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Contact Dynamics of a Spherical Joint
and a Jointed Truss-Cell System

H. S. Tzou* and Y. Rongf
University of Kentucky, Lexington, Kentucky 40506

This paper presents a mathematical modeling and stochastic simulation study of a three-dimensional spherical
joint, a design feature of importance to a class of deployable space structures. An analytiéal model of the joint
including friction and clearance effects is studied, and a system equation with time-variant coefficient matrices
is then derived. A parametric study, including joint clearance size, joint rigidity/ dampiilg, and link elasticity/
damping, of a jointed truss-cell model is investigated. The friction is assumed to be a normally distributed
random variable and the external excitation is also treated random in a stochasti¢ simulation study using an
auto-regressive moving average (ARMA) model. This study shows that the joint dynamic contacts are affected
by joint surface condition (stiffness/damping), joint clearance, link stiffness/damping, excitation, etc. Friction
contacts dominate the system dynamics when the clearance is small and normal contacts dominate when the

clearance is large.

Nomenclature

A =amplitude of joint friction force

[A] = coefficient matrix

Ap, Ay =random disturbance data series

B = delay operator

Cy, Cpy, Cpp = contact damping coefficients

Cs, [C] =equivalent link damping coefficient
and matrix

D = constant coefficient

dr =time increment

F.,F, Fy, F =joint contact force vector and its
components

Fy Fy, Fy, Fy, =joint friction force vector and its
components

H(B) =gsystem transfer function

[ =unit matrix

I, I, I =mass moments of inertia in X, Y and
Z directions, respectively
iLj Kk =unit vectors in X, Y, and Z
directions, respectively
K, Kpi, K> = contact stiffness
K., [K;] =equivalent link stiffness and matrix

[M;] =equivalent link mass matrix

m, [M] =joint mass and matrix

Ry, R, =radii of the central ball and socket of
a spherical joint

[Rm] =equivalent damping matrix

R(u) =normally distributed random
variable and u is a uniformly
distributed random variable

SN =step function

i, (vi =equivalent forcing vector

U, =relative Vibration displacement

uy, Uy, Us, Uy, Us, 4 = coefficients in system equation
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(W, (W3], (W) =vibration displacement vector
X1, X5, X; =vibration displacements in x direction
X, =system output time series data

Y, Y, Y3 =vibration displacements in y direction
Z\, 2y, Zy =vibration displacements in z direction
(Z}, z1, Z2» Z35...» 212 = intervariable vector and its
' components
Bk =damping ratio in kth mode
A* =time interval
6, 61, 05 =joint clearances
[n] =time-variant coefficient matrix in
system equation
{w} = time-variant coefficient vector in
system equation
0;(B) =moving average (MA) parameters,
i=1,2
0. 0, 0, =contact angle and its directional
components
A =relative penetration displacement
Mo A =characteristic root of system transer
function
Ms fhe = friction coefficient
Oy Oy O = coefficients in friction force
expression
i Piys Piz =rotation angle, i =1, 2
0;(B) =auto-regressive (AR) parameters,
i=1,2
Wnk = kth mode natural frequency
[?] =equivalent stiffness matrix
Subscripts
P ) =contact point
X, Y% = coordinate coefficients
Introduction

OINTED structural and mechanical systems, such as

trusses, mechanisms, machines, etc., have been around
and studied for a long time. Recently, due to the rapid devel-
opment of large flexible deployable space structures, joint
dynamic characteristics have become even more important to
their high-precision and high-performance operations.! The
mechanical clearance inside a joint can induce dynamic con-
tacts when the jointed structure is subjected to a sudden ma-
neuver or external excitations; the internal contact can hamper
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its operation accuracy, introduce noise and vibration, acceler-
ate wear and fatigue, which results in system instability and
premature failures, etc.? This paper presents a three-dimen-
sional theoretical model of a spherical joint (including the
dynamic effects of clearance and friction) and a stochastic
simulation of a jointed structure—a jointed truss-cell model.

Dynamics of jointed space structures have been studied
increasingly in recent years. Foelsche et al.? recently proposed
a new linearization technique to study the transient response
of joint-dominated space structures. Crawley and O’Donnell*
investigated nonlinear joint properties using a force-state
mapping technique.* Tzou® studied the multibody nonlinear
dynamics and controls of joint-dominated flexible structures.
Rong et al.® developed a two-dimensional pin joint model
including contact and friction effects. Composite joints,
“‘sloppy’’ joints, and bolted joints were also studied and eval-
uated by a number of researchers.’® In this paper, emphases
are placed on 1) development of a three-dimensional spherical
joint model including dynamic contacts and frictions and 2)
dynamic analysis of a jointed truss-cell model, a fundamental
unit in a complicated space truss system, subjected to random
excitation using a stochastic simulation technique.

Joint-dominated space structures could be exposed to exci-
tations that are random in nature. Besides, wear and aging
could also change joint characteristics and result in irregular
surfaces with localized joint parameters. In this study, a three-
dimensional joint model is first developed based on a contact
force analysis. The derived analytical model has time-variant
coefficient matrices depending on relative displacements, con-
tact angles, step functions, etc. Then, a recursive algorithm is
implemented to solve the system equations and to calculate
joint contact dynamics. A stochastic simulation approach us-
ing an autoregressive moving average (ARMA) process®10 is
also proposed to study the dynamic characteristics and re-
sponses of a flexible jointed structure—a truss-cell structure.
The technique is based on the system differential equations
and a stochastic process theory. A stochastic simulation pro-
gram is developed to estimate the system performances when
system parameters (e.g., excitation amplitude/frequency,
clearance size, joint stiffness/damping, and link stiffness/
damping) are specified. Dynamic contact responses of the
truss-cell model with various joint parameters are presented
and studied.

Theory

A joint-dominated deployable structural system usually
consists of a number of elastic links connected by joints in
which a small joint clearance is reserved to allow relative
motion of connected links. In this section, a mathematical
model of a three-dimensional spherical joint is developed, and
then this model is extended to a link/socket and ball/link
physical system, which will be studied using a stochastic simu-
lation technique in a later section.

System Definition

A spherical joint, a ball (denoted as 2) inside a socket
(denoted as 1) at the end of two links, is illustrated in Fig. 1.
The point O is the center and P is an arbitrary contact point.
A joint clearance 5 is defined as the difference of the inner
radius of the socket and the outer radius of the ball, i.e.,
6=R,—R,.

When the jointed system is moving and/or excited by exter-
nal excitations, the ball comes in contact with the socket when
the relative displacement exceeds the joint clearance. A set of
equivalent contact stiffness/damping, C, and K, is assumed
to represent the joint contact action. This joint contact can
affect the dynamic characteristics of the entire jointed system.
It is assumed that the joint contact has two major compo-
nents: 1) normal and 2) tangential. The first one contributes a
normal contact and the second a friction contact. It is also
assumed that the clearance is large enough to allow relative
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motion so that the joint ‘‘sticktion’’ is not considered. Figure
2 illustrates a joint coordinate system that also defines contact
location (P), contact forces, angular rotations, etc. In the later
derivation, the normal and friction contacts are discussed
separately and followed by a formulation of system equations.
Normal Contact

Define (Xla Y\, Zy, 1%, Plys ﬁalz) and (X2, Y2, 23, 02, .(PZy,
©2,) as the translational and rotational motions of the link/
socket and the ball, respectively. The normal contact force F,
contribnted by joint stiffness and damping at point ‘“P*’ can
be expressed as

F,=Foi+Foj+F.k

= —i[CU, + K, (U, —8) cost,S(\)
—JIC,U, + K, (U, — )] c0s6,5(N)

—k[C,U, + K, (U, —8)] cosf,S(\) )

where U, and Upare the relative displacement and velocity in
the contact direction, respectively, and they are defined as

U,=AXi +AYj +AZk

=(X—X)i + (Y- Y1) +(Z2— Z)k; (2a)
Up =10yl

=X =X+ (Y2 — Y+ (Z,— Z))1

=(X,—Xy) cosb, +(Y,—Y)) costy, +(Z,— Z;) cosb, (2b)

U,= (X, — X)) costy + (Y, — V1) cosf, +(Z,—Z;) cost,  (2c)

The contact direction is defined by its directional cosine func-
tions:

9, = X=X (3a)
O T G = X P+ (Ya— VY 4 (Zo— 21"
Y,—-Y;
9, = : 3b
o =G —x (LY Zzyr O
Z,—7Z,
0, = - 3a
O TG — X+ (Yam Y+ (Zo— 21" 3a)
S(N) is a step function and is defined as
0 if A<O
= 4
SO |:1, ifA=0 @

Socket

/Ball

Contact n

Location P LINE i+l

Fig. 1 Cross section of a three-dimensional spherical ball/socket
joint.
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A=Up=b=[(X2= X1+ (V2= YiP+(Z=Z)0%—6  (5) z
Friction Contact
Tl}e friction force Fy can be decomposed into Fy,, Fy,, Fp, o,
and in the direction of x, y, and z: -~ . F 5
Fy=Fpi +Fpj+Fpk ©6) e L7 P [ y

The direction of the friction force is opposite to the tangen-
tial velocity (at contact point P) and perpendicular to the
relative displacement and angular velocity vectors at the con-
tact point. Thus,

F1U, FrlAp
where U, is the relative displacement vector defined in Eq.
(2a), and Aeg is the relative angular velocity vector of the ball
in the joint,
Ap=Apyd + Ap,j + Ap k
= (02— p1)i + (22 — 01, )] + (22, — P10k ™
Thus, the friction force is defined as
F f=A (U p X A{a)
=A[AYAp, —AZAp,)i + (AZAg, — AXAp,)j
+(AX Ap, —AY Ap,)k] 8®)

where A is related to the amplitude of friction force. Consider
the following relationship,

F} +F}, +Ffzz = u’F? ©)]

where p is the friction coefficient. The amplitude can be
determined by

% 0 Sy E

Fig. 2 Joint coordinate system.

Up to this point, the normal contact and the friction contact
are discussed and their force components are formulated.
Next, the system equation of the ball/socket/link system will
be derived. Note that rotational friction and joint slicking
were not considered in the derivation.

System Equation

The system equation of the contact pair, the ball and the
socket/link, can be expressed as

szchx +fo (13a)
m¥y=F,, +F, (13b)
mZz=Fcz +Ffz (13C)

Iz‘;éZz_(Ix _Iy)ﬁ.alxﬁ.pZy = _foRZ Cosﬁy +nyR2 COSGX (13d)

Ly, — (I, — L)pa@a, = FrRs cosf, — FrRy cosby (13¢)

#{FC|
A= - - - - - - 10
[(AYAp, —AZAp, Y+ (AZAp, —AXAp, )* +(AX Ap, —AY Ap, 1% (10)
The friction forces in three directions can be expressed as
fo= “Ux|Fc}
=0, [C,U, + K, (U, —8)IS(N) (1ia)
Fy= ""Uy‘FC|
=uoy[CpU,, + K, (U, = 8IS (11b)
Fp= pog|F|
'_—Haz[chp + K, (U, —0)ISN) (11¢)
where
AYAp, —AZAgp, .
g, = T n T 3 T T
¥ (AYAg, — AZAp, Y +(AZAp, —AX Ap,)* + (AX Apy — AY Ag, )1]* (i22)
AZA¢, —AX Ap, 12b
o,= T g g T < <
VT (AYAp, —AZAp, P+ (AZApy —AX Ap, )  + (AX Ap, —AY Ag, )" (12b)
AXAp, —AY A¢
Py Px (12¢)

g, = T g 0 T g 0
T [AYAp, —AZAp,) +(AZAg, —AXAp )+ (AX Ag, — AY Ag, 1%
b4
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IXSEZX_ (I,v _Iz)¢2y¢2z =IszRZ COS0y —nyRZ COSOZ (13f)

where m is the ball mass in the joint and I, I,, and I, are the
mass moments of inertia in x, y, and z directions, respectively.
In the case of a spherical ball, i.e., I, =1,=1I, so that the
gyroscopic effect can be neglected and the earlier system
equation can be written in a matrix form:

Tm 0 0 0 00O ()"(2
0Om 0 0 0 O Y,
0 0m 0 00 Z,
0001 00O Pz
0 0001 O o2
0 00 0 0 I o
L _ L
LS50 cosfyu; cosfyu; cosbu; 0 0 0 AX
cosfu, cosd,u, cosbu, 0 0 0 AY
cosfuy cosfuz cosbu; 000 AZ
c0s6,uy cosOyuy cosfuy 0 0 0 Ao,
cosf,us cosfyus cosfus 0 0 0 A,
cosbyug cosd,ug cosbug 0 0 0 Ap,
[ . L |
PSSO Fcosexul cosbyu; costu; 0 0 O AX
cosbyu, cosdu, cosbu, 0 0 0 AY
cosf,uy cosbu; cosfuy; 0 00 AZ
cosfuy cosbyu, cosbu, 000 Ag,
cosfyus cosf,us costus 0 0 0 Ap,
cosfug cosb,ug cosbus 0 0 0 Ag,
4 b i
=K,8500 |
253
Uz
Uy
Us
Us
| ] (14

where u is defined as

Uy =cosly, — puoy (15a)
Uy =cosf, — o, (15b)
Uz =cosf, —uo, (15¢)
uy = pRy(0, cos), — g, cosb,) (15d)
us = uR»(o, cosf, — g, cosd;) (15¢)
ug = pRy(0, cosd, — o, cosb,) (15f)

Or, the equation can be simply expressed as:
MW} + C,S NIl (W2 — Wil + K,S (Nl (W, — Wi

— K, 68V} (16)

where [M] denotes the o{/erall mass matrix, {(Wyl= (X, Y, Z,
2 o w27, and (W ={X| Y| Zi o1; ¢1x @1y 917)7; the
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superscript T denotes the matrix transponse.

] = Fcosexul cosf,u, cosfu; 0 00 (172)
cosfuy cosfyu, cosbu, 0 0 0
cosfyty costus costus 00 0
cosf,uy costyuy costu, 0 0 0
cosfus cosbyus cosbus 0 0 0
cosb g cosb,ug cosbug 0 0 0

()= (ty up us ug us ugl” (17b)

It should be noted that the [5] and {5’} are functions of the
contact point P, which is determined by any two of the angles
0y, 0,, and 0,.

If a two-link system, link/socket-ball-link configuration, is
considered (Fig. 1), Eq. (16) can be written as

MW} + CuSNImI{(W2— Wil + CaS () ) (Wa— W3
+ K SO — Wik + KpS ()l (W, — Wi
=Kp8:.S A\ {ni’) + KppS (\)8:{n2} (18)

where {W3} is the displacement vector of the second link, and
6, is the clearance between the ball and the second link. For a
physical system, the 6, should be zero (i.e., the ball is fixed to
the second link). Thus, {W,}= W3}, and Eq. (18) becomes

MW} + C,S NI {2~ Wi + [Cs) (W)
+KpSONI{W,— Wi} + [KsH{Wal =K, 68 V') 19)

where [M;], [Cs] and [K,] are, respectively, the equivalent
mass, linear damping, and stiffness matrices of the joint,
which can be regarded as part of the second link. This is a
nonlinear model because of not only the step functions but
also the time-variant coefficient matrix [y]. If some of the
variables, Z;, ¢, and ¢;, in Eq. (19), are set to zero, the
system equation can be simplified to a two-dimensional joint
model.b

Stochastic Simulation Technique
In order to solve the system equation, the system is first

" linearized by treating it as a quasistatic problem so that a

recursive algorithm can be developed. Then, the system equa-
tion is randomized to include surface irregularity and random
excitation effects; the system characteristics are evaluated us-
ing a stochastic simulation technique—an ARMA process.510

Linearization of System Equation

In the previous elastic joint model, if the motion of the first
link (X3, Y1, Z), ¢1x, €1y, ¢1¢) is taken as an input variable, the
output, second link,s motion (X5, Y2, Z,, ¢2v, ¥2y, ¢2;) can be
evaluated by a recursive algorithm. Rewriting the system equa-
tion yields

(W3 + Ry 1{W2) + [21(W3)=[U} (20)
where
Rl =CpS MM~ 0] + M1 G ) (21a)
(0% = KpS(MNIM] ' In] + [M1 7' [K); (21b)
wi={umy)j

=K,86S WIM1~ '} + C,SMWIMG] ™ )W)

+K,SMOIM] Il (7] (219
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Define a state-variable vector {Z} as
(21, 225 235 245 255 26> 275 28> 205 Z105 Z11s 212}

= {XZ’ YZ: ZZ’ Paxs ‘P2y’ P2z XZ’ Y2r Z27 S'DZXa ¢2y’ ‘pZZ}T(zz)

Then, the system equation becomes a first-order state equa-

tion:
[ o {03}
[Z}”[—M —[le]{zh[m @32)
or
(Z)=14)Z}+(V} (23b)

If the current vibration state is known at any given time
instant (i.e., given {Z(n)} at step n), the matrix [4] is consid-
ered as a constant so that the matrix [4] becomes a constant
matrix. Thus, the value of {Z(n +1)} at step (n +1) can be
estimated by the following recursive function

Z(n+ D} =(AMNZm) +{V(m)h*dt + [Z(n)) 4

where dr is a time interval.

Randomization of Joint Variables

As discussed earlier, the joint surface properties could be-
come irregular due to wear and aging, and the mechanical
friction could also be random.!! Thus, the joint friction force
can be rewritten as

Fy=yF, 25)

where F, is the normal contact force; u is a random friction
coefficient and it is defined as

u=p.+DR(u) (26)

where u. is a nominal friction coefficient related to the mate-
rial/surface property; R(u) is a normally distributed random
variable with zero mean value, which is estimated from a
uniform random variable generator;'? and D is a constant that
controls the variation of friction force. In order to simulate
the complex working environment/condition of a jointed sys-
tem, e.g., a jointed space structure, a random excitation is also
considered in the simulation process.

Stochastic Simulation Structure

In order to evaluate the dynamic characteristics of jointed
systems, a stochastic simulator is designed based on the devel-
oped dynamic contact model of elastic joints and the stochas-
tic process theory. The simulator primarily consists of two
parts: 1) time-history analysis and 2) system parameter analy-
sis.

First, the system parameters need to be specified, and then
the time-history data are generated based on the model dis-
cussed earlier. From these data, the joint dynamic contact
pattern can be observed in the time domain. The time-history
data can also be fitted into an ARMA model so that the system
dynamic characteristics, such as natural frequencies and
damping ratios, can be determined. An ARMA model is ex-
pressed as'14

e11(B) X; = 12(B) F; +0,(B) Ay (27a)
¢2(B) F;=04B) Ap (27v)

where F, is a data series representing the vibration displace-
ment of link 1, as an input; X, is a data series representing the
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vibration displacement of link 2 as an output; A5 and A, are
disturbances to input and output, and considered as white
noises; ¢; and 6; are polynomial functions of B, which are
related to the ARMA parameters, respectively; and B is a time
delay operator, i.e., BX, =X;_;. The transfer function is de-
fined by

e12(B)
e11(B)
Then, the natural frequencies w,; and damping ratios S, of

the jointed system can be estimated using the impulse invari-
ance principle:

H(B)= (28)

1
Wk =Z;[m<xk)zﬂ(x7§)1 v (29a)
— (M NE)
e ==k 290
ST IE @)

Simulation Study of a Jointed Truss-Cell Model

A jointed truss-cell unit can be considered as the basic
component of many large jointed flexible space structural
systems, e.g., deployable space structure.® The cross section of
a basic three-dimensional truss-cell model is illustrated in Fig.
3a, in which two links (designated as 1 and 3) are connected by
a joint (designated as 2). As discussed earlier, the ball is one
end of one link and the socket is integrated with the other link.
Thus, the truss-cell model can be further simplified as an
equivalent spring-joint mass-link (mass, spring, and damper)
system, as shown in Fig. 3b.

Note that the joint clearance, the contact stiffness/
damping, the equivalent link mass, and external excitations
are illustrated in the figures. Also note that only planar excita-
tions are considered in the simulation study. A constant con-
tact damping ratio (which is related to the material property)
and sine—shaped contact stiffness (considering the stiffness
variation in different contact direction 6 of joint) are also
assumed in the simulation model. The values of system
parameters are determined based on the analysis and experi-

Second link (3) First link (1)

Fx

7S
a) Original jointed structure

<n

b) Equivalent spring-mass-damper system

Fig. 3 A jointed truss-cell unit structure and an equivalent system.
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mental data.!’ In the later simulation study, the joint contact
behaviors of the system with different system parameters
(e.g., friction, joint clearance, joint stiffness/damping, link
stiffness/damping) that are subjected to various excitations
(e.g., excitation amplitude/frequency) are investigated. These
analyses are summarized in three subjects: 1) joint contact
pattern analysis, 2) joint contact force analysis, and 3) eigen-
value analysis.

Joint Contact Pattern Analysis

Figure 4 shows a typical joint contact pattern of the previ-
ous truss-cell model, which is obtained in a large clearance
(6=1.0 mm) and under a harmonic excitation (w =800 rad/s).
Detailed system parameters are also provided in Fig. 4. When
the relative displacement [(X,—X))?+ (Y,— Y)?]” is greater
than the clearance 6, the dynamic contact occurs. (In the
contact pattern analysis, the other cases with different system
parameters will be compared with Fig. 4.) The contact forces
can be estimated from the mass penetration (which is physi-
cally impossible but numerically possible), and they will be
presented next. In order to show the joint contacts clearly, the
high-frequency excitation components were digitally filtered
out in all the time histories presented thereafter.

A number of frequency components are observed in Fig. 4.
The highest frequency, as indicated in circle 1, is associated
with the joint contact oscillation (oscillation frequency at con-
tact/unit time) determined by contact parameters (K./m)".
The frequency component, in circle 2, before contact is related
to the natural frequency of link oscillation (K;/m)”. The
contact frequency (the number of contacts/unit time interval),
the second lowest in circle 3, is determined by a number of
factors, such as link stiffness/damping, contact stiffness/
damping, joint clearance, and excitation amplitude/fre-
quency. The lowest one ( contact asymptote), the dashed line,
is primarily determined by the joint friction and it disappears
in the small clearance case. It is observed that, if other system
parameters are fixed, reducing the friction coefficient (e.g., u
is decreased from 0.1 to 0.06) would result in even longer
contact asymptote (lower asymptote frequency). The normal
contact dominates at low friction and the friction contact
dominates at high-friction value. This phenomena is also ob-
served in the contact force analyses.

As discussed earlier, a number of system parameters
affecting the contact pattern need to be investigated.
Increasing the excitation amplitude results in more frequent
contacts (higher contact frequency) and higher contact
penetration (higher contact force). If the system is excited at
one of the system natural frequencies, (K,/m)” or (K./m)”,
the resonance effect can also appear, which results in higher
contact force.

Exc. Amp. = 1.5N
Exc. Fre. = 800 rad/s
Mass = 0.1 kg

Kc = 5000 N/m

Cc =10 N-s/m

Ks = 900 N/m

Cs =2 N-s/m
§=1.0mm

Sampling rate: 0.002 s

Samplj izg: 1000
1 >
1. m TN A A Jupl Lid

(ax2 4 ay2)172

RELATIVE DISPLACEMENT (mm)

0 ' Time (ms) 2000
Fig. 4 Joint contact patterns.
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Changes of equivalent link and contact parameters also
affect the contact pattern (Figs. 5a and Sb). It shows that
increasing the equivalent link stiffness results in higher contact
frequency, and increasing contact stiffness results in higher
amplitude oscillation after breaking the contact (Fig. 5a).
Increasing equivalent system damping (both link and contact)
weakens the dynamic contact and decreases contact frequency
(Fig. 5b). It is observed that the contact asymptote did not
change in all of these four cases. As discussed earlier, this
contact asymptote is primarily affected by the joint friction; it
disappears at very small joint clearance (because of the bounc-
ing effect—contact at every cycle). Note that the previous time
histories were compared with Fig. 4—the standard case.

Joint Contact Force Analysis

A contact force analysis using stochastic simulation is car-
ried out to quantitatively evaluate the effect of changing sys-
tem parameters. (It is assumed that the contact damping is
larger than that of the link.) Figure 6a shows the effects of
equivalent contact/link stiffness, and Fig. 6b shows the effects
of contact/link damping. (Note that each data point shown in
these figures is calculated using 10 test runs.) In general, the
contact force increases with the increase of link/contact stiff-
ness and decreases with the increase of link/contact damping.
Note that, in the contact force analysis, random excitations
were used.

As discussed previously, joint clearance and friction are also
of importance to the contact dynamics. Figures 7 illustrate the
clearance effect (with two different friction coefficients, i.e.,
w=0.1 (Fig. 7a) and p=0.06 (Fig. 7b). It is observed that, in
very small joint clearance range, the contact force decreases as
the clearance enlarges; in large clearance range, the contact
force increases with the increase of joint clearance. In general,

(ax2 + ay2)12
Ks= 1200 N/m (1)
KC= 7000 N/m (2)

RELATIVE DISPLACEMENT
o
g

/\'/\

(1) (2)

¢ TIME (ms) 2000

a) Change of equivalent joint/link stiffness

{8x2 + ay212
CS= 3.5 N-s/m (1)

Cc= 12 N-s/m (2)

[
=
=]
=
i
O
<
3
I
7]
=10 o A
[=] K /‘
o —(1)
o
=
<
P
=]
1
Vel
(2)
e TIME (ms) 2000

b) Change of equivalent joint/link damping

Fig. 5 Effect of equivalent joint/link stiffness/damping.
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7 120
"§ 100+ 2nd Mode
Z & e ]
° Equivalent link 5 80
o stiffness effect s 1
=] 3
< 5+ g 601
Z T 4ol
< S 404 st Mode i a
S 41 5 ]
Contact stiffness effect 207
3 T T T 0 ™ T T T T
10000 20000 30000 40000 0.00 0.05 0.10 0.15 0.20 0.25

Stiffness (N/m)

a) Effect of equivalent contact/link stiffness

Contact damping effect

Contact force (N)
n
1

Equivalent fink
damping sffect

3 T ¥ T T
0.00 0.05 0.10 0.15 0.20 0.25

Damping ratio

b) Effect of equivalent contact/link dampness

Fig. 6 Contact forces vs. equivalent contact/link stiffness/damping.

p=0.1

Contact force (N)
o
1

0.0 0.2 0.4 0.8 0.8 1.0
Clearances (mm)

Contact force (N)

v T T T
-0.00 0.10 0.20 0.30  0.40 0.50 ° 0.80 0.70
Clearances (mm)

Fig. 7 Joint clearance and friction effects.

the contact force increases when the joint clearance enlarges.
The similar phenomena were also observed in a study on
elevator systems.'® However, when considering very small
joint clearance, some interesting phenomena are observed.
The transition, the minimum contact force, shifts to the left
when the friction decreases and shifts to the right when the
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Fig. 8 Clearance effect on system frequencies.

contact/link stiffness increases. This is because the friction
contact is more significant at small joint clearance and the
normal contact is more significant at large clearance. At the
transition, the effect of friction contact is balanced with that
of the normal contact.

Eigenvalue Analysis

Natural frequencies of the system with elastic joint are also
evaluated using a stochastic process—ARMA process. Figures
8 show that the frequencies change with respect to the joint
clearance, which is calculated from the time-history data fitted
into an ARMA model. The first modal frequency is related to
the linear support parameters (K;/m)"*. When the clearance is
small, the two parts of the joint are not completely separated
so that the first frequency is lower due to a combined mass
effect, i.e., [K;/(m +m))]”. As the clearance enlarges, the two
parts of the joint start separating so that the frequency ap-
proaches (K;/m)". The second frequency is related to the
contact parameters (K./m)”, and the third and fourth are
also associated with the contacts. They all decrease as the joint,
clearance enlarges (which means less contacts within a given
time period).

Summary and Conclusions

In this paper, a mathematical model for a three-dimensional
spherical joint was developed based on a contact force analy-
sis, which includes the effects of normal contact and friction
contact. The derived nonlinear joint equation has time-variant
coefficient matrices depending on contact location, relative
displacements, and step functions. This model was treated as
a time-variant linear system so that a recursive algorithm was
implemented to calculate the system responses. The simulation
model was also randomized by including the friction variation
(due to joint wear and aging) and by using random excitations
in the simulation study. A stochastic simulation technique—
an auto-regressive moving average (ARMA) process—was
used to evaluate system performance when system parameters,
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¢.g., excitation frequency/amplitude, clearance size, link/
joint stiffness, and damping, were specified. Based on the
simulation study on a jointed truss-cell model, the following
can be concluded.

1) The contact pattern of the system with an elastic joint is
rather complicated; it is affected by a number of parameters,
including excitation frequency/amplitude, clearance size, link
stiffness/damping, contact stiffness/damping, lubrication,
etc. In general, the contact oscillation is determined by the
joint mass and the contact stiffness/damping. The oscillation
before or after the contact is determined by the mass and the
link stiffness/damping. Higher contact stiffness results in
higher amplitude oscillation after breaking the contact.
Higher damping (either link or contact) generally smooths out
the joint contact. The contact asymptote is affected mainly by
the joint friction. Higher joint friction contributes shorter
asymptote.

2) It was also observed that the contact force, in general,
increases as the joint clearance enlarges. However, at very
small joint clearance, the friction contact dominates the joint
vibration. A transition where the friction contact effect is
balanced with that of the normal contact shows the minimum
contact force. This transition point shifts when changing joint
clearance and/or contact/link stiffness. Reducing the joint
friction p generally results in lower contribution of friction
contact and higher contribution of normal contact in the
overall joint contact dynamics. For a softer joint or more
flexible link or higher joint/link damping, the contact force is
generally smaller and the contact pattern is usually smoother.

3) The clearance variation also affects the natural frequen-
cies of the system. The joint mass was not completely sepa-
rated from the equivalent link mass at very small joint clear-
ance. It was observed that the first natural frequency varies
from [K/(m +m)]” to [K,/m]" in the stochastic simulation
study. The higher frequencies (second, third, and fourth
modes) were all associated with the joint contact frequency,
and they decrease as the clearance enlarges.

It should be noted that these results were obtained based on
a guasistatic state approximation, in which large relative rota-
tions are not considered. (This assumption should be reason-
able for jointed space structures.) It was also assumed that the
joint clearance is large enough to allow relative motion, i.e.,
joint sticktion phenomenon is not considered. As shown in the
derived theoretical model, the system dynamics would be more
complicated when the large rotations are included, which cer-
tainly needs to be further investigated. In practical applica-
tions, the joint parameters for a specific design also need to be
identified before predicting reasonable system dynamics of the
jointed structures. However, in general, these results and con-
clusions provide a microscopic physics that should be impor-
tant to the joint clearance design and dynamic analysis of joint
dominated flexible structures.
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