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ABSTRACT

The thumb is required for a majority of tasks of daily living. Biomechanical modeling is a valuable tool,
with the potential to help us bridge the gap between our understanding of the mechanical actions of
individual thumb muscles, derived from anatomical cadaveric experiments, and our understanding of
how force is produced by the coordination of all of the thumb muscles, derived from studies involving
human subjects. However, current biomechanical models do not replicate muscle force production at
the thumb-tip. We hypothesized that accurate representations of the axes of rotation of the thumb
joints were necessary to simulate the magnitude of endpoint forces produced by human subjects. We
augmented a musculoskeletal model with axes of rotation derived from experimental measurements
(Holzbaur et al., 2005) by defining muscle-tendon paths and maximum isometric force-generating
capacity for the five intrinsic muscles. We then evaluated if this augmented model replicated a broad
range of experimental data from the literature and identified which parameters most influenced model
performance. The simulated endpoint forces generated by the combined action of all thumb muscles in
our model yielded comparable forces in magnitude to those produced by nonimpaired subjects. A series
of 8 sets of Monte Carlo simulations demonstrated that the difference in the axes of rotation of the
thumb joints between studies best explains the improved performance of our model relative to
previous work. In addition, we demonstrate that the endpoint forces produced by individual muscles

cannot be replicated with existing experimental data describing muscle moment arms.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

A majority of the activities of daily living require us to use our
hands to interact with the environment. Of particular importance
is our ability to apply forces produced at the thumb-tip to grasp,
hold, and manipulate objects as the thumb is required for 40% of
hand function (Swanson, 1964).

Given the importance of force production by the thumb, biome-
chanical simulations have been developed to study the transforma-
tion from muscle force to thumb-tip endpoint forces in detail. How-
ever, current biomechanical models of the thumb neither replicate
the thumb-tip forces produced by human subjects (Valero-Cuevas
et al, 2003) nor the forces produced when individual cadaveric
muscles are loaded with a known force (Pearlman et al, 2004;
Towles et al, 2008). For example, Valero-Cuevas et al. (2003)
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developed a biomechanical model of the thumb to calculate forces
produced by the coordinated actions of all thumb muscles and
compared simulation results to experimental measurements of forces
produced by nonimpaired subjects during maximum effort. The
authors concluded that the model failed; the model was reported
to be approximately four times weaker than human subjects. In
contrast, Towles et al. (2008), implementing a biomechanical model
that incorporated similar model parameters as those described by
Valero-Cuevas et al., calculated the endpoint forces produced by
individual muscles when they were loaded with a known force in a
cadaveric experiment and reported that the simulated endpoint
forces overestimated the forces measured in cadaveric specimens in
six of nine muscles. Even with model parameters that better reflected
experimental data (Hollister et al.,, 1992, 1995), Goehler and Murray
(2010) also reported an overestimation of endpoint forces produced
by some extrinsic thumb muscles. Thus, current biomechanical
models of the thumb are both underestimating the forces produced
by human subjects (Valero-Cuevas et al., 2003) and overestimating
the force magnitude produced by individual muscles, as quantified in
cadaveric specimens (Goehler and Murray, 2010; Towles et al., 2008).
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As reported in the literature, it is not clear which biomechanical
parameters (i.e. description of joint axes of rotation, muscle moment
arms, or maximal isometric forces) most influence the transformation
from muscle force to thumb-tip endpoint force. Because their study
thoroughly evaluated the sensitivity of their simulations to variability
in other musculoskeletal parameters (muscle moment arms or
maximal isometric forces), Valero-Cuevas et al. (2003) speculated
that the discrepancy between model results and experimental data
measured from human subjects during maximum effort was primar-
ily due to the simplified representation of the axes of rotation of the
thumb joints implemented in their model. In contrast, both Towles
et al. (2008) and Goehler and Murray (2010) discussed how altering
muscle moment arms resulted in improved simulation of thumb-tip
endpoint forces for individual muscles. Importantly, none of these
studies evaluated model performance relative to both the thumb-tip
forces produced by human subjects (where a net force produced by
coordinated muscle action is measured) and the forces produced
when individual cadaveric muscles are loaded with a known force.

The objectives of this study are: (1) to develop a biomechanical
model of the thumb to investigate the transformation between
muscle force and thumb-tip endpoint force for both individual
muscles and the net force produced via combined muscle actions
and (2) to evaluate which subset of biomechanical parameters has
the most influence on model simulations. In this study, we
augmented the model previously described by Holzbaur et al.
(2005) to include the muscle-tendon paths and the maximum
isometric force-generating capacity of the five intrinsic muscles,
where the geometry of each muscle-tendon path was optimized
to replicate the mechanical action of a given intrinsic muscle
(Pearlman et al., 2004). We then evaluated how accurately this
augmented model replicated a broad range of experimental data
and performed a series of 8 sets of Monte Carlo simulations to
evaluate the relative influence of different biomechanical para-
meters. Based on what was first speculated by Valero-Cuevas
et al. (2003), we hypothesized that simulations would be most
sensitive to the description of the axes of rotation, as compared to
either muscle moment arms or maximum isometric forces.

2. Methods

We augmented a musculoskeletal model of the thumb (Holzbaur et al., 2005) by
defining the muscle-tendon paths and the maximum isometric force-generating

Table 1
Joint postures for lateral and opposition pinch based on general coordinates of
previously described model of upper extremity (Holzbaur et al., 2005).

Joint Pinch

Lateral
CMC flexion 20°
CMC abduction —25°
MCP flexion —45°
IP flexion -10°

Opposition

CMC flexion 20°
CMC abduction 20°
MCP flexion -10°
IP flexion —45°

“Positive angles indicate extension or abduction.

capacity of the five intrinsic muscles including abductor pollicis brevis (APB), the
transverse and oblique heads of adductor pollicis (ADPt and ADPo, respectively),
flexor pollicis brevis (FPB), and opponens pollicis (OPP). The musculoskeletal model
described by Holzbaur et al. (2005) defined four degrees of freedom at the thumb,
which were derived from experimental measurements of the kinematics (Hollister
et al., 1992, 1995). The model includes two degrees of freedom at the carpometa-
carpal (CMC) joint (flexion/extension and abduction/adduction), one degree of
freedom at the metacarpophalangeal (MCP) joint (flexion/extension), and one
degree of freedom at the interphalangeal (IP) joint (flexion/extension). The pre-
viously published model defined the muscle-tendon paths of the four extrinsic
thumb muscles: abductor pollicis longus (APL), extensor pollicis brevis (EPB),
extensor pollicis longus (EPL), and flexor pollicis longus (FPL). The muscle-tendon
paths in this model were developed to replicate the moment arms of the extrinsic
muscles that have been quantified experimentally (Smutz et al., 1998).

2.1. Definition of muscle-tendon paths for the intrinsic muscles

To define muscle-tendon paths for the intrinsic thumb muscles, we imple-
mented an optimization algorithm (Yeo et al., 2011) that varied the location of the
origin and insertion points for a given muscle until the final modeled path
minimized the difference between the thumb-tip endpoint force calculated using
our biomechanical model and experimental data describing the thumb-tip forces
produced by that muscle in cadaveric testing (Pearlman et al., 2004).

The errors between simulated and experimental thumb-tip endpoint forces for
lateral and opposition pinch postures (Table 1) were minimized simultaneously
using a non-linear least squares optimization routine (Matlab, Isqnonlin) with the
following cost function:

i 2

mc;n > IF-Fid)? 1)
i=1

where d is the 6 x 1 vector of 3D origin and insertion points, F; the 6 x 1 vector of

experimental thumb-tip endpoint forces, and F(d) the 6 x 1 vector of simulated

thumb-tip endpoint force (Yeo et al., 2011).

For each iteration of the optimization algorithm for a given muscle (Fig. 1), we
calculated the endpoint forces produced at the thumb-tip by that muscle in both
lateral and opposition pinch posture. To calculate the force produced at the
thumb-tip, we used the principle of virtual work to relate the joint torques
produced by the muscle of interest for a specified level of muscle force to the
resulting force at a point of interest on the distal phalanx:

T —-1_
Findividual = [] ] Luaf muscte 2

where Fingividual iS the 3 x 1 endpoint force vector; J the 3 x 3 Jacobian matrix; Lya
the 3 x 1 muscle moment arm vector; and fiuscle is the given force of the muscle of
interest (Goehler and Murray, 2010). Because none of the intrinsic muscles cross
the IP joint, it was only necessary to transform joint torques produced about the
three remaining degrees of freedom, creating a square Jacobian matrix. The
torques produced by a muscle about the CMC and MCP joints were calculated as
the product of the muscle’s moment arms about those joints and the specified
level of muscle force. Because muscle moment arms vary with the geometry of the
muscle-tendon path, Lya was re-calculated in each iteration of the optimization.
The origin and insertion coordinates were transformed to muscle moment arm via
the partial velocity method (Delp and Loan, 1995). We constrained the optimized
points to be anatomically relevant (i.e. not bisect bone) in lateral and opposition
pinch postures. In some cases, additional muscle points were needed to connect
the optimized muscle points to the bone. These additional points were imple-
mented so that they did not influence the moment arm calculation. For all
iterations of the algorithm, muscle force was specified to replicate the load
applied to that muscle in experimental cadaveric study (Pearlman et al., 2004).

2.2. Combined muscle simulations

To simulate the forces produced by nonimpaired subjects during maximal effort
we replicated the methodology of Valero-Cuevas et al. (2003). Specifically, we
(i) utilized linear programming to find the activation level of each muscle, so that the
combined actions of all thumb muscles generated the maximum force in a specific
direction and (ii) performed Monte Carlo simulations so our simulation results
incorporated the variability of model parameters observed in the literature (moment
arms and maximal muscle forces) and uncertainty in joint angle measurements
(Valero-Cuevas et al., 2003). Our simulations included the five intrinsic muscles, as
described in the previous section, and the four extrinsic muscles, defined by
Holzbaur et al,, with endpoint forces as described by Goehler and Murray.

We used linear programming (Matlab, linprog) to solve for muscle activation
patterns that specified the contribution of each muscle to the total thumb-tip
endpoint force and torque produced in five distinct directions (Fig. 2). The thumb-
tip endpoint force produced by the coordinated action of all thumb muscles is:

F combined = [Cla 3)
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Fig. 1. Flowchart of muscle path optimization routine. The optimization begins with an initial guess for origin and insertion (gray box). Using the partial velocity method
and joint postures, moment arms were calculated for lateral and opposition pinch. Moment arms were multiplied with muscle force to calculate lateral and opposition
pinch torque, which was transformed into endpoint force through the inverse transpose of the Jacobian. The difference between calculated and experimental thumb-tip
endpoint force is minimized (dashed box) by adjusting muscle origin and insertion. The optimization continues until it reaches convergence: the predicted endpoint force

changes by less than or equal to 1e-6.
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Fig. 2. Force directions at the thumb-tip.
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[C] is the matrix product of:

(i). the inverse transpose of the 4 x 4 Jacobian matrix ((J)~') relating torques
produced about the four degrees of freedom to the endpoint forces and the
torque about the z-axis produced at the distal phalanx,

(ii). the 4 x 9 matrix (Lva) describing the posture-dependent moment arms of
each of the 9 muscles for the four degrees of freedom, and
the 9 x 9 diagonal matrix (fmax) specifying the maximum isometric force

generating capacity for each muscle.

(iii).

Because the Jacobian matrix is dependent on the kinematic description of the
thumb and there are four degrees of freedom, we solved for 3 components of the
endpoint force and the endpoint torque about the z-axis to utilize a square matrix.
In this implementation, Ly also includes a representation of the extensor hood,
which creates a moment arm about the IP joint for APB and ADPo during force-
generation of the EPL (Valero-Cuevas et al., 2003). Maximum isometric forces for
the extrinsic muscles were scaled from the values estimated from cadaveric studies
reported in Holzbaur et al. (2005) using newer data that describes muscle volumes
measured via MRI (Holzbaur et al, 2007a) and joint moments produced during
maximum effort (Holzbaur et al., 2007b) in the same healthy subjects. Because
these more recent studies did not include the intrinsic muscles, we applied the
specific tension derived from those studies (50.8 N/cm?; Mogk et al., 2011) to the
muscle physiological cross sectional area (PCSA) measured in cadaveric specimens
(Jacobson et al., 1992) to define maximum isometric force for the intrinsic muscles.

For a given direction (e.g. dorsal, or the +x direction), we solved for the
activations that simulated the magnitude of the maximum force produced at the
thumb-tip. In canonical form, the linear programming problem for the palmar
direction is:

Maximize : [Fu Fxola
Fp Fys
Subjectto: | Fa Fo |a<B
Tz 129
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and 0 <a; <1 for all i, where the 1 x 9 vector and 3 x 9 matrix illustrated above
correspond to the appropriate rows of matrix [C] for the direction of interest, a is
1 x 9 vector defining muscle activations, and B is a 3 x 1 vector where the first two
components constrain the force produced in the directions perpendicular to the
desired direction to be less than 17% of the maximum magnitude of the desired
direction and the third component constrains the maximum torque about the
z-axis to be less than or equal to 0.05 Nm (Valero-Cuevas et al., 2003).

The sensitivity of the maximum forces produced at the thumb-tip to
variability in moment arms and maximal muscles forces, and uncertainty
associated with joint angle measurement was evaluated via Monte Carlo simula-
tion (5000 iterations). To ensure the force magnitude in each direction converged
to a solution, we verified that the mean of the last 10% of iterations were within 2%
of the final mean. Separate simulations were run for lateral and opposition pinch.
The linear programming problem described above was solved in each iteration to
find muscle activations that produced the maximal possible forces for a given
sample of model parameters and joint angles. All model parameter values were
varied in each iteration, using a normal distribution. The range of variability
explored in the Monte Carlo simulations was based on standard deviations
reported in experimental studies: muscle moment arms (Smutz et al., 1998), joint
angles (Valero-Cuevas et al., 2003), and PCSAs (Jacobson et al, 1992). We
constrained joint angles to be within their physiological ranges of motion and
PCSA to always be non-zero.

2.3. Sensitivity of force magnitudes to different parameter sub-spaces

The sensitivity of the maximum forces produced at the thumb-tip was
evaluated by repeating the Monte Carlo simulations described above under a
variety of conditions. Specifically, we examined sensitivity to three different
parameter sub-spaces: description of the thumb joints’ axes of rotation, muscle
moment arms, and muscle maximal forces (Table 2). We completed 23 sets of
Monte Carlo simulations to evaluate every possible combination of the parameters
of interest. In four sets of the Monte Carlo simulations, the joints’ axes of rotation
incorporated in the model were those described by Holzbaur et al. In the
remaining four, we implemented a more simplified version of the joints’ axes of
rotation, comparable to that described by Valero-Cuevas et al., including 5 hinge
joints with axes of rotation directed orthogonally to the appropriate anatomical
planes and with intersecting axes of rotation for the flexion/extension and
abduction/adduction degrees of freedom at the CMC and MCP joints. For each of
the kinematic models, we repeated simulations using either the combination of
extrinsic and intrinsic muscle moment arms implemented throughout our study
or moment arms values extracted from the literature (Smutz et al., 1998). We
varied the values for maximum isometric muscle force from those defined above

Table 2
Different parameter sub-spaces.

Joint axis of rotation Moment arms Maximal muscle

forces
Experimentally based?® Literature® Imaging®
Orthogonal to anatomical Model (extrinsic Cadaveric?

planes with intersecting axes modeled
of rotation for flexion/ from Smutz et al.;
extension and ab/adduction intrinsic from muscle
of CMC and MCP joints path optimization)
2 Hollister et al. (1992, 1995).
b Smutz et al. (1998).
€ Holzbaur et al. (2007a, 2007b).
9 Jacobson et al. (1992).

- 120 Model simulations

< 100
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to estimates derived from measurements of PCSA from cadaveric specimens
(Jacobson et al, 1992) using a specific tension of 35.4 N/jcm? (Brand et al,
1981). Each of the 8 sets of Monte Carlo simulations included 5000 iterations, in
which all moment arm and maximum isometric muscle force parameters were
varied simultaneously, using a normal distribution based on experimental
variability.

3. Results

Using joint kinematics based on experimentally measured
axes of rotation, maximum isometric muscle forces derived from
MRI and strength data from human subjects, and the muscle
moment arms described in Section 2, the simulated thumb-tip
endpoint forces generated by the combined action of all thumb
muscles yielded comparable forces in magnitude to those pro-
duced by nonimpaired subjects (Valero-Cuevas et al., 2003). In
these simulations, the mean force magnitudes calculated from
5000 Monte Carlo simulations were on average 1.2 times stronger
than human subject data in lateral pinch and equivalent in
strength in opposition pinch (Fig. 3). The mean force magnitude
produced at the thumb-tip fell within one standard deviation of
the experimental data in three of five force directions for both
lateral pinch posture and opposition pinch posture.

The muscle-tendon paths for the intrinsic thumb muscles that
resulted from the optimization process yielded muscle moment
arms that differed substantially from muscle moment arms
measured in cadaveric specimens (Smutz et al., 1998) in both
the lateral pinch and opposition pinch postures (Fig. 4). With a
few exceptions, the moment arms calculated using the optimized
muscle-tendon paths were generally smaller in magnitude than
the moment arms reported in the literature. In four instances,
optimized moment arms were opposite in function from those
reported in the literature. This includes the ab/adduction moment
arms of FPB at the CMC joint (reported to be an abductor but the
optimized muscle path yields an adductor) in both lateral and
opposition pinch, the ab/adduction moment arm of OPP at the
CMC joint (reported to be an abductor, estimated to be an
adductor) in lateral pinch only, and the flexion moment arm of
ADPt (reported to be a flexor at the MCP joint but estimated to be
an extensor) in lateral pinch. Importantly, while the moment
arms estimated for the intrinsic muscles differed from the one
experimental study characterizing these data in cadaveric speci-
mens, the optimized muscle-tendon paths of the intrinsic
muscles effectively replicated the force produced at the thumb-tip
by each of the five intrinsic muscles, measured in a separate
cadaveric study. Specifically, the endpoint forces produced
individually by ADPo, ADPt, and APB matched the mean of the
experimental data. Similarly, the optimized endpoint forces for
FPB and OPP fell within 1 standard deviation of the experi-
mental data, except for OPP in opposition pinch, which fell
outside of 1 standard deviation by 6 degrees (Fig. 5).

1204
1004 Model simulations

Experimental data*

™ Er

Dorsal Distal Lateral Medial

80

60 4

40

20 4

Force Magnitude (N)

Palmar

Force Direction

Fig. 3. Force magnitudes produced in each of five force directions, when the thumb was positioned in the lateral (left) and opposition (right) pinch posture, during
coordinated muscle action. Simulation results are indicated in black (lateral pinch, left) and white (opposition pinch, right). Experimental human subject data as reported
in Valero-Cuevas et al. (2003) are shown in gray. Error bars indicate + 1 standard deviation from the mean.
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Fig. 4. Moment arms generated from the muscle path optimization versus literature moment arm values (Smutz et al., 1998) in lateral (left) and opposition pinch posture
(right) for the three degrees of freedom the intrinsic muscles cross, CMC flexion/extension (top, flexion positive), CMC abduction/adduction (middle, abduction positive)
and MCP flexion/extension (bottom, flexion positive). Optimization moment arms are indicated in black (lateral pinch, left) and white (opposition pinch, right).
Experimental moment arm data (Smutz et al., 1998) are shown in gray. Error bars indicate + 1 standard deviation from the mean. OPP does not cross the MCP joint and

therefore has no moment arm across MCP flexion.

Our Monte Carlo simulations suggest that the kinematic
representation of the thumb implemented in the model described
by Holzbaur et al. best explains the increased thumb-tip endpoint
forces generated by the combined action of all thumb muscles
observed in our study relative to previous work (Table 3). The
model developed in this study produced thumb-tip endpoint
forces that were 1.2 times stronger than human subjects data in
the lateral pinch posture (see Table 3, simulation 1). In contrast,
the results of the Monte Carlo simulations in which the same
isometric muscle forces and moment arms were combined with
the simplified kinematic representation were 44% of the strength
of the human subject data (see Table 3, simulation 3). In all cases
where the only factor that varied between two sets of Monte
Carlo simulations was the description of the joints’ axes of
rotation, the simulations with the simplified axes of rotation
estimated maximum forces that were on average 3.2 times less
than the forces estimated with the experimental axes of rotation
implemented by Holzbaur et al. (2005). The difference between
any two simulations where only the parameter sub-space for
maximal muscle forces varied, simulations with maximal muscle
forces estimated from PCSAs measured in cadaveric specimens
were 1.8 times less than simulations with maximal muscle forces
estimated from imaging muscle volumes in human subjects.
The difference between any two simulations where only moment
arms varied were equivalent on average.

4. Discussion

In this study, we describe simulations performed using a biome-
chanical model of the thumb that successfully reproduce the
magnitude of forces produced at the thumb-tip by human subjects.
Our sensitivity study confirms the hypothesis that simplifying the
axes of rotation in a biomechanical model of the thumb places
substantial limitations on the magnitude of the simulated force at
the thumb-tip during coordinated muscle action. Therefore, the
choice of representation of the joint axes of rotation is of critical
importance for replicating coordinated force production by the
muscles of the thumb. Here, we broadly demonstrate that our
biomechanical simulations more closely replicate forces produced
by human subjects when the axes of rotation better reflected
experimental data (Hollister et al., 1992, 1995).

Notably, our simulation study also revealed that the moment
arms of the intrinsic muscles necessary to accurately replicate the
endpoint forces produced when individual cadaveric muscles
were loaded with a known force did not fall within the range of
moment arms reported by Smutz et al. (Fig. 5). Instead, our
optimized muscle-tendon paths are associated with moment arms
that are smaller across all degrees of freedom and, in some cases, are
the opposite of the mechanical actions reported in the experimental
moment arm study. Furthermore, the simulated endpoint forces for
the individual intrinsic muscles were nearly 4 times greater than the
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Fig. 5. Thumb-tip endpoint forces in the proximal-palmar plane in lateral (top) and opposition pinch posture (bottom) for all intrinsic muscles. The gray region represents
one standard deviation of both magnitude and direction of the experimental cadaver endpoint force data (Pearlman et al., 2004). The black arrows (lateral pinch, top) and
open arrows (opposition pinch, bottom) represent the endpoint force generated using the muscle path optimization method.

Table 3
Sensitivity of force magnitudes to different parameter sub-spaces in lateral pinch.

Simulation number Joint kinematics Moment arms

Maximal muscle forces Times stronger than human subject data

Mean SD
1 Experimentally based? Model Imaging® 1.22 0.32
2 Experimentally based?® Model Cadaveric® 0.61 0.20
3 Orthogonal and intersecting Model Imaging” 0.44 0.40
4 Orthogonal and intersecting Model Cadaveric® 0.28 0.26
5 Experimentally based? Literature? Imaging® 1.47 0.51
6 Experimentally based? Literature? Cadaveric® 0.73 0.18
7 Orthogonal and intersecting Literature? Imaging” 0.34 0.20
8 Orthogonal and intersecting Literature? Cadaveric® 0.21 0.11

@ Hollister et al. (1992, 1995).

b Holzbaur et al. (2007a, 2007b).
¢ Jacobson et al. (1992).

4 Smutz et al. (1998).

experimental data from cadaver muscles loaded with a known
force (Pearlman et al., 2004) when the simulations were
repeated and experimental moment arms (Smutz et al., 1998)
were used in the transformation between muscle and endpoint
forces (see Eq. (3)) instead of the moment arms that resulted
from our optimized muscle paths. The overestimation of end-
point forces produced by individual muscles when muscle paths
were modeled to replicate experimental moment arm data is
consistent with previous studies (Towles et al., 2008 and Goehler
and Murray, 2010). Our simulations of the endpoint forces
produced by individual intrinsic muscles highlight discrepancies
in the existing experimental data describing the mechanical
actions of the thumb muscles collected using different cadaveric
experimental methods (i.e. measurement of thumb-tip endpoint
forces vs. measurement of muscle moment arms).

The muscle-tendon paths of the extrinsic muscles were unal-
tered from their original descriptions (Goehler and Murray, 2010;
Holzbaur et al., 2005). Therefore, the current biomechanical model
overestimates the endpoint forces produced by 2 of the 4 extrinsic
muscles (Goehler and Murray, 2010). A similar optimization
algorithm for the muscle-tendon paths of the extrinsic muscles
could be implemented to gain further insight into this discrepancy.
Regardless, our simulation study highlights that detailed biome-
chanical investigations of the thumb muscles remain few in
number, the available experimental data is not mechanically
consistent across different studies, and further study is needed.

The augmented model presented in this study is the first
biomechanical model of the thumb that has been shown to

replicate experimental measurements of endpoint forces pro-
duced by both individual muscles and force production by
coordination of all the muscles of the thumb. Our results
emphasize that an accurate description of the thumb joints’
axes of rotation is required to simulate the endpoint forces
produced when muscle actions are coordinated. In addition, we
demonstrate that the endpoint forces produced by individual
muscles cannot be replicated with existing experimental data
describing muscle moment arms. Although we did not evaluate
them in this study, we expect that the activation patterns that
result from the linear programming methodology implemented
here will best replicate those used by human subjects when
calculated using a biomechanical model that transforms muscle
force to endpoint force accurately for both individual muscles
and coordinated muscle actions. The simulation results
described here are a critical step toward more fully under-
standing how thumb muscles combine to produce coordinated
thumb-tip endpoint forces. Given the complexity of the thumb,
we believe that the development of an accurate biomechanical
model is a necessary tool to more fully understand thumb
mechanics.
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