a.ri.ng and cross components of the 
Cardan joint 

2. Relatively low cost 
3. Rugged oonstruction 
4. Relatively long lifc 
S. Ability to operate at a relatively cool temperature 
6. Relatively high axilII tIuust capability 
7. Relatively higher continuous operating angle than otbec 

constant velocity joints 

'~0r-------?" __ ------, 
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Fig. 2 - 0u1puI velodty variation 01 double CardaI'l jOint versus 
cardan !oint 

Kinematics 

Velocity Variation and Torsional Excitation 

Since thc double Cardan joint docs not transmit true constant 
velocity at a1l operaringjoint angles, the output velocity variation 
at a given joint angle will depend on how this angle is divided 
betwcen the two halves of the joint. This is determined by the 
location of the centering device in the joint. 

Fig. 2 shows a comparison of the output velocity variation of a 
double Cardan joint versus a Cardon joint. TIle constant input 
angular velociry of the joints is assumed to be 4000 rpm and 
output speeds are shown for various positions of rotation of the 
driving shaft. 

(n the case of a double Cardan joint designed to produce true 
constant velooity at a 13°17 '44" total joint angle. for example , 
the output speed is shown as a Straight line when the joint operates 
at this angle. This is as it should be since the output follows Lhe 
input cl{actly at this operating angle. Since there is no output 
velocity variation from this joint I the tors ional excitation is also 
effectively cancelled within the joint itself. 

(fthis same joint is operated at a 20 degjoint angle, the division 
of this angle between the two halves of lhe joint produces an 
output velocity variation and torsional excitation equivalent to a 
Cardan joint operating at a 1° S I '21" joint angle. 1be output 
speed ofmis equivalent Cardan joint varies from w cos 8 to<»loos 
8 twice per revolution. Whenw = 4000 rpm and 8 = L°.5L'21", 
these: minimum and maximum output speeds are: 

(U cos 8 = 4000 x 0.99947.5 = 3997.9 rpm 

.. 4000 
- = 4002. 1 rpm 

cos 6 0.999475 

With these Cl{Ueme ve locity variations, the speed fluclUations 
can be expressed in percent as follows: 

Speed fluctuation "" «(1,1 max - W mIn) X 100 

(1,1 mean 

_ (4002.1 - 3997.9) X 100 
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Ag. 3 - Schematic view of double Cardan JOInt 

Speed fluctuation = 0.105% 
When a Cardan joint operates a1 a 4 deg joint angle. its speed 

fluctuation is 0.488%, while at an 8 degjoinl angle, it is 1.955%. 
Therefore, a double Cardan joint. even though it is not operating 
at or ncar its true constant velocity position. will give a significant 
reduction in velocity vanalien and torsional excitation. It snould 
be noted that the 20 degjoin! angle was chosen because its speed 
variation deviales cnough from a straight line so that it can be seen 
clearly in Fig. 2. In practice, a double Cardanjoint would operate 
oruy intennittently at such a higb joint angle at drivesbaft speeds. 

Inertia Excitation 

In a double Cardan joint, the coupling yoke rotates al 
nonuniform speed when the input angular velocity is constanl. 
This coupling yoke or intennediate member, therefore, acceler­
ates and ~lerates twice per shaft revolution. Since the rola­
tional inertia of the coupling yoke is accelerated and decelerated 
through nonuniform motion, oscillating torque loads are im­
pressed on the driveline system. This is known as inenia excita­
tion, and its magnitude depends on thesi2:e of the joint angle and 
the inenia of the coupling yoke. 

For a typical joint used in a driveline for a large passenger car, 
the effective mass moment of inertia of the coupling yoke and its 
associated cross and bearing components was found by experi­
mental means to be 0.0290 lb--in-s2 • ]be normal design operating 
joint angle is considered to be 10 deg; and therefore the angle of 
the input half of the joint is approximately 5 deg. At a rotational 
speed of 3000 rpm, the maximum value of the inertia torque can 
be computed as follows: 

T =Ja 

where: 

J = Mass polar moment of inertia. lb--in-gI 

a = Angular acceleration. r~N 
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The approximate value of the maximum angular acceleration 
can be detennined with the following expression developed in the 
section on the Cardo.n or Hooke Universal joinr; 

21f N 2 

6(j) 

where: 

9 = Joint angle. rad 

Cd = Angular velocity of driving yoke, rwJ/s 

N = Rotational speed of driving yoke, 1l?m 

Also, I Tad = 57.296 deg 

Hence: 

_ ( 5 )' (2" x 3000)' a max - --- x 
57.296 60 

am.~ = 751.61 rad/st 

Thus: 

T = Ja = 0.0290 x 751.61 

T = 21.80 Ill-in 

Even though this inertia excitation cannot be eliminated from a 
double Cardan joint, its effect can be reduced if desired in multi­
ple joint arrangements where the accelerations are placed oul-o(· 
phase with each other. Cancellation is also possible to a degree 
where a double Cardan joint is used in combination with a Cardan 
join!. Here again, proper phasing can cancel inertia effects with 
the torsional characteristics of the Cardan joim. The detailed pro­
cedure for analyzing these inertia effects is discussed in the sec­
tion on the Cardan or Hooke Universal joint. 

Se<:ondary Couple Excitation 

Since the double Cardan joint is baskally two Cardan joints in 
series with a centering device, secondary couples react on their 
supporting bearings when torque is transmitted al a given joint 
angle. 11 will be shown with an illustrative problem that these 
couple forces on the supports are effectively reduced 10 static 
components only . The dynamic or exciting forces which cause 
disturbances are eliminated in a true constant velocity joint. In a 
near constant velocity joint, such as the double Cardan joint, they 
are alrTXlst zero. 

The double Cardan joint includes a centering device about 
which it is self·supporting and self-aligning. This centering de­
vice must suppolt the secondary couples on the coupling yoke 
resolved into forces around iL .. iength. Fig. 3 shows a schematic 
view of a double Can:bn joint in the rotationaJ positi01l where the 
couples T sin 8 react on the coupling yoke. The forces resulting 
from these couples must be supported by the centering device. 
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