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Force-State Characterization 

of Struts Using Pinned Joints 

As part of a research effort to study the microgravity dynamics of a truss with pinned 
joints, a single strut with a single clevis-tang pinned joint was characterized. Experimental 
data was collected using a force-state mapping technique. The strut was subjected to axial 
dynamic loads and the response of the strut was measured. The force-state map aids 
visualization of the strut dynamics. Finite element modeling of the response was explored. 
An example is presented that uses a method of manual determination of the finite element 
model parameters. The finite element model results correspond well with the measured 
strut response. © 1997 John Wiley & Sons, 1nc. 

INTRODUCTION 

Deployable space structures typically incorporate 
multiple revolute (e.g., pinned) joints. If the joint 
design allows a small amount of "slop" or dead
band, the dynamic behavior of the structure can 
be dramatically altered. The deadband and friction 
characteristics in this type of joint can introduce 
nonlinearities into the joint behavior. Nonlinear 
response in these joints is difficult to predict and 
can therefore limit the use of such a truss. Folkman 
and colleagues (1995) reported tests of a truss us
ing a few pinned joints and compared the results 
with the same truss but with the joints tightly 
clamped together. When preloads were small, 
the truss using pinned joints had significantly 
more damping and exhibited nonlinear behavior. 
They reported that when large preloads were 
applied across pinned joints in the truss, the 
damping was reduced and the dynamic behavior 
was very similar to the truss using only tightly 
clamped joints. Several authors discussed cases 
where preloadedjoints acted nonlinearly (Chatto
padhyay, 1993; Den Hartog and Mikina, 1932). 
Unfortunately, dynamic behavior due to the 
joints is very dependent on many variables such 
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as the joint design and the condition of joint 
interfaces. Predicting the dynamic behavior is 
difficult at best. Measured data from design pro
totypes is often required. 

Large-scale testing, if practiced at all, usually 
occurs after most of the structural design has been 
fixed in detailed design drawings. Design changes 
dictated by the test data this late in the design 
would be costly. In many cases such testing may 
not be feasible due to the structure's size and the 
influence of gravity. However, early testing of 
structural elements is possible and can provide 
valuable information to support the design pro
cess. One approach to the testing of a large truss 
could be to test individual struts to characterize 
these elements for use in overall system models. 
The present article presents one method for exper
imentally gathering and evaluating the data for an 
individual strut and characterizing the response by 
finite element modeling techniques. An implicit 
assumption here is that the behavior in these com
ponent tests simulates the behavior of the compo
nent in the complete structure. This assumption 
will be validated if and only if the assembled struc
ture's behavior is successfully predicted by a finite 
element model of the assembled structure com-
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FIGURE 1 Illustration of the force-state map test setup. 

posed of the individual strut models . Dutson and 
Folkman (1996) reported that this approach was 
successful in simulating many important aspects 
of the behavior of a truss . 

The experimental method used is the force-

state mapping (FSM) approach described by 
Crawley and Aubert (1986). The method involves 
the determination of the restoring force function , 
f(x, i) , based upon the surface formed by re
cording the net force , F - m~'( , over a range of the 

FIGURE 2 Photograph of the force-state map test setup. 
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FIGURE 3 Illustration of the clevis/tang joint design. 

state variables, displacement and velocity. These 
are related in Eq. (1). 

f(x,x) = F- mx. (1) 

In this equation, F is the applied force and is of the 
formF= Fmax sin(wt) for this research. Themxterm 
represents the inertial resistance of the system. 

Masri and Caughey (1979) used Chebyshev 
polynomials to nonparametrically approximate 
the restoring force function. Crawley and Aubert 
(1986) designed experiments to show the ability 
of FSM to measure nonlinear behavior. They pre
sented a typical map for cushiond impact. Their 
results showed the potential of the technique and 
the possibility of identifying combined effects in a 
single map. Crawley and O'Donnell (1987) further 
refined the test setup and validated it with several 
test articles. They also studied a laterally excited 
pinned joint with and without a locking sleeve and 
were able to identify friction nonlinearities that 
were not of the simple Coulomb type. Masters and 
Crawley (1994) extended their research on FSM 
to include multiple degrees of freedom (MDOF). 

Masters et al. (1996) continued the MDOF compo
nent characterization using FS maps. The compo
nents were combined into a global model that was 
rather successful at predicting the nonlinear re
sponse of their truss. 

A study of a NASA-developed clevis-tang joint 
that incorporated preloaded bearings was con
ducted by Bullock and Peterson (1994). The joint 
exhibited linear response down to the micron level 
of motion. They concluded that no simple single 
DOF FSM model could accurately represent the 
submicron nonlinearities of the joint. The behav
ior of the internal joint components is not negligi
ble and appears to couple the joint's six rigid body 
DOFs. Therefore, the observed nonlinear behav
ior is attributable to some combination of DOF 
coupling and the effects of unmeasured states on 
the FSM. 

No general model is available describing energy 
losses in joints. However, analytical and computer 
models that attempt to include friction and im
pacting of a structure containing a single joint are 
available (see Dubowsky, 1974; Dubowsky and 
Freudenstein, 1971; Ferri, 1988). Ferri (1988) 



106 Ferney and Folkman 

-- DISPLACEMENT 
-- FORCE 
_.- ACCELERATION 

0.04 .,------------------, 

0.03 

-::2: 0.02 
e. 
I-
a:i 0.01 
::2: 
w 
~ 0.00 

a. 
(/) o -0.01 

-0.02 

300 

200 

en 
100 z 

o 

o 
~ 
w 
6 
w 
() 

-100 ~ 
LL 

-200 

4 

3 

-0. 03 -l-..,....-..,....---.----.----,----,----,----,----,-----,-----,-----,--~~_+ -300 

z 
!!l 
"ii 
0 

~ m 

~ 

0.00 0.02 0.04 0.06 

TIME (SECONDS) 

FIGURE 4 Illustration of the measured time history for a 35-Hz test. 
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FIGURE 5 Force-state map of measured data for the short strut with a 4.729 mm (0.1862 
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FIGURE 6 Force-state map of measured data for the short strut with a 4.729 mm (0.1862 
in.) pin and 35-Hz forcing frequency. 

showed computer simulations of the behavior of 
a single joint indicating that nonlinear sources of 
damping, such as friction and impacting, appear 
to be predominately viscous in nature. The models 
in the above references are not directly applicable 
to truss structures with multiple joints, although 
they could provide damping estimates of individ
ual components. 

Using FSM testing to assist in developing a fi
nite element model of a truss structure using 
pinned joints was proposed by Belvin (1987). He 
developed nonlinear finite element models of a 
truss based on strut characterization testing. Bel
vin's work focused on very large space structures 
and was limited to low frequencies. He was able 
to neglect the influence of impacting in the joints 
because the frequencies were very low. This article 
is similar to Belvin's work but focuses on higher 
frequencies where impacting is significant. 

This research is different than previously re
ported studies using the FSM technique to charac
terize strut behavior. The strut is not preloaded 
and when axial loads are applied to the strut, the 
deadband region of the joint is traversed. The joint 
experiences deadband, friction forces, and "hard" 

impacts. A hard impact is defined here as one 
where a small shock force is generated and the 
system can rebound. The research objective is to 
obtain FSM data and investigate how it can be 
used to model a single strut. 

EXPERIMENTAL SETUP 

Figure 1 illustrates the test setup. The test bed was 
designed to accomodate struts of various lengths 
and to test in either a horizontal or vertical orienta
tion, although the horizontal orientation was used. 
A 2-in. thick steel plate mounted to a i-in. thick 
steel plate, which was secured to the floor, was 
used. A cast steel backstop was used as a semirigid 
reference to which a test piece was mounted. A 
222 N (50 lb) electrodynamic vibrator applied a 
force to one end of the strut. A force transducer 
and an accelerometer were mounted axially at the 
point of load application. Three fiber optic dis
placement sensors were placed at 120° intervals 
around the strut. The high output range of these 
sensors is approximately ±0.051 mm (±0.002 in.). 
Averaging the output of the three produced the 
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FIGURE 7 Plot showing the data for the short strut with a 4.729 mm (0.1862 in.) pin and 
I-Hz forcing frequency compared to the curve fit given by Eq. (2). 

axial displacement without bending effects. Figure 
2 is a photograph of the test setup. 

The velocity is obtained by differentiating the 
displacement data using a three-point central dif
ference formula. This was chosen over integration 
of the accelerometer data because the signal from 
the accelerometer contained more noise than that 
from the displacement sensors. Velocities ob
tained by differentiating the displacement data 
were smoother than those obtained be integrating 
the acceleration data. The second derivative of 
the displacement data was also compared to the 
accelerometer data and was found to correspond 
nicely except that the second derivative of the 
displacement signal contained more noise than the 
accelerometer data. The increase in noise was due 
to the numerical differentiation process. 

The accuracy of the test bed was verified by 
testing aluminum tubing with known stiffness and 
low damping characteristics. Initial tests demon
strated that small displacements could occur in the 
backstop. To compensate for this movement, a 
fourth displacement sensor was added to measure 
the motion of the fixed end. One displacement 
sensor is adequate because it can be mounted axi-

ally with the strut. The axial elongation of the 
strut was found as the average of the front end 
displacements minus the back end displacement. 
This elongation was then differentiated to find the 
velocity. Measured and predicted stiffness data for 
the tubing indicated reasonable agreement for 
stiffness values in the range of the struts to be 
tested. 

The strut has two types of joints. On one end 
the joint has a press fit pin and behaves linearly. 
The other end has a clearance fit pin as illustrated 
in Fig. 3. Tang and clevis holes are press fit with 
hardened steel inserts. The pin is a shoulder bolt. 
The hardness of the pin and the sleeves is intended 
to reduce wear and therefore reduce dimensional 
changes affecting performance. This hard interface 
encourages impacting and rebounding as the pin 
and sleeve make contact. The deadband in the 
pinned joint is adjusted by using different diame
ter pins. 

Testing was done with two tube lengths, three 
pin diameters, and three forcing frequencies. The 
two tube lengths allowed testing of a short strut 
with an overall length of 203.2 mm (8.0 in.) and a 
long strut with an overall length of 400 mm (11.3 
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FIGURE 8 Illustration of the strut in the test bed and the corresponding finite element 
model. 

in.). The three pin diameters were 4.729 mm 
(0.1862 in.), 4.735 mm (0.1864 in.), and 4.740 mm 
(0.1866 in.). The hole diameter was 4.752 mm 
(0.1871 in.). Forcing frequencies were 1, 35, and 
100 Hz, corresponding to quasistatic condition and 
two vibration modes of a truss that used the struts 
being tested. 

To fill in the restoring force surface, a range of 
testing amplitudes was recorded. This was done 
using an amplitude modulated forcing function. 
One period of the modulating signal was recorded. 
Thus, the state space was traversed twice. Data 
rates up to 8000 samples per second were tested 
to ensure that all of the dynamic characteristics 

were recorded. Due to memory limitations the 
tests were recorded at 200 samples per second for 
the l-Hz tests, 2000 samples per second for the 
35-Hz tests, and 4000 samples per second for the 
100-Hz tests. 

RESULTS 

Initially it seemed that the results in the time do
main included too many high frequency vibrations 
and rebounds to form a single surface. Example 
raw data in the time domain can be seen in Fig. 4. 
However, for a given test frequency, the restoring 
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FIGURE 9 Illustration of the determination of stiffness from quasistatic test data for the 
finite element model. 

force is a single surface in the force-state domain, 
even when hard impacts occur. 

Figures 5 and 6 show the FSM surface formed 
by the tests on a short strut with a 4.729 mm (0.1862 
in.) pin at 1 and 35 Hz forcing frequencies, respec
tively. These figures were constructed by laying a 
grid over the state space and averaging the force 
data around each grid point to get the value of 
that grid point. It was necessary to adjust the grid 
size such that it was small enough so that all of 
the nonlinearities were visible, but large enough 
to not have holes at points in the state space where 
no data had been taken. Visually it is possible to 
identify several nonlinear effects, which is the 
value of the FSM. The deadband is evident in the 
displacement direction. Due to the deadband, the 
force-displacement response is very cubic in na
ture. In the deadband region, the velocity data 
makes a step at the origin. This is easily observed in 
Fig. 5 and is indicative of Coulomb friction forces 
being present in the joint. Figure 5 is described as 
a quasistatic test because the velocities are low. 
The effect of impacting should be minimal in Fig. 
5 and friction in the joint should be the primary 
damping mechanism. Outside of the deadband re-

gion, the force-velocity response appears to be fiat, 
but it actually has a small linear slope in Figs. 5 
and 6. This could be modeled as linear viscous 
damping. Also note that the FSM surfaces in Figs. 
5 and 6 are different. That is, the FSM surface 
obtained is dependent on the forcing function fre
quency. 

To use this surface as an aid in model develop
ment, a restoring function could be assumed and 
fit to the surface. Higher order functions have been 
used to simulate FSM behavior (see Belvin, 1987; 
Masri and Caughey, 1979). The objective of this 
research is to simulate the behavior of the strut 
using a commercial finite element program. Thus, 
it is desirable to fit a relatively simple function to 
the surface, which is consistent with the capabili
ties of the finite element program. The stiffness in 
the simple model could be determined using two 
different sets of terms. The first would be a linear 
and a cubic stiffness term. This would fit the data 
best because it appears to be very cubic. The sec
ond is a piecewise linear fit. This fit would include 
linear terms representing the stiffness in the ten
sion, compression, and deadband zones. These lin
ear terms are easiest to include in a finite element 
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FIGURE 10 Illustration of the determination of deadband parameters from dynamic test 
data for the finite element model. 

model. The damping terms could be linear viscous 
damping and/or Coulomb friction damping. 

Equation (2) represents a typical restoring func
tion that includes linear and cubic stiffness terms 
along with linear viscous damping and Coulomb 
friction terms. 

I(x, x) = Kx + K3X3 + Bx + N sign(x). (2) 

Figure 7 illustrates the least squares fit of Eq. (2) 
to the measured data illustrated in Fig. 5. The 
measured data in Fig. 7 is for the short strut with 
a 4.729 mm (0.1862 in.) pin and a i-Hz forcing 
frequency. It is very difficult to visually compare 
two FSM surfaces. To simplify the comparison, 
Fig. 7 illustrates a 2-dimensional view of the FSM 
data. Thus, a number of cycles over a range of 
amplitudes are shown in Fig. 7. The mUltiple 
curves represent different amplitudes of the forc
ing function. The fit fails to represent the force 
surface without applying different damping terms 
in different regions. For example, the viscous term 
could be applied only in the tension and compres
sion zones and the Coulomb friction term could be 

applied only in the deadband zone. This motivated 
moving to a piecewise linear approach. 

A finite element model of the strut in the test 
bed was developed and analyzed using MSC/ 
NASTRAN. A primary objective was to find a 
simple method of simulating the deadband and 
impacting that would occur. MSC/NASTRAN has 
a gap element that can be used to simulate contact 
between bodies. When contact occurs in a gap 
element, a high stiffness is applied between the 
bodies in the direction normal to the contact plane 
and friction forces can be transmitted in directions 
perpendicular to the contact plane. Based upon 
the possible nonlinearities in the strut dynamics 
illustrated in Figs. 5 and 6, a simple finite element 
model of the strut in the test bed was constructed 
as shown in Fig. 8. This figure includes an illustra
tion of the corresponding strut in the test bed. 
Elements numbered 1-6 are beam elements mod
eling the strut and shaker. Elements 7 and 8 are 
gap elements that allow deadband during the load 
cycles. Element 9 is a gap element that provides 
constant friction forces as the joint traverses the 
deadband region. Element 10 is a viscous damping 
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NASTRAN and the experimental data for the short strut with a 4.729 mm (0.1862 in.) pin 
and 35-Hz forcing frequency. 

element inside the gap. The small viscous behavior 
outside the gap was not included in the model. The 
measured masses were lumped to their respective 
nodes. The finite element model requires the input 
of several parameters that can be approximated 
from the measured data. 

First, each beam element must be assigned a 
stiffness that is a static characteristic. Figure 9 
shows the quasistatic FSM data (the same data 
used to generate the surface in Fig. 5) and the 
average of the tension and compression stiffness, 
12,600 N/mm, which is the overall struct stiffness. 
The stiffness of the strut tube (element 3) is known 
from physical dimensions. The remaining ele
ments were adjusted in stiffness such that the com
bined stiffness equaled the measured overall stiff
ness. The joint model must be assigned a stiffness 
for when the gap is open (1090 N/mm from Fig. 
9) and a very large stiffness when the gap is closed. 

Next, from the FSM data from tests with a 35-
Hz forcing frequency, the characteristics of the 

gap are determined. The width of the deadband 
is determined from Fig. 10 to be 0.036 mm and is 
used to set the gap distance in elements 7 and 8 
in Fig. 8. Three damping type parameters exist in 
the model. The friction surface (element 9 in Fig. 
8) produces a constant Coulomb type force as the 
joint traverses the deadband region. The value for 
this force, 24 N, is found as half of the loop width 
in Fig. 10. The damping coefficient for element 10 
in Fig. 8 was set at 7 N Imm after running the model 
and refining it to fit beUer. Each beam element 
also has material damping. This loss factor was set 
to 0.008, which is typical for aluminum at low 
strains. 

These parameters were implemented in a MSCI 
NASTRAN model excited at 35 Hz with an ampli
tude of 156 N (35 lb). The result is best evaluated 
by graphical comparison of the displacement-time 
history for the model and the experimental data. 
Figure 11 shows this comparison. The results com
pare very well and indicate that this simple strut 



model adequately accounts for the nonlinearities. 
The next step in model development would be to 
adjust the parameters from their nominal values 
until an even better correlation exists. This would 
result in a very accurate characterization of the 
behavior of a strut with a pinned joint in a test bed. 

CONCLUDING REMARKS 

An FSM technique was used to successfully obtain 
a base of experimental information regarding the 
axial behavior of struts with pinned joints. This 
data is useful for the development of finite ele
ments models of struts in a test bed. At this time 
it is assumed that the boundary conditions in the 
test bed are similar to those in the truss. For sur
face fits with simple terms, the fit is deemed not 
useful unless it can apply different terms in differ
ent zones. A better approach was shown to be 
the determination of nominal parameters from the 
data with subsequent adjustment until the finite 
element model and data match on displacement
time history plots. Future work will involve com
bining the strut model into a truss model. 

The funding of this research by NASA (Contract NAS1-
19418) and a Vice President's Research Fellowship from 
Utah State University is gratefully acknowledged. 
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