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BABSTRACTIl A tripod constant velocity joint is used in the driveshaft of front wheel drive vehicles.
Thrust force generated by this joint causes lateral vibration in these vehicles. To analyze the thrust force, a
detailed model is constructed based on a multibody dynamics approach. This model contains all principal
parts of the joint defined as rigid bodies and all force elements of contact and friction acting among these
parts. This model includes a new contact modeling method of needle roller bearings for more precise and
faster computation. In this needle roller model, a cylindrical configuration is approximated by multiple
spherical configurations. The appropriateness of this joint model is validated by comparing computational
and experimental results. Moreover the factors inducing the thrust force are clarified by evaluating the
contribution of friction forces at each contact region to the thrust force. That is, the principal factor of the
third rotating order component of the thrust force is sliding friction between the roller and the groove, and
the factor of the second rotating order component is sliding friction of skewed needle rollers.

BKEYWORDSII Multibody dynamics, Tripod joint, Constant velocity joint, Needle roller,

Thrust force, Friction force

1. Introduction

A tripod constant velocity joint is mainly used as an
axle driveshaft inboard joint in front wheel drive
vehicles. In a case where the driveshaft has an axial
displacement in addition to a joint angle, this joint must
transmit the driving torque generated by the engine.
This joint therefore has a plunging mechanism
permitting the axial displacement. However, this useful
function also generates a housing axial thrust force
whose amplitude periodically changes with the
revolution of the driveshaft. In order to reduce this
dynamic force, which induces lateral vibration in the
vehicle, it is necessary to develop a computational
method for this force and to clarify the factors causing
it.

With respect to these problems, an equilibrium
analysis method has already been proposed. In this
method, the thrust force is obtained using equations of
equilibriums on forces and moments."” However, in
order to design the joint precisely, it is necessary to
estimate the influence of the contact configuration and
the dynamic behavior with respect to each part. On the
other hand, a hypothesis for the principal factors
inducing the thrust force has also been proposed. In

this hypothesis, the thrust force is based on two
sources. One is sliding friction and rolling friction
between the spherical roller and the housing groove.
Another is sliding friction between the spherical roller
and the spider trunnion.”™ However, a reason for this
hypothesis, based on computational or experimental
results, has not been demonstrated.

This paper describes an analysis method of a tripod
constant velocity joint based on a multibody dynamics
approach. To analyze the thrust force, a detailed model
is constructed. This model contains all principal parts
of the joint as rigid bodies and all force elements of
contact and friction acting among these parts. Here,
general analysis models of needle roller bearings are
simplified, but this joint model includes a new contact
modeling method for the needle roller bearings for
more precise and faster computation. The influence of
skewed needle rollers on the thrust force is therefore
clarified. Moreover, the appropriateness of this joint
model is validated by comparing the computational
and experimental thrust forces. This paper also
describes the contribution of friction forces at each
contact region to the thrust force and the principal
factors inducing the thrust force.
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2. Analysis model

2.1 Mechanism of tripod joint

Figure 1 shows the tripod constant velocity joint.
The housing acts as the input axis and includes three
equally spaced grooves. The direction of these grooves
is parallel to the input shaft. Each groove is configured
as a half circular cylinder. The intermediate shaft acts
as the output axis. The spider, which consists of three
equally spaced trunnions, is connected to this shaft.
The spherical roller is supported on the trunnion
through multiple needle rollers. The driving torque is
transmitted between the grooves of the input side and
the spherical rollers of the output side.

2.2 Outline of computational method

Figure 2 shows a schematic of the analysis model.
The principal parts of the joint are defined as rigid
bodies, which include both mass and inertia, and are
located in a three-dimensional global coordinate
system. A force element, which consists of contact
force and friction force, connects each part, i.e., the
groove in the housing, the spherical roller, the needle
roller, and the trunnion on the spider. The clearance
among these parts is considered based on the locations
and contact configurations of the actual parts.
Moreover, the input axis and the output axis are
constrained with a reasonable joint angle.

The equations of motion in the multibody system are
derived from this model. The equations can be
described as follows.”
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Fig. 1 Tripod constant velocity joint.

where M is the generalized mass matrix, q is the
acceleration vector in the generalized coordinate
system q, ®, is Jacobian and obtained by partial
differentiation of the constraint equation ® = ®(q, ?)
= (0 based on q and time 7, and Q is the generalized
force vector, which consists of external forces
(considering contact and friction force) and the terms
of inertia using the square of angular velocity. y is
obtained by second order differentiation of ® as

V= (I)qq == ((I)qq)qq 72(I)qt"l B (I)m
D, = [ach,. /0q;0t ]nhxm’ and @ = [aZCDi/atz ]nhxl’
where nh is the number of the holonomic constraint
and nc is the number of the generalized coordinate
system. These differential-algebraic equations of
motion are solved and the thrust force is derived from
the axial reaction force in the housing.

In the actual analysis, the commercial software
DADS' is utilized for developing the analysis model
and solving the equations of motion numerically.

2.3 Contact and friction model

Figure 3 shows a schematic diagram of the contact
and friction model. When each contact surface
attached on two rigid bodies overlaps, the contact force
derived from the penetration of this overlap acts on
each point of contact of the two rigid bodies. If a
relative velocity between the two rigid bodies exists at
the point of contact, the friction force works toward
the tangential direction. If a relative angular velocity
between the two rigid bodies exists, spinning moment
acts around the normal vector of the point of contact.
Moreover, if relative rolling between the two bodies
appears, rolling resistant moment is generated. These
equations are described as follows.

Spider & inter-
mediate shaft

(&0 : Rigid body

: Contact &
friction force Output 4

Output shaft

Fig.2 Schematic of multibody model of tripod joint.
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The contact force f,, is the power of the penetration 0
[mm] and defined by

where m is the exponent of the power and C is the
coefficient. These values are set up according to
contact configuration.

The friction force f; is derived from a multiplication
of the contact force and the sliding friction coefficient
1, and defined by

Frm (3)

where y is the dynamic friction coefficient. Here, y;
contains the hyperbolic tangent function shown in
Fig. 4 in order to model the friction force, which
increases continuously from zero relative velocity.
The rolling resistant moment M, can be discussed as
follows. In a case where the resistant force F' is
generated by rolling a needle roller between two plates
under the load P, as shown in Fig. 5, the rolling friction
coefficient is defined as u, = F/P.” Here, the rolling
resistant moment is derived from a multiplication of F
and D. Considering that this moment contains

Penetrationd Contact surface
Bodyl Contact Body2
force f,
( Resistant
moment M, .
L Sliding
Spinning moment friction £

M,

Fig.3 Schematic of contact model.

Transition velocity vy

Friction coefficient

0 Sliding velocity v,

Fig. 4 Function on sliding friction coefficient.

resistance concerning two points of contact, it is
actually represented as follows.

M.=FD/2=pu,PD/2 -+t cwe--- 4)

1, also includes the hyperbolic tangent function.

The configuration of each contact region is explained
in the following sections. It is also described how the
exponent 7 and the coefficient C are obtained.

2.3.1 Contact between spherical roller and groove

The contact surface of the roller is a sphere, and the
contact surface of the groove is a half circular cylinder.
Using Hertz’s theory of elasticity, in the case of steel,

the elastic penetration J,, [mm] is defined as follows
®).

4 2K
5= 279x1074 223 5p. 2 (5)
7

where p [1/mm] is the curvature of the contact surface
and 2K / mu is the coefficient determined by the
curvature. By converting this equation using Eq. (2) or
the like, m and C are obtained as shown in Table 1.
This section also discusses the spinning moment M.
The contact ellipse between the sphere and the cylinder
has a ratio of 20 to 1. In the case where the major axis

Load P ‘
| L,
Resistance F’
e\e"o
S
¥

N |

Fig. 5 Definition of rolling friction.

Table 1 Details of exponent m and coefficient C.

Object | Spherical roller vs. groove | Needle roller vs. other parts

m 3/2 10/9

2.15%10° 819
4

C 3 8.15%10
VK mu)y’Zp Ny
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radius of the contact ellipse is 2a [mm], the spinning
moment is approximated as follows.”

A/[A:(3/8)/u¢f;:1a ................... (6)

In the case of steel, by using the coefficient 4 based on
the curvature of the contact surface by Hertz’s theory,

a is defined by 24=0.0472u 3/fn /Zp ® M, is
therefore defined by

M, = 8.85x1073 —4— 4 r4/3 ™

oy oS

2. 3.2 Contact between needle roller and other
parts

The needle roller configured as a cylinder touches
the trunnion, the inside surface of the spherical roller,
and the other needle rollers located on both sides,
respectively. These parts are also configured as
cylinders. On the other hand, the analysis model of the
joint takes the clearance among all parts into account,
and the needle roller has 6 degrees of freedom. Several
contact conditions therefore occur, as shown in Fig. 6:
equal line contact in the case of two parallel axes,
unequal line contact in the case of two inclined axes,
and point contact in the case of two skewed axes.
These conditions mutually change at all times.
Moreover, if relative sliding velocity and/or relative
angular velocity exists, sliding friction and/or spinning
moment is added.

In order to efficiently simulate the multiple contact
phenomena mentioned above, a new modeling method
is proposed that discretely approximates line contact
using multiple point contacts. The number N, of
spherical configurations with the same diameter as the
needle roller are prepared, and a contact surface is

VYVVVVVY

Distribution
of pressure

(a) Parallel

(b) Inclination (c) Skew

Fig. 6 Contact modes of needle roller.

constructed that arranges these spheres in a line. The
needle roller model has this contact surface and is
defined as a rigid body with the inertia of a cylinder.
The contact forces in this contact surface therefore act
as the arrows in Fig. 6, which show the distribution of
contact pressure. Here, the edge load in which the
contact force increases at the end of a line contact is
disregarded.

Figure 7 shows a schematic of this contact model.
Each spherical configuration touches three kinds of
cylindrical contact surfaces: the trunnion, the inside of
the spherical roller, and the next needle roller. The
flange of the trunnion and the retainer on the trunnion
are also modeled using the contact elements to prevent
the needle rollers from springing out. The total number
of this needle roller model needs to be the same as the
number N, of the needle rollers, which is used on the
trunnion, in order to construct the bearing.

Next, the contact force of each sphere is formulized.
It is clarified that the elastic penetration J,, [mm]
between two parallel cylinders is independent of the
curvature of each cylinder and is dependent on the load
and the length of the line contact."” Therefore, in the
case of steel, this is,

5n6:3'8><10'5(stn)o-9/10-8 ........... (®)

where f, is the contact force on one sphere and / [mm]
is the length of the contact region. The exponent m and
the coefficient C, as shown in Table 1, can be obtained
by converting this equation using Eq. (2) or the like.
This section also explains the spinning moment.
Friction force works at each contact point on spheres.

Next needle 9 Targeted
roller needle roller
14

~

Spherical
roller
(inside)

friction force

Fig. 7 Contact model set of needle roller.
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If the needle roller is rotating toward the skew
direction, the spinning moment is considered based on
the summation of moments corresponding to the
distance from the skew center to each contact point.

2. 3.3 Validation of needle roller model

A skewed needle roller, which rolls between two
plates, draws a characteristic locus influenced by the
axial friction force."” The needle roller model is
validated using this example.

A needle roller is located between the fully
constrained plate A and the loaded plate B as shown in
Fig. 8(a). Plate B is constrained with the constant
velocity (and is also constrained on the other degrees
of freedom). It is supposed that ¢ is the skew angle and
1, and up are the sliding friction coefficients between
the needle roller and each plate, respectively. The locus
of the needle roller center is obtained as shown in
Fig. 8(b): the solid line in the case of u,, = i, the
broken line in the case of u,, > 1,5, and the chain line
in the case of 1,4 < 5. Since the characteristic of these
loci is the same as the result shown in ref.(10), the
validity of the needle roller model is clarified.

2.4 Constraint conditions

The housing, which acts as the input axis, is given a
rotational driving constraint, and the other degrees of
freedom are also constrained. The intermediate shaft
is connected to an output shaft defined as a rigid body,
using a so-called universal joint (simulating an
outboard joint simply as shown in Fig. 2). This output
shaft is constrained in order to keep the proper joint
angle between the input axis and the intermediate

Trgnlsrlrall;lon‘ \ Plate A Moving direction
(0.1m/s) - of plate B
Plate A
4
~
---- Load :
(75N) Hsq <Hsp :: Hsa ZHsp

Needle roller
Heas s = 0.06 )
(3deg)

(a) Schematic of

validation model (b) Loci of center of needle roller

Fig. 8 Validation of contact model of needle roller.

shaft, except in the rotational direction around the
output axis where torque is loaded. Finally, the
spherical roller and the needle roller have 6 degrees of
freedom respectively. The intermediate shaft has 2
degrees of freedom, and the output shaft has 1 degree
of freedom. The total degrees of freedom are obtained
by

6x3(1+N)+2+1=18N,+21 - ©9)

3. Analysis results and study

3.1 Analysis conditions

The joint is analyzed under a rotational speed of 600
rpm, a torque of 50 Nm, and a joint angle of 10
degrees. The location and configuration of each part
of the actual joint, which has twenty-seven needle
rollers, are utilized in the analysis model. The number
of spheres of one needle roller model is seven. As
shown in Fig. 9, a skewing case where the needle roller
inclines counterclockwise to the normal direction on
the surface of the trunnion is defined as positive.

With respect to the friction coefficients, the sliding
friction coefficient between the spherical roller and the
groove is 0.05, the sliding friction coefficient between
the needle roller and other parts is 0.03, and the rolling
friction coefficient is 0.002. These values are measured
using greased test pieces. So that the friction force acts
with a low relative velocity, the transition velocity vy,
that is, the criterion to change to a constant friction
(shown in Fig. 4), is defined as one fourth of the
maximum sliding velocity in the analysis results. The
same rule is applied in the case of the rolling friction.

Trunnion 1

Input axis Output axis

_4 J Jointangle

T ion 2 .
runmon Trunnion 3

Fig. 9 Definition concerning trunnions and skew direction.
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3.2 Analysis results of thrust force

Figure 10 shows two waveforms of the thrust force
with respect to different initial skew angles. Here, the
horizontal axis shows the rotational phase angle of the
joint. The third and fourth cycles from the beginning
of the analysis are used in these waveforms. The origin
of the rotational phase angle is the position where the
center of the spherical roller is located between the
input axis and the output axis in the plane composed
by these two axes (shown by trunnion 1 in Fig. 9). The
angles illustrated in Fig. 10 are initial skew angles and
are applied to all needle rollers on trunnions 1, 2, and
3 in turn. With respect to the waveforms shown in
Fig. 10, the third rotating order component is clearly
evident. Moreover, a beat occurs in the waveform of
analysis case 2 as shown by the envelope in Fig.10.
This is concerned with the initial skew angles.

Figure 11 shows the skew angles, comparing the
value in the fourth cycle with the initial value. The
initial value, maximum value, and minimum value in
one cycle are shown simultaneously. These values are
derived from the needle roller, which strongly contacts
each trunnion. Since extreme changes are not observed

40
Case2:2,-2,2deg Envelope (Case 2)
o
5
<= 0
: /
=
=
1 cycle Casel 0,0, 0 deg Envelope
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-40
0 360 720

Rotationalphase angle (deg)

Fig. 10 Computational results of thrust force.
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Fig. 11 Investigation of computational skew angle.

in these skew angles, it is possible to represent the
magnitude of the skew angle by the initial value.

3.3 Comparison with experimental results

Thrust force is measured using a commercial
apparatus under the same conditions as the analysis.
Figure 12 shows the measured waveform. The third
rotating order component appears in the same way as
in the analysis result. In this case, the beat also occurs
as in analysis case 2, but the phase of the beat is
different. The reason for this is described later. By the
way, it is inferred that the factor inducing the beat is
the second or the fourth rotating order component
because this beat has a first rotating order component.
Here, as shown in Fig. 13, rotational order tracking
analysis on the experimental thrust force shows that
the second rotating order component is more evident
than the fourth. Thus, it is confirmed that the factor
inducing the beat is the second rotating order
component.

This section discusses the influence of the joint
angle. Figure 14 shows the effective values of the
second and third rotating order components for the

40

Thrust force (N)
=
—
]

0 360 720
Rotational phase angle (deg)

Fig. 12 Experimental result of thrust force.
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Fig. 13 Result of rotational order tracking analysis.
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computational and experimental results. The third
rotating order component is the principal factor
inducing the thrust force. In this case, virtually no
difference between computational case 1 and 2 is
observed. Moreover, the proportional relationship of
the computational results to the joint angle is the same
as in the experiment. The second rotating order
component is the factor inducing the beat. In this case,
the difference between computational case 1 and 2
corresponds to the magnitude of the initial skew angle,
and both cases are independent of the joint angle. On
the other hand, the experimental results fluctuate at
random.

In addition, it is clarified that the third rotating order
component has a proportional relationship to the
driving torque and is independent of the rotational
speed, by analyzing the experimental results. In the
case of the computational results, the same tendency
is found.

3.4 Consideration on thrust force

This section discusses the local thrust force induced
at an individual groove in order to clarify the factors

30

a

3rd order

Experimental ~ .*

N\
result Cal. Case 1

Thrust force (Ns)

,'D' (Black)
) Cal. Case 2 (White)
Cal. Cal. Case 2 2nd order

Joint angle (deg)

Fig. 14 Variation of thrust force with joint angle.
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Fig. 15 Computational result of local thrust force at each
groove.

inducing the thrust force. Taking analysis case 2 where
the beat occurs as an example, Fig. 15 shows the
waveforms of the local thrust forces at three grooves.
Grooves 1, 2, and 3 correspond to the turns of the
trunnions 1, 2, and 3. Next, Fig. 16 shows the
waveforms for the three components, since the result
of the rotational order tracking analysis for the local
thrust force indicates that the first, second, and third
rotating order components are dominant.

Although the first rotating order component is
contained in the local thrust forces, it is nearly zero in
the summed thrust force. This is because each phase
angle of this component is different by 120 degrees
according to the equally arranged grooves. On the
other hand, in the case of the third rotating order
component, the interval of each phase angle is the
same as one cycle. Therefore, the summed third order
rotating component is three times of the amplitude of
the local component.

The summed second rotating order component is
amplified by the overlap of the local components and
becomes the factor generating the beat. This overlap
occurs as a result of the irregular phase angles of these
local components, although the grooves are equally
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Fig. 16 Waveforms of dominant component of thrust force
at each groove.
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arranged. Here, the reason of this irregular phase angle
is concerned with the influence of the skew directions
of the needle rollers. Figure 17 based on Fig.16(b)
shows the waveforms illustrated with the individual
skew angles. It is possible to understand that the skew
angle of the local component of the groove 2 is
opposite to the others. Next, as shown in this figure,
when the skew direction at the groove 2 is reversed,
the interval of each phase angle becomes regular. In
this case, the beat does not occur because all the
components cancel each other out. In the same way,
when all skew directions of analysis case 2 are
reversed, the phase angle of the beat changes. In order
to confirm these, new analysis cases 3 and 4 are
calculated. In case 3, the initial skew angles are the
same directions. In case 4, all initial skew angles based
on case 2 are reversed. Figure 18 shows the wave
forms of the thrust force in these cases. The result of
case 3 shows no beat. The phase angle of the beat in
case 4 is different from that in case 2, and the
difference between these phase angles is 180 degrees.
Finally, it is clarified that the beat in the waveform of
the thrust force is an irregular phenomenon depended
on uneven skew of the needle rollers. Here, the
following cases are excluded: where the skew angles
of all trunnions are nearly zero, and where both the

Groove3 : skewﬁdeg Groove | : 2deg
’/“/\\X"f“,:/M"jx/
S . > T
(Groove?2 :reverse)  Groove?2 : -2deg

0 180 360
Rotational phase angle (deg)

Thrust force (N)
S

-3

Fig. 17 Enlargement of 2nd order.
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Fig. 18 Computational result of thrust forces concerning
different skew angles.

skew angles and the skew directions on all trunnions
are nearly equal. Thus, the following facts can be
explained: (1) the phase angle of the beat of the
computational result is different from the experimental
one as described in § 3.3, and (2) the experimental
effective value of the second rotating order component
shown in Fig.14 fluctuates irregularly according to the
variation of the joint angle (because the initial
conditions of the needle rollers changes
simultaneously).

3.5 Contribution of friction forces on thrust force

It is necessary to grasp contributions of the contact
region and the friction force on the second and third
rotating order components of the thrust force. A
parameter study is performed for the contact region
and the friction force in order to estimate the
contribution for case 2. Figure 19 shows this
contribution.

The principal factor inducing the third rotating order
component is sliding friction between the spherical
roller and the groove. The contribution of other types
of friction is as follows: the spinning moment and the
rolling friction between the spherical roller and the
groove are 2% and 5%, respectively, and the rolling
friction of the needle rollers is 6%. As an example to
explain this principal factor, Fig. 20 shows the
computational results based on case 2, concerning the
sliding friction between the spherical roller and the
groove. The amplitude of the waveform fluctuates
according to the sliding friction. Here, it is supposed
that this friction force is caused by disagreement
between the rolling and traveling directions of the
spherical roller.

On the other hand, since the sliding friction of the

Rolling : needle rollers

I Rolling : spherical roller
Vvs. groove /' —_—
Spin : spherical roller

g - VS. groove
‘g - Sliding : spherical roller
S L VS. groove
3=
‘g’ Sliding : needle rollers
O L Fluctuation

| according to skew

0

2nd order

3rd order

Fig. 19 Contribution of friction on components.
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needle rollers is mainly concerned with the second
rotating order component, the contribution to the third
rotating order component is 1%. This friction is
induced in a case where the skewed needle roller is
rolling.

4. Conclusions

This research constructs an analysis model of a
tripod constant velocity joint based on multibody
dynamics in order to analyze the thrust force caused in
the joint. The appropriateness of this model is validated
by comparing computational and experimental results.
This research also shows the influence of skewed
needle rollers on the thrust force, evaluates the
contribution of friction forces at each contact region to
the thrust force, and obtains useful knowledge about
the principal factors inducing the thrust force. These
results are summarized as follows:

(1) The analysis model includes all principal parts as
rigid bodies and all elements of contact force and
friction force acting on these parts. In particular, the
needle roller model is approximated by multiple
spherical configurations. The computational results
with this model agree well with the experimental
results in the following characteristics; (a) In the
waveform of the thrust force, the third rotating
order component is clearly evident and the beat
caused by the second rotating order component is
also observed. (b) The effective value of the third
rotating order component is in proportion to the
joint angle.

(2) The principal factor of the third rotating order
component is sliding friction between the spherical
roller and the groove. This component occurs at
individual grooves and the amplitude of this

40

Coefficient of sliding friction X 0.5 X 0.2

OAAAAA/
VVV/VV

1 cycle Case?2

Thrust force (N)

0 360 720
Rotational phase angle (deg)

Fig. 20 Computational results concerning sliding friction
between spherical roller and groove.

component becomes three times larger because
there are three grooves.

(3) The factor of the second rotating order component
is sliding friction of needle rollers. Since the
amplitude and/or the phase of this component
fluctuates in accordance with the angle and/or the
direction of the skewed needle rollers, a beat occurs
irregularly.
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