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Abstract—Musculoskeletal models allow estimation of mus-
cle function during complex tasks. We used objective
methods to determine possible attachment locations for
index finger muscles in an OpenSim upper-extremity model.
Data-driven optimization algorithms, Simulated Annealing
and Hook-Jeeves, estimated tendon locations crossing the
metacarpophalangeal (MCP), proximal interphalangeal
(PIP) and distal interphalangeal (DIP) joints by minimizing
the difference between model-estimated and experimentally-
measured moment arms. Sensitivity analysis revealed that
multiple sets of muscle attachments with similar optimized
moment arms are possible, requiring additional assumptions
or data to select a single set of values. The most smooth
muscle paths were assumed to be biologically reasonable.
Estimated tendon attachments resulted in variance accounted
for (VAF) between calculated moment arms and measured
values of 78% for flex/extension and 81% for ab/adduction
at the MCP joint. VAF averaged 67% at the PIP joint and
54% at the DIP joint. VAF values at PIP and DIP joints
partially reflected the constant moment arms reported for
muscles about these joints. However, all moment arm values
found through optimization were non-linear and non-con-
stant. Relationships between moment arms and joint angles
were best described with quadratic equations for tendons at
the PIP and DIP joints.

Keywords—Hand, Finger, Arm, Moment arm, Muscle

geometry, Musculoskeletal, Optimization, Simulated anneal-

ing, Variability, Redundancy.

INTRODUCTION

Multitouch human computer interfaces (HCIs),
such as the touchscreens of many handheld devices,
often involve complex multi-finger gestures or gesture
sequences.56,58,67 Although the forces involved in
making individual gestures may be low, long-term and
repetitive interactions with touchscreen computing
devices present the potential for injury.8 However, the
biomechanics of coordinated finger movements for
touchscreen interaction are not well understood.
Consequently, better understanding of finger dynam-
ics, joint forces, and control during multitouch tasks
could lead to interface designs that reduce injury risks
associated with repetitive finger movements.

External hand and finger loadings do not directly
correspond to internal musculoskeletal loading, which
can be difficult to determine.54 However, anatomically
based musculoskeletal models can predict musculoskel-
etal loading and can help design strategies to reduce in-
jury and improve motor function.16,20,39,44,61 Anatomical
studies of the elbow and shoulder enabled development
of detailed arm musculoskeletal models.17,23,51 Arm
models can estimate torques at the shoulder and elbow,
e.g., for development and user training of neural pros-
thesis systems.13,22,29,62 Hand models have also been
useful for understanding many aspects of function such
as finger tapping on computer keyboards.3,5,37,52,53,57,59,69

Although hand models have been helpful in specific
contexts, existing dynamic models of the hand often fo-
cus on specific fingers and have not been used to
understand complex, multi-finger gestures such as those
used during multitouch HCI tasks.

We therefore seek to develop a musculoskeletal
model capable of estimating internal loadings during
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multitouch tasks. Because multitouch and gestural
movements involve not only the fingers, but also the
entire kinematic chain of the hand and arm, we chose
to build upon an existing arm model available on an
open access platform (OpenSim 2.3.2, Simbios, Stan-
ford, CA.15). The model incorporates information for
muscles at the shoulder and elbow, but it does not yet
model intrinsic finger muscles. OpenSim is a homeo-
morphic model: parameters and values correspond
directly to anatomical structure and function. There-
fore, appropriate muscle attachment sites within the
anatomy of the OpenSim model must be determined.
Detailed measurements of muscle attachments have
been made for the hand.3,36 However, muscle attach-
ment locations are specific to the anatomical model
within which they are expressed, and cannot be directly
transformed to a different model such as OpenSim.
For example, the model of An et al.3 is normalized
only to the middle phalanx in a 2 dimensional (2D)
sagittal plane, and scaling its attachment locations in a
3D Cartesian space (c.f. Refs. 24,38) does not result in
continuous moment arms that match experimentally
measured values.34 This poor correspondence could
result from a lack of important information such as
joint thickness, position and orientation of rotational
axes, skeletal structure, and changes associated with
transforming from 2 to 3 dimensions among other
factors.

To create the most functionally useful model pos-
sible, we chose to use moment arm data for the index
finger measured in vivo40,50,68 and in situ.4,5,10,14,19

However, measurements of moment arms alone cannot
be directly used to develop homeomorphic models
because moment arms are indeterminate: many com-
binations of origins and insertions, or paths, could
result in the same moment arm. The purpose of this
study was therefore to determine a set of muscle
attachment points for the tendons and intrinsic mus-
cles of the index finger. We focused on the question:
can data-driven optimization find reasonable attach-
ment sites for extrinsic tendons and intrinsic muscles?
We hypothesized that Simulated Annealing33 could
find muscle attachment points for extrinsic and
intrinsic finger tendons and muscles, resulting in mo-
ment arms that match experimentally-measured curves
over the entire joint range of motion.

MATERIALS AND METHODS

We used the Holzbaur et al.29 upper extremity
model on the OpenSim platform (2.3.2, Simbios,
Stanford, CA.15). Currently, the shoulder, elbow,
forearm, wrist, thumb, and index finger are modeled
with 15 joint degrees of freedom and 50 muscle

compartments. Metacarpal and phalanx geometry, and
approximated positions and orientations of finger joint
axes, are scaled to a 50th percentile male. Axes of
rotation were determined by fitting long axes of cyl-
inders to the articular surfaces of the metacarpal and
phalangeal bones.29

Musculoskeletal Model

We added the following muscles or muscle groups to
the index finger of OpenSim model: terminal extensor
(TE), extensor slip (ES), radial band (RB), ulnar band
(UB), first dorsal interosseous or radial interosseous
(RI), lumbricals (LU), first palmar interosseous or ul-
nar interosseous (UI), flexor digitorum profundus
(FDP), flexor digitorum superficialis (FDS) and
extensor digitorum communis (EDC). The index finger
was modeled to have four degrees of freedom (DOFs).
The metacarpophalangeal (MCP) joint has 2 DOFs:
ab/adduction and flex/extension. Both the proximal
interphalangeal (PIP) and distal interphalangeal (DIP)
joints are modeled to have one DOF: flex/extension.
Based on experimental measurements available for
comparison, we limited our analysis to the following
range of motion (RoM) at the MCP joint: 0�–90�
(flexion: +) as well as 0�–30� (abduction: +). Simi-
larly, for PIP and DIP joints we considered 0�–90�
(flexion: +) and 50� (flexion: +) respectively.4,14 The
model included the Holzbaur et al.29 wrap objects for
the extrinsic tendons, and we created new wrap objects
for the intrinsic muscles that conformed to the bone
shape.

Moment Arms

Experimentally measured values were used as ref-
erence moment arms.3–5,14 More recent studies have
measured moment arms for one muscle (FDS) using
more sophisticated techniques.42 However, we chose to
base our model on datasets reporting both extrinsic
and intrinsic muscles to maintain consistency of source
specimens and measurement techniques among mus-
cles. For the MCP joint, we extracted 10 data points
(x: joint angles, y: moment arm values) from published
moment arm curves4,14 using the GRABIT function
(Matlab 2010b, Mathworks, Natick, MA). We recre-
ated moment arm curves (vs. angle of rotation) for the
optimization using a Polynomial Curve Fitting func-
tion (polyfit; 5th degree polynomial) in Matlab. For
PIP and DIP joints, moment arm curves have not been
reported. Therefore, constant moment arms (averaged
through the RoM of 0�–90� and 50�) were used.4

To normalize for differences among data sets and
reproduce finger skin surface from the bony segments
in the OpenSim model, we assumed all linear dimensions
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scaled isometrically, as found for the ratio among the
length of phalanx, the width and thickness of each
joint.18,24,38 We scaled measured anthropometric data
to the OpenSim model dimensions to describe muscle–
tendon paths within OpenSim (Table 1), then nor-
malized moment arms to the length of the middle
phalanx.3

Muscle Attachment Determination

A data-driven optimization method was used to
identify muscle paths determining model-optimized
moment arms to be matched with experimentally-
measured values over the joint RoM. The optimization
consists of three parts: (1) objective function, (2)
boundary conditions and (3) inequality constraint.
First, the objective function, fð~xÞ was defined as the
root mean square (RMS) error between the experi-
mentally derived moment arms, rjð~qiÞ and the model-
estimated moment arms, r̂jð~qi;~xÞ as follows:

Minimize f ~xð Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

m

i¼1

rj ~qið Þ � r̂jð~qi; ~xÞ
� �2

m

v

u

u

t

Subject to lbj � xj � ubj

gj ~xð Þ � ej � 0

where j was each individual muscle (j = 10), and~x was
6 9 1 vector (described as x, y, z origin points on the
proximal side and x, y, z insertion points on the distal
side) to be optimized. ~qi was the joint angle with a
resolution (i) of 100 increments (m) covering the RoM
of measured values4: the 0�–90� (flexion) and 0�–30�
(abduction), 0�–90� (flexion), and 0�–50� (flexion) for
the MCP, PIP and DIP joints, respectively. Moment
arm curves vary in magnitude and shape at every joint.
However, lacking criteria to differentially weight dif-
ferent joints, we summed RMS errors for each muscle
over all joints in the objective function.

Second, boundary conditions (lbj � xj � ubj) con-
strained the path of a muscle from violating a feasible
region extending from the bone (a lower bound: lbj,

29

to the finger skin surface (an upper bound: ubj,
18,24,38).

Third, an inequality constraint was imposed on
both flex/extension and ab/adduction. Attachment
points must result in moment arms appropriate for
both flex/extension and ab/adduction. However, mea-
surements for flex/extension and ab/adduction did not
have equal reliability, reflected in different reported
standard deviations that could reflect either measure-
ment uncertainty or anatomical variability3–5,14;
Moreover, ab/adduction moment arm values depend
on finger postures, i.e., flexion of MCP, PIP and DIP
joints.30 The specific postures used for measured ab/
adduction moment arm values were not reported,
contributing to uncertainty. Therefore, we did not
consider both flex/extension and ab/adduction mo-
ment arm values as a same weight in the objective
function. However, we did not have an objective cri-
terion for assigning specific differential weightings
between flex/extension and ab/adduction. Instead, we
used an inequality constraint. The objective function
minimized flex/extension RMS errors (fð~xÞ) subject to
the inequality constraint, which required valid muscle
attachments (~x) to result in moment arms within
experimentally measured standard deviations
(gj ~xð Þ � ej). The inequality constraint resulted in pun-
ishment if the RMS error of ab/adduction moment
arm during flex/extension (gj ~xð Þ) exceeded the bounds
of the maximum standard deviation of experimental
moment arms ej. Specifically, min. f ~xð Þ ¼
RMS errorþ Pð~xÞ. P ~xð Þ, the penalty function, is zero if
gj ~xð Þ � ej. P ~xð Þ ¼ ej; if gj ~xð Þ>ej; where ; ¼ 1000. ej
was 2.5 mm for extrinsic tendons and 1.7 mm for
intrinsic muscles. Therefore, because extrinsic muscle
ab/adduction moment arms had higher uncertainty
than those of intrinsic muscles, attachment points were
less influenced by the ab/adduction moment arms for
extrinsic muscles than for intrinsic muscles.

TABLE 1. Anthropometric finger dimensions of cadaveric specimens An (1983) and OpenSim model (mm).

Specimens bony dimensions OpenSim bony dimensions Skin surface scaled

Distal phalanx length 19.67 ± 1.03 19.10 (D0.57) 30.65

Middle phalanx length 24.67 ± 1.37 25.10 (D0.43) 27.22

Proximal phalanx length 43.57 ± 0.98 42.60 (D0.97) 50.86

DIP joint thickness 5.58 ± 0.92 4.95 (D0.63) 14.38

PIP joint thickness 7.57 ± 0.45 7.31 (D0.26) 18.86

MCP joint thickness 15.57 ± 0.84 17.08 (D1.51) 27.80

Symbol (±) indicates standard deviation in interspecimen variation. Lengths of the phalanges in the OpenSim model are calculated as the

distance between the origins of two coordinate systems in 3D Cartesian space, e.g., the center of rotation at MCP and the center of rotation at

PIP. Parentheses (D) in OpenSim bony dimensions express difference between model dimensions and specimen dimensions. The skin

surface set was scaled in 3D to preserve the anatomical proportions of Fowler et al.,18 Greiner24 and Li et al.38 The skin surface (external

dimensions) functioned as an upper boundary constraint during optimization.

Finger Model

Author's personal copy



PIP and DIP joints are modeled to move only in
flex/extension. Therefore, the inequality constraint for
PIP and DIP joints favored attachments that opti-
mized moment arms while maintaining tendon excur-
sions within measured variance. ej was therefore set to
the measured standard deviation (0.72–3.97 mm) of
tendon excursions.4,5,14

The objective function for each individual muscle (j)
was computed for each set of parameters, then iterated
by updating muscle attachment locations until an
optimal set was found. We used Simulated Annealing33

and Hooke-Jeeves31 algorithms. The Simulated
Annealing algorithm used a cooling schedule with
initial temperature of 1, and iterated until the average
change in value of the objective function was less than
0.0001. The maximum number of evaluations of the
objective function was 18,000 (3000 9 6 variables).

Sensitivity Analysis

Optimizations in complex search spaces can be
influenced by initial parameter selection.2,63 Therefore,
to test the robustness of the finger model response (~xj)
to input (~x0), we performed sensitivity analysis for all
attachments (~xj) by randomly selecting 26 starting
points (~x0), including the Holzbaur et al.29 OpenSim
model attachments and estimates of the An et al.3

tendon locations. Because the middle phalanx is
~25 mm,4 26 increments can cover the length of the
middle phalanx at 1 mm resolution. Consequently,
78,000 simulations (26 trials 9 3000 objective function
evolutions) were performed for each muscle at each
joint.

The sensitivity analyses showed that minimizing
RMS error alone resulted in multiple possible muscle
paths, some of which involved sharp changes to tendon
direction (Fig. 1). The potential for multiple muscle
attachments and paths necessitated the selection of a
single set of attachment points. We therefore assumed
that the most smooth muscle path was the most ana-
tomically reasonable. We calculated curvature from
three successive attachments, i.e., origin, via and
insertion points and identified the attachment set with
the largest curvature at each joint. We selected the path
with the largest curvature for analysis and presenta-
tion.

Consequently, our procedure accomplished two
objectives. The most important objective was to dis-
cover muscle attachment points that resulted in mo-
ment arms that matched experimentally measured
values in both flex/extension and ab/adduction. From
the set of optimized attachment points, a single set of
points was selected to satisfy the secondary objective of
path smoothness. This two-step procedure ensured

that the primary, functional objective of discovering
the most experimentally reasonable moment arms was
not overly influenced by the assumption that smooth
muscle paths were the most anatomically reasonable.

To test the hypothesis that optimization could suc-
cessfully find moment arm curves, we determined
whether the RMS error between optimized and
experimentally measured moment arms were within
measured variability (one experimentally measured
standard deviation (SD)).

Polynomial Fitting

We determined the order and parameters of poly-
nomial fits that could be used as simplified descriptions
of moment arm curves. We used a fitting function to
determine the coefficients of a polynomial of degree n
that fit the simulated moment arms. We tested poly-
nomials of less than fourth degree because polynomials
of greater order can overfit to the data and even per-
form worse than lower-order regressions.35,46 To
measure the agreement between model-optimized and
experimentally measured moment arm curves, we used
the variance accounted for (VAF), computed as

VAF ¼ 100� ð1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

~r� ~̂r
� �2

r

=
ffiffiffiffiffiffiffiffiffiffiffiffiffi

P

~r 2Þ
p

Optimizations and data analysis were implemented
in Matlab, using the OpenSim Application Program-
ming Interface (API; OpenSim 2.0 Doxygen) to com-
pute muscle moment arms.

RESULTS

Optimization Found Multiple Sets of Muscle
Attachments

The optimization procedure found multiple muscle
attachments (Fig. 2). For some muscles, attachment
points were constrained to a narrow region. For
example, the standard deviation for FDS at the MCP
joint was 0.6 mm. For other muscles, attachment
points could be located in a broad region. For exam-
ple, the ES at the PIP joint had a standard deviation of
1.7 mm. Still other muscles exhibited distinct alterna-
tive attachment regions. For example, RI at the MCP
joint showed two alternative attachment regions,
resulting in a bimodal distribution and large standard
deviation of 9.0 mm. Although multiple sets of muscle
attachments were possible, the different muscle
attachments resulted in consistent moment arm curves.
Compared to each other, the average VAF among
optimized curves was of 94% across all attachment sets
and muscles.
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Optimized Moment Arms Matched Experimentally
Measured Values

The smoothest muscle paths chosen to represent the
most anatomically reasonable set of muscle attachments
had moment arms that matched experimental measure-
ments and were representative of the set of optimized
moment arms (Tables 2 and 3; Figs. 3a and 3b). At the
MCP joint, all modeled moment arms, including those
from the smoothest path, lay within one standard devi-
ation of experimental measurements (max. RMS er-
ror = 2.4 mm<max. experimental SD = 2.5 mm4).
For both flex/extension and ab/adductionmotions, VAF
between experimentally measured values and smoothest-
path modeled moment arms averaged 78% (flex/exten-
sion) and 81% (ab/adduction), and ranged from 48 to
99%. For most muscles, the smoothest-path moment
arms were within one standard deviation of the average
calculated moment arms. For the EDC muscle in flex/
extension, the smoothest-pathmoment armdiffered from
the average (VAF = 48%) but was closer to the experi-
mentally measured moment arm (RMS error =

0.7 mm< experiment SD = 1.6 mm).
At the PIP and DIP joints, only average moment

arms have been reported. VAF between calculated and
reported moment arms averaged 67 and 54% for PIP
and DIP joints. Modeled moment arms from the
smoothest path were located within one standard
deviation of measured values (average RMS

error = 1.9 ± 1.5 mm<max. experimental SD =

2.5 mm; Fig. 3).

Calculated Moment Arms at the PIP and DIP Joints
were Not Constant

Experimental moment arms for the PIP and DIP
joints were considered to be near constants.4 For
example, at the PIP joint, experimentally measured
moment arms of extrinsic tendons were reported as:
rfdp = 7.9, rfds = 6.2 and res = 22.8 mm.4 However,
optimization did not discover constant moment arms
for any muscle at the PIP and DIP joints.

Calculated moment arms were non-constant and
non-linear functions of joint angle (0 £ q £ 2.09 rad.;
Fig. 3). VAF of calculated moment arms with respect
to constants averaged 83% whereas fitting calculated
moment arms with linear functions resulted in average
VAF of 93%, quadratic of 99% and cubic of 100%.
Because quadratic fits were substantially (5.5%) better
than linear fits, but had only 1.3% less VAF than cubic
fits, we considered quadratic functions to be the low-
est-degree functions that adequately fit the moment
arms. Quadratic functions for the PIP were:
rfdp = 23.01q2 + 5.82q + 5.84, rfds = 23.26q2 +
5.29q + 4.75 and res = 0.56q2 + 3.85q 2 6.82. Simi-
lar reasoning led to fitted curves for intrinsic muscles
around the PIP joint of rub ¼ �0:74q2 þ 1:94qþ 0:69,

Z (dorsal)
Y (proximal)

FDP FDS RB LU RI

UB/UI EDC

TE(EDC) RB/LU RIES(EDC)

FIGURE 1. Musculoskeletal hand model. Sagittal and transverse view. Upper two pictures represent smoothest muscle paths,
and lower two pictures represent minimum RMS error muscle paths. The x-axis (flexion–extension) is projected radially for the left
hand and ulnarly for the right hand: flex(+)/extension(2), the y-axis is projected along the phalangeal or the metacarpal shaft
passing from the distal to proximal side: ulnar twist(+)/radial twist(2), and the z-axis (radioulnar) is projected dorsally: ab(+)/
adduction(2). The coordinate system in the OpenSim model is right-handed using homogeneous transforms.
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FIGURE 2. Muscle attachment points for modeled muscles at the MCP, PIP and DIP joints. Red circles (green for RI) indicate
proximal points, and blue squares (black for RI) indicate distal points.
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rrb = 20.92q2 + 2.05q + 1.05, and muscles about the
DIP joint of rfdp = 21.12q2 + 3.07q + 3.09 and
rte = 0.29q2 + 1.36q 2 1.56.

DISCUSSION

The primary goal of this study was to use data-
driven optimization to determine muscle–tendon
paths for a musculoskeletal model of the index finger.
Simulated Annealing and Hooke-Jeeves algorithms
successfully found muscle–tendon pathways, resulting
in moment arms that matched experimentally mea-
sured curves. Optimization also suggested that mo-
ment arms at the PIP and DIP joints are primarily
non-linear and non-constant over the range of mo-
tion.

Limitations

Several limitations of our approach should be con-
sidered when evaluating these conclusions. First, we
used simple wrapping surfaces that in some circum-
stances can result in discontinuous moment arm
curves.29 To our knowledge, quantitative measure-
ments that could be used to create more anatomically
based wrapping surfaces are not generally available for
finger muscles. Optimization could be used to deter-
mine wrapping object parameters that result in mo-
ment arms that match experimental data.22 Although
these wrapping surfaces could potentially improve
muscle paths, validating the wrapping surfaces or
resulting muscle paths would not have been possible
with existing data. Therefore, we chose to use the
parsimonious approach possible.

Second, we modeled muscle attachment sites as
single points. Muscles attach to bones and tendons
with contact areas of varying size. However, point
contacts can be considered equivalent systems that
replace distributed loads with a simplified representa-

tion,25 and have been successfully used in several
contexts.21,45

Third, hand specimens used for experimental mea-
surements are variable in size, and none precisely
match the hypothetical 50th percentile male of the
OpenSim model. We tried to minimize potential errors
by normalizing not only by middle phalanx length, but
also by MCP thickness for flex/extension moment arms
and MCP width for ab/adduction values. Conse-
quently, our model’s anthropometric dimensions lie
within one standard deviation of the mean for experi-
mental specimens (Ref. 4; Table 1).

Fourth, we were not able to directly compare the
muscle attachment points found through optimization
to anatomical measurements. Direct transformation
between the 2D coordinate system used by An et al.3

and the 3D Opensim model is difficult because of
several unknowns, including differences in bone seg-
ment ratios, the relative locations of coordinate system
origins, and differences in 3D segment orientations.
However, there are several reasons that we consider the
anatomical locations of the attachment points rea-
sonable. First, qualitative comparisons to finger anat-
omy (Fig. 2) suggest that the muscle attachments are
reasonable. Second, moment arms calculated using the
partial velocity method from the muscle attachments
of An et al.3 match the measured moment arms of An
et al.4 used for optimization (Lee et al., in prep). Given
that optimization did not find extremely divergent
attachment locations (Fig. 2), the agreement of mo-
ment arms calculated from measured and optimized
attachments suggests that each set of attachments is
reasonable within their own frame of reference.

Finally, we did not perform experimental studies to
validate the model at a functional level.63 Full model
validation would require determination of muscle
physiological parameters, estimation of muscle acti-
vation, and comparison to experimentally measured
output during several different tasks, and was there-
fore outside the scope of the present study. However,

TABLE 2. Moment arms (MA) of muscle paths discovered through optimization (mm).

Joint RoM FDP FDS EDC(ES) LU(RB) RI UI(UB)

MCP Flex/Ext 0�–90� 11.6 ± 0.5 12.3 ± 0.9 26.7 ± 0.6 3.0 ± 0.6 5.9 ± 0.6 3.6 ± 1.1

11.5(D0.2) 12.4(D0.1) 27.4(D0.7) 3.8(D1.0) 5.4(D2.5) 3.3(D1.8)
Ab/Add 0�–30� 2.9 ± 0.6 1.7 ± 0.6 21.8 ± 0.5 5.7 ± 0.7 5.5 ± 0.9 26. ± 0.8

2.8(D0.8) 1.5(D0.5) 21.0(D0.1) 6.5(D2.2) 5.6(D1.3) 26.9(D0.5)
PIP Flex/Ext 0�–90� 7.5 ± 0.7 6.4 ± 0.2 23.6 ± 0.1 1.9 ± 0.3 0.1 ± 0.4

7.1(D1.3) 6.2(D0.7) 23.3(D2.2) 1.9(D3.8) 1.6(D4.2)
DIP Flex/Ext 0�–50� 3.4 ± 0.7 23.3 ± 1.9

4.1(D0.5) 20.9(D0.8)

Values conform to OpenSim conventions: flex(+)/extension(2) and ab(+)/adduction(2) at DIP, PIP and MCP joints. Mean MA of multiple

muscle paths (top values) are represented with standard deviations (±). Mean MA of single muscle paths (bottom values) are represented

with RMS error (D) between smoothest path and experimental values.4
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at the anatomical level, we demonstrated that optimi-
zation could determine muscle attachments that
resulted in moment arm curves that matched experi-
mental measurements. Future modeling and experi-
mental work will be necessary to resolve discrepancies
among experimental measurements,4,5,42 and fully
validate the model.

Moment Arms are Reasonable Approximations of
Experimentally Measured Values

Modeled moment arms fitted experimentally mea-
sured values, lying within one experimental standard

deviation for joints where variances were available.
These findings therefore support our hypothesis that
data-driven optimization can be used to determine
moment arms for musculoskeletal models.

Optimization is Useful for Data-Driven Model
Development

Our results are consistent with a growing number of
studies showing that optimization can contribute to
musculoskeletal model development. Simulated
annealing (SA) algorithms can outperform gradient
and simplex methods.47,64 SA therefore represents a
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technique that can help provide data-driven solutions
for diverse applications.26,27,41,43,48,49,60,71 Using opti-
mization reduces subjective judgments, and could be
useful for rapid and reliable model customization.

Multiple Attachments Produced the Same Moment Arm
Values

Optimization found multiple attachment points (~xj)
that resulted in similar moment arms. These multiple
attachment sets are analogous to anatomical variabil-
ity among individuals commonly observed in hand and
finger muscle attachments. For example, lumbrical
(LU) muscles show deviations in the origins and
insertions.7,65 Single tendons of extensor pollicis lon-
gus (EPL) were observed in 67.4% of hands, whereas
duplicated tendons were detected in 8.3–32.6%.1,12

Moment arm determines the change in musculotendon
length and musculotendon velocity during joint
movement4,16 and muscle contributions to joint stiff-
ness28. Therefore, although function (i.e., moment
arms) may be constrained, several anatomical config-
urations may be available to achieve equivalent func-
tion. Optimization based on functional objectives
could therefore represent another strategy for the
important goal of being able to adapt musculoskeletal
models to individual differences, and suggest potential
alternative attachment sites.6

Modeled Moment Arms are Non-linear and Non-
constant

Experimentally measured moment arms were
reported to be nearly-constant values in flex/extension
for muscles at PIP and DIP joints.4,14 Constant mo-
ment arms occur when the line connecting distal
insertion points and proximal origin points is parallel
to joint segments in a fully-extended posture. Moment
arms calculated using Landsmeer’s model are con-
stants. The approximation of constant moment arms
could have resulted from the projection of muscle
attachment locations in Cartesian space (3D) onto the
sagittal plane (2D) during experimental measurements.
However, muscle attachment points are not anatomi-
cally parallel to phalanx bones.3,4,70 Consequently,
moment arms have been reported to vary as a function
of joint angle at the PIP and DIP joints in simulation,66

in vitro,19 and in vivo18 studies. The moment arms
found by optimization were also non-constants that
depended on joint angle at PIP and DIP joints.
Moreover, moment arms at other hand joints are also
non-linear curves.4,9,11,19,32,34 Our findings that qua-
dratic functions provide reasonable expressions for
moment arms are consistent with studies of flexor
tendons of the hand, which can be expressed with
quadratic fits.19 Although we found quadratic fits to
be sufficient to represent the moment arms of index

TABLE 3. Muscle-tendon locations (mm) of the index finger, expressed in OpenSim frame.

Joint Muscles

x y z x y z

Proximal point (secondmc) Distal point (proxph2)

MCP FDP 4.11 (9.11) 216.00 (215.99) 24.21 (24.21) 3.34 (20.34) 220.24 (219.70) 25.03 (25.03)

FDS 4.86 (5.86) 213.77 (213.77) 20.66 (20.66) 1.32 (2.09) 28.41 (28.41) 212.01 (212.01)

RI 9.07 (28.03) 219.95 (216.51) 24.88 (212.32) 7.04 (0.13) 26.72 (29.03) 20.15 (24.36)

LU 10.17 (10.19) 226.47 (227.82) 20.01 (20.34) 8.38 (10.24) 28.29 (29.75) 0.04 (9.87)

UI 23.32 (25.10) 229.39 (230.00) 20.12 (20.25) 24.31 (23.00) 215.93 (216.57) 2.41 (28.13)

EDC 3.05 (3.05) 229.51 (229.51) 12.43 (12.43) 3.31 (3.31) 27.11 (27.11) 11.64 (11.64)

Proximal point (proxph2) Distal point (midph2)

PIP FDP 2.74 (1.51) 236.50 (236.50) 1.27 (1.27) 21.84 (23.07) 29.84 (29.84) 22.70 (22.70)

LU (RB) 13.15 (14.99) 239.58 (239.92) 3.77 (8.36) 2.21 (1.35) 217.25 (22.20) 5.84 (5.65)

UI (UB) 0.18 (20.14) 239.99 (231.69) 7.79 (9.95) 3.83 (2.78) 213.75 (22.03) 4.87 (5.88)

FDS 6.35 (3.35) 236.78 (236.78) 2.32 (2.32) 1.31 (1.31) 219.04 (219.04) 23.40 (23.39)

EDC (ES) 5.15 (6.88) 227.71 (238.72) 11.15 (9.95) 2.17 (1.86) 22.69 (20.10) 7.65 (5.41)

Proximal point (midph2) Distal point (distph2)

DIP FDP 1.32 (0.17) 220.96 (224.35) 21.65 (3.05) 1.56 (1.56) 210.19 (210.19) 22.92 (22.92)

EDC (TE) 0.40 (0.17) 223.54 (224.35) 3.29 (3.05) 0.49 (2.63) 210.67 (28.07) 2.29 (1.63)

The coordinate system of the OpenSim model is attached to metacarpal (secondmc), proximal (proxph2), middle (midph2) and distal (distph2)

phalanges, respectively. x, y and z components indicate radioulnar (+ points out, perpendicular to the palm plane), axial (+ points from distal

to proximal side), and dorsolar (+ points up, from palm to hand side) respectively. x, y and z values represent smoothest muscle paths, and

parentheses () values of x, y and z represent minimum root mean square (RMS) difference muscle paths.

Finger Model

Author's personal copy



fingers, more sophisticated strategies may be necessary
to describe musculotendon lengths and moment arms
for time-limited computational models.55

In conclusion, using optimization resulted in three
primary discoveries. First, moment arm values calcu-
lated from optimization solutions can match experi-
mental values, demonstrating that data-driven
optimization approaches can be used to generate
musculoskeletal models while reducing subjective
judgments or estimations. Second, multiple sets of
muscles attachments with similar optimized moment
arms are possible, presenting the question of whether
some of the anatomical variability observed does not
substantially affect motor function. Third, moment
arms for muscles around the PIP and DIP joints are
not constant, but can be modeled with quadratic
functions consistent with other muscles. Including
anatomical data for finger musculature into the
OpenSim arm model will result in a more complete
musculoskeletal model that can be useful in many
areas, including quantitative analysis of internal load-
ing during multitouch and HCI tasks.
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