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Abstract— Interactive 3D simulation of musculoskeletal 
kinematics is used to predict the instantaneous moment arms of 
muscles acting about joints. Experimental studies were 
completed to verify the moment arms of muscles in the finger 
joints and at the knee.  For other joints, predictions were 
compared with studies from the literature. Both methods 
provided for iterative improvement of the underlying 3D 
models of muscle tendon paths. Experimental results confirm 
that muscle-tendon moment arms vary throughout each joint’s 
range-of-motion; most muscles have more than one function 
(affect more than one degree-of-freedom); and that computer 
simulation models can be improved through simple parametric 
changes in cubic B-spline models of muscle-tendon paths.  

I. INTRODUCTION

HIS report describes the use of interactive 3D computer 
graphic simulation of musculoskeletal kinematics in the 

generation (prediction) of muscle-tendon moment arms at 
joints; interactive use of the simulation to study the 3D 
balance of muscles at joints; design of experiments with 
fresh cadaver limbs to investigate the instantaneous moment 
arms of muscle-tendon units; improvement in the muscle-
tendon path models integral to the simulation; and the 
iterative use of simulation and experiment resulting in 
improved understanding of musculoskeletal function. With 
real-time, interactive simulation musculoskeletal function is 
readily studied and predictions and hypotheses are rapidly 
generated. Thus the overall research cycle is enhanced as 
shown in Fig. 1. 
 Drawing on past experience using the simulation in knee, 
hand, and finger muscle mechanics, examples are presented 
to demonstrate this process [3, 4, 5, 12]. Typically, the 
simulation is used to generate questions regarding muscle 
balance and relative contribution to motion. Results from 
subsequent experimentation help to improve the simulation 
models, but most importantly help to clarify muscle-tendon-
joint function in ways that have direct clinical impact. 
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Fig. 1. The cycle of research with simulation in the loop. Interactive, 
real-time, 3D, computer graphic simulation of musculoskeletal 
kinematics provides acceleration to musculoskeletal research. 

II. MATERIAL AND METHODS

A. Computer Simulation System 
 The simulation development environment is a dual 3.2 
GHz Dual Pentium Xeon with Windows XP using Visual 
C++.NET, and OpenGL with the GLUT Library. The 
graphics driver is the Nvidia Quadro FX4000 256Mb 
graphics processor. In addition to mouse and keyboard 
interactive methods, this system utilizes pop-up menus with 
control widgets and 6 DOF control using a Spaceball 
(Spaceball model 5000, Spacetec IMC Corp., Lowell, MA). 
Use of the system for simulation of the extremities is 
described in [4]. 
 The simulation upper and lower extremities were derived 
from a fresh cadaver (28 yr old male) obtained through the 
Texas willed body program. The limbs were scanned on a 
General Electric Computerized Tomography scanner (GE 
Model 9800). One-mm thick CT slices spaced at 1 mm are 
used for the joint areas that require the greatest resolution. 
One mm thick slices spaced 5 mm apart were used for the 
mid shaft areas of bones. This approach helps to maintain 
highest detail in critical areas and save on structure size 
where such detail is not needed. Structures for the head, 
trunk and spine were derived from axial computerized 
tomography (CT) slices of the National Library of Medicine 
Visible Human (male). The frozen CT structure was used 
because the slices are spaced at one mm apart (maximum 
vertical resolution). All images were run through the 
MIMICS interactive software package that creates triangular 
polygons representing each bone.  MAGICS software 
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(MIMICS and MAGICS are from Materialise, Inc) is used 
where required to edit and combine the polygonal files. Files 
(in .stl format) for each bone then serve as the base level 
structures in the OpenGL kinematic hierarchy. B-spline 
muscle models with a variety of blending functions were 
developed to describe muscle-tendon paths for all skeletal 
muscles of the body [3, 4] (Fig 2). 

Fig. 2. Oblique views of the complete whole body simulation structure 
with muscle-tendon spline models included on the left. With the 
simulation, muscle moment arms at any joint can be studied during 
joint rotation in real-time. The simulation is built so that parameters 
within muscle definitions can be changed and resultant effects upon 
joint balance observed, also in real-time. 
 The ability to manually adjust and dynamically alter (with 
6 DOF) effective axes of motion is provided within the 
kinematic structure. Up to three axes were defined at each 
articulation using interactive control with the Spaceball.  
Fig. 3 depicts all axes within the whole body structure. 
Initial 

Fig. 3. Whole body Structure with all axes. The kinematic structure is 
made up of 175 bones, 1.4 Million triangular polygons (stl files), and 
194 rotatory degrees of freedom. 
placement of axes is based upon knowledge from the 
literature. Spinal segment limitations in range-of-motion 
were set first based upon the work of White and Panjabi 
[14], and then, through iterative monitoring of subsequent 
motion, were corrected based upon joint congruence and 
bone segment interaction. The same approach applied to 
axes of other joints [8, 9, and 10]. 
 Prior work in our lab [4] developed muscle-tendon path 
models for the extremities using B-Splines with several 
possible blending functions and three types of control points 
(bone relative, tendon relative or floating). Most control 
points were of the bone relative type, representing a rigid 

constraint or soft tissue pulley point. The floating type 
provided for sliding along the surface of a bone when within 
a certain region of a bone surface. Tendon relative points 
allowed for the origination or connection of one 
tendon/muscle to another tendon or otherwise dynamically 
altering surface. Using this same procedure, the major 
muscles of the back and spine were defined. 
 This report focuses upon the muscles crossing the index 
finger metacarpophalangeal (MCP) joint and the knee ( see 
Figs. 4 and 5). For simplicity, we examine the results for 

Fig. 4. Four views of the hand simulation including the B-Spline path 
models for all muscles to the index finger. The path of the First Palmar 
Interosseous muscle is highlighted by including its B-spline control 
points and is most in view at the top left.  
two muscles: the first palmar interosseous muscle at the 
Index MCP joint and the sartorius muscle at the 
knee.

Fig. 5.  A lateral view of the right leg from the simulation with the 
spline path models for all muscles crossing the knee. The biceps femoris 
short (BFS) is shown with its three control points highlighted and the 
graph in the bottom center of the view depicts the magnitude of the BFS 
as it would appear in real-time when rotating the knee from the 
extended position shown to full flexion. 

B. Generation of Moment Arms 
The simulation is used interactively to generate moment 

arms in real-time during user driven joint motion. A given 
muscles moment arm is displayed (as shown in Fig. 6 for the 
first palmar interosseous muscle at the index MCP joint) and 
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Fig. 6.  Volar (palmar) view of the right hand with the third through 
fifth rays removed for clarity in observing the spline path model and 
moment arm of the first palmar interosseous muscle as the finger is 
rotated from radial deviation to ulnar deviation. The bottom right 
portion of the figure shows the sequence with full radial deviation on 
the bottom, neutral position in the center and full ulnar deviation 
above. The magnitude of the moment arm is displayed in the graph at 
the top of the display. The moment arm is greatest in full ulnar 
deviation. 
saved to an output file. Note in Fig. 6 that the magnitude of 
the moment arm in this initial model for the muscle 
increases as the finger rotates from radial to ulnar deviation. 
Similarly, when performing FE motion at the knee, the 
moment arm of 

Fig. 7. The moment arm for the sartorius muscle is displayed as the 
knee is rotated from extension to flexion. It is at a minimum when 
extended (left) and maximum when flexed. 
the sartorius muscle is studied (Fig. 7). The simulation 
prediction is an increasing moment arm with flexion. 

C. Cadaver Experimental Methods 
In the experimental portion of the study fresh cadaver 

arms and legs were acquired through the Texas willed body 
program. Specimens were dissected through limited 
incisions but sufficiently to attach nylon cable to finger and 
knee tendons using previously described methods [1, 2]. All 
muscles at the knee and all metacarpal phalangeal (MCP) 
joints in the hand were studied. Muscle excursions, and joint 
angles (flexion-extension (FE) and ulnar-radial deviation 
(UR) at the MCP joints; FE and Internal-External rotation 
(IE) at the knee) were measured. Instantaneous moment 
arms were determined as the derivative of excursion with 
respect to angle [1, 6, 7, 12, and 13]. 

 Experimental results are moment arm magnitudes with 

respect to each rotational degree of freedom studied. 
Simulation generated moment arms are compared with the 
experimental results and in all cases studied to date, glaring 
differences can be attributed to erroneously placed muscle 
path control points which are corrected with reference to 
known anatomic constraints supported by other literature or 
more focused dissection studies. Subtle differences were 
often diminishes through choice of B-spline blending 
functions made available in the simulation. 

III. RESULTS

The study reported in [5] used the moment arm results to 
confirm the relative contribution of intrinsic and extrinsic 
muscles to flexion at the index MCP joint. However, in this 
report we use the moment arm results for the UR degree of 
freedom at that joint.  The results for all index finger 
muscles in ulnar-radial motion are displayed in Fig. 8. 

Fig. 8.  Moment Arms in Ulnar-Radial deviation rotation at the index 
metacarpophalangeal joint. Radial deviation is to the left. By arbitrary 
convention ulnar deviation moment arms are displayed as negative. The 
moment arm magnitude for first palmar interosseous (1stPI) makes it 
the most significant ulnar deviator.   
The value of the initial, simulation predicted moment arm is 
inverted to compare in the same sense with the experimental 
results in Fig. 9. The disagreement between experiment and 

Fig. 9. Comparison of simulation prediction, experimental data and 
revised simulation moment arms for the first palmar interosseous 
muscle of the index finger. 
simulation prediction implies that the B-Spline model path 
erroneously moved away from the effective center of 
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motion. Redefinition of a single B-spline control point, 
representing a more distinct soft tissue constraint resulted in 

Fig. 10. A simple conversion of a single control point for the B-Spline 
model of the first palmar interosseous muscle resulted in the generation 
of a moment arm throughout the ulnar-radial range of motion that 
closely resembles the experimental results. Compare with Fig. 6 to note 
the subtle difference in position of the second control point just ulnar to 
the metacarpal head. 
improvement shown in Figs 9 and 10. 
 Experimental Results for moment arms at the knee are 
completely defined for Flexion-Extension and Internal-
External rotations in [6] and [7]. For flexion extension 
moment arms the simulation predictions agreed without 
requiring significant adjustment of muscle model 
parameters. The Sartorius moment arm depicted in Fig. 7 
fell well within the standard deviation of experimental 
results (Fig. 11). 

Fig. 11. Simulation predicted moment arm for the Sartorius muscle in 
knee flexion motion superimposed over experimental results. 

IV. SUMMARY AND CONCLUSION

Results reported here cite two representative muscles, one 
each at the knee and the index MCP joint, and two joint 
motions, Flexion-extension at the knee and Ulnar-Radial 
deviation at the index MCP joint. The initial simulation 
moment arm for the 1stPI in ulnar deviation at the index 
MCP joint differed from the experimental data with an 
average residual of 2mm (40%, range of 9 to 68%). This 
was improved to 0.5mm (10%, range of -5 to 43%) with the 

single control point correction. For the Sartorius muscle in 
flexion at the knee no major control point corrections were 
necessary, and the average residual was 1.25mm (0.05%, 
range of -34% to 12%). Hence, we conclude that B-spline 
curve paths are effective models for muscle motion at joints; 
model parameters can be iteratively adjusted to generate 
moment arms that agree with experimental data in 
magnitude and characteristic shape; and the study of muscle 
moment arms with real-time 3D graphical simulation serves 
to improve clinical understanding of joint function as well as 
enhance the research cycle. Though these studies serve to 
improve muscle models at all joints (recent efforts have 
helped to clarify the excursion and strain in the pectoralis 
major muscle at the shoulder [11]), work must continue to 
verify underlying models of muscles at all joints. 
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