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Upper Limb Strength Estimation of Physically Impaired Persons
using a Musculoskeletal Model: A Sensitivity Analysis

Marc G. Carmichael, Dikai Liu

Abstract— Sensitivity of upper limb strength calculated from
a musculoskeletal model was analyzed, with focus on how the
sensitivity is affected when the model is adapted to represent
a person with physical impairment. Sensitivity was calculated
with respect to four muscle-tendon parameters: muscle peak
isometric force, muscle optimal length, muscle pennation, and
tendon slack length. Results obtained from a musculoskeletal
model of average strength showed highest sensitivity to tendon
slack length, followed by muscle optimal length and peak
isometric force, which is consistent with existing studies. Muscle
pennation angle was relatively insensitive.

The analysis was repeated after adapting the musculoskeletal
model to represent persons with varying severities of physical
impairment. Results showed that utilizing the weakened model
significantly increased the sensitivity of the calculated strength
at the hand, with parameters previously insensitive becoming
highly sensitive. This increased sensitivity presents a significant
challenge in applications utilizing musculoskeletal models to
represent impaired individuals.

I. INTRODUCTION

Musculoskeletal models have been successfully utilized in
a range of scientific and clinical applications [1], [2]. It is ac-
knowledged that parameter inaccuracy will affect outcomes
generated from the model, and hence the significance of such
modelling errors needs to be considered in the context of
the desired application. Studies in the literature have identi-
fied musculoskeletal model parameters for which particular
model-generated outcomes are highly sensitive. For example
it has been shown that the forces and torques produced by
muscle-tendon actuation are highly sensitive to tendon slack
length [3], [4], [5]. Despite the existing studies there are still
questions regarding musculoskeletal model sensitivity yet
to be addressed. A desired application for musculoskeletal
models is the development of individualised surgery plans or
providing targeted therapies for patients [1], [2], [6]. Appli-
cations such as these require that musculoskeletal models be
calibrated so as to represent the physiology and capabilities
of individual patients [2]. However it is not yet understood
how adapting a musculoskeletal model to represent a subject
with impairment will alter its sensitivity characteristics. We
hypothesize that musculoskeletal models adapted to represent
weaker persons may have an increased susceptibility to
parameter inaccuracy, leading to significant implications in
their usage.

In this study we investigate the sensitivity of upper limb
strength calculated using a musculoskeletal model. Strength
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at the hand is calculated using an optimization routine
previously developed [6], [7]. Methods currently existing in
the literature are then used to quantify how the calculated
strength is affected by perturbations in parameters of the
model. Muscle-tendon (MT) parameters commonly used in
Hill-type muscle-tendon models are investigated as they
significantly influence the force capability of the muscles,
and their values are difficult to obtain accurately and directly.
The sensitivity is first calculated using a musculoskeletal
model representing an average healthy male, referred to as
the normative model. The analysis is then repeated using
duplicate models which are adapted to represent varying
degrees of physical impairment, referred to as weakened
models. Comparing results between normative and weakened
models provides insight into how the modelled impairment
affects the sensitivity of the calculated strength.

II. METHODS
A. Calculation of strength at the hand

With the model set to a predefined pose, an external force
is applied to the hand in a specified direction as shown in
Fig. 1. Using a previously developed optimization routine
[6], [7] the strength at the hand is calculated as the maximum
magnitude of this external force the musculoskeletal system
can statically support without any muscles exceeding their
force capacities.

In this analysis the strength is calculated in 14 different
directions at the hand. Imagining a cube positioned at the
centre of the hand, 6 directions correspond to the normals
of each face, and 8 point from the cube’s centre to its
corners. Strength calculations are repeated with the hand at a
number of locations distributed throughout the region shown

External force applied
at the hand

Direction of force

defined by unit vector Strength calculated

as the maximum force
the model can oppose

Limb position set with
hand in 1 of 46 defined
locations

Fig. 1. During strength calculations the upper limb is positioned with the
hand at 1 of 46 predefined locations in the workspace. An external force is
applied to the hand in 1 of 14 predefined directions. An optimization model
[6] calculates the strength at the hand by finding the maximum magnitude of
the external force the musculoskeletal model can oppose without exceeding
its muscular strength capacity.



Fig. 2. The region used to define the 46 hand locations where upper limb
strength is analyzed. Distance from the hand to the shoulder joint must be
greater than 0.4m and less than 0.9 times the stretched arm length. The hand
must also lay in an area bounded by planes passing through the shoulder.
These planes are angled +£30° from the transverse plane; and 30° medial
/ 45° lateral of the sagittal plane.

in Fig. 2. This region was chosen as it contains locations in
the frontal workspace commonly reached during everyday
activities, and inverse kinematic solutions for the muscu-
loskeletal model are known to exist. A cartesian grid with
10cm spacing produced 46 distinct hand locations within
this region where strength at the hand is to be analyzed.
Kinematic redundancy is resolved by positioning the elbow
using the method described in [8] to produce a position
consistent with natural human reaching.

B. Upper limb musculoskeletal model

A musculoskeletal model [9] from the literature is used to
calculate upper limb strength. This model has been shown
to depict several upper limb characteristics including joint
strength [9], muscle moment-arms [10] and stiffness at the
hand [11]. In this work the joints of the wrist and fingers are
locked, leaving 3 degrees of freedom in the shoulder and 1
degree of freedom in the elbow. Muscles in the model are
represented as Hill-type muscle-tendon (MT) actuators, each
containing a number of intrinsic parameters [12]. Sensitivity
of the upper limb strength is calculated with respect to four
of these MT parameters: muscle peak isometric force (F),
muscle optimal length (L)), muscle pennation at optimal
length (o), and tendon slack length (LY). Remaining MT
parameters relating to muscle dynamics are not analyzed
as calculation of the strength assumes static conditions, and
hence do not affect the strength result.

C. Strength sensitivity calculation

To quantify the sensitivity of the calculated upper limb
strength we use a perturbation method commonly utilized
in existing sensitivity studies [3], [4], [5]. At hand location
i = {1...46} the strength at the hand in direction j =
{1...14} is calculated as SY; using the method described
in [6]. A positive perturbation is then made to the MT
parameter being studied (F2,, L%, a¥ or LY), changing its
value from p° to pT, and the strength at the hand recalculated
as S$ Similarly, a negative perturbation is made to the same
MT parameter changing its value from p" to p~, and the
strength recalculated as S; The sensitivity, represented as
€45, 1s then quantified as the normalized change in strength
divided by the normalized perturbation of the selected MT

parameter (1). Perturbation sizes used in the literature are
widely varied, from as small as +2.5% [4] up to £50%
[3] of the parameter’s value. A perturbation of +1% was
chosen so as to achieve a result approximating a partial
derivative. For comparison the analysis was repeated using
a +5% perturbation and produced nearly identical results.
(S5 = 55)/50,
(pt —p7)/p°

With respect to a specific MT parameter in a specific
muscle group, the sensitivity of the calculated strength is
taken as the maximum sensitivity calculated across all 46
hand locations in all 14 directions at the hand (2). This
procedure is repeated with each of the four MT parameters
being perturbed in each of the 37 muscle groups in the upper
limb model

Eij =

(D

ief{l...14)
je{l...46}) @)

D. Analysis of modelled physical impairment

€ = Imax (Eij

It is hypothesized that upper limb strength calculations
will have different sensitivity characteristics when the mus-
culoskeletal model is adapted to represent a subject with
physical impairment. This is investigated by repeating the
sensitivity analysis with the musculoskeletal model modi-
fied to represent persons with varying degrees of physical
impairment. The model is made weaker by scaling the peak
isometric force parameter (F°) of all muscles in the model to
75%, 50% and 37.5% of their original values. The sensitivity
analysis is repeated for each weakened upper limb model,
allowing the effect of using weaker models on the sensitivity
of the calculated upper limb strength to be observed.

ITI. RESULTS
A. Sensitivity of calculated strength using normative model

Fig. 3 shows the sensitivity of the upper limb strength
calculated for the normative model (i.e. 100% of its original
F° values). Each graph corresponds to the MT parameter
that was perturbed, with each bar corresponding to the
muscle in which this perturbation was applied. Results are
limited to the 8 most sensitive muscle groups for each
perturbed parameter.

Comparison of the graphs indicate that strength was most
sensitive to tendon slack length LY (Fig. 3a) which produced
a sensitivity of 5.18 in the lateral deltoid (DELT2). The
anterior deltoid (DELT1) was almost as sensitive with a
calculated sensitivity of 4.69. The second most sensitive
MT parameter was the muscle optimal length L?, (Fig. 3b),
which was also most sensitive in the the DELT2 and DELT1
muscle groups. This agrees with previous studies that have
shown that muscle-tendon actuator models have significant
sensitivity to LY and LY parameters [3].

Less sensitive than both L? and LY, was the muscle peak
isometric force F° (Fig. 3c). This is somewhat explained
by the fact that this parameter scales the force output of the
active and passive elements in the muscle-tendon actuator
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Fig. 3. Each subplot shows the 8 most sensitive muscle groups with respect
to perturbations made in the following MT parameters: (a) tendon slack
length L?, (b) muscle optimal fiber length L9, (c) peak muscle isometric
force F, (d) muscle pennation at optimal length o°.

models. If the tendon is assumed rigid, then perturbations
in a single F parameter are expected to have at most
an equally sized effect on the strength (i.e. ¢ < 1). All
sensitivities calculated with respect to F, were less than
1, except for DELT1 calculated at 1.13. We attribute this to
the nonlinearities resulting from tendon stretch in the model.

The pennation angle o (Fig. 3d) was relatively insensi-
tive, the largest sensitivity being 0.71 in the DELTI1. This
is consistent with the findings of others which also found
muscle pennation angle to be insensitive [13], [5]. It is noted
that several muscles are defined having a® = 0, and hence a
% perturbation will have no effect on the calculated strength.

B. Sensitivity with weakened models

Fig. 4 shows the sensitivity calculated with the muscu-
loskeletal model having varying degrees of impairment ap-
plied. Similar to the previous figure, each graph corresponds
to the MT parameter that was perturbed. Bars are shown in
groups of four with each group corresponding to the muscle
the parameter was perturbed in. Each individual bar in the
groups show the sensitivity results calculated at the four
different levels of model weakness. Graphs are limited to
showing the 5 most sensitive muscles calculated using the
weakest model (37.5% normative strength).

The results show that the sensitivity of the calculated
strength increases as the weakness of the model is made
more severe. This was observed across almost all the muscle
groups shown. The exception is for the perturbed pennation
angle in the PECM3 muscle group, however this had little
sensitivity to begin with compared to the other MT parame-
ters.
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Fig. 4. Sensitivity of the strength at the hand, calculated with the upper limb
model having various degrees of impairment. The model is made weaker by
scaling the peak isometric force (F(j'*) parameters in all muscles to 100%,
75%, 50% and 37.5% of their normative values. The thick black lines added
to the top of each group of bars show how the sensitivity increases when a
weaker model is used.



IV. DISCUSSION

Although it was expected that the calculated strength
(S?j) would decrease for musculoskeletal models that are
adapted to represent persons with physical impairment, the
relationship with respect to its sensitivity was unknown.
Ideally the strength would have a constant sensitivity, or
better yet become less sensitive as modelled impairments
are made more severe. However as the musculoskeletal
model was weakened from 100% down to 37.5% of its
normative muscular force-producing capacity, the sensitivity
of the calculated strength at the hand grew in an increasing
manner. Even parameters which were insensitive with the
normative model (e.g. the muscle pennation angle) became
highly sensitive when the weakest model was used. This is
a significant but undesired result for applications utilizing
musculoskeletal models to estimate the strength of persons
with physical impairments. For applications such as these,
obtaining accurate model parameters is even more essential
in order to have confidence in the strength estimations
produced.

Given the desire to use musculoskeletal models represent-
ing patients with physical impairments in applications such
as rehabilitation, solutions that mitigate the increased model
sensitivity to parameter errors need to be investigated. The
obvious solution is to ensure that accurate parameter values
are used in the first place. This has been recognized as
a key challenge in the use of musculoskeletal models for
individualized modelling in clinical applications. Proposed
solutions to this are to use a variety of methods to obtain as
accurate parameter values as possible from subject measure-
ments in vivo, including motion capture, force and torque
measurements, electromyography and medical imaging [2].
A caveat is that musculoskeletal properties are known to
change over time, for example with age and usage [14],
[15]. A once-off calibration of models may not be enough,
particularly in applications such as rehabilitation where the
physiological properties of the patient will vary (hopefully
improving) over a relatively short period of time.

It is anticipated that other musculoskeletal models, of ei-
ther the upper limb and other body segments, will have their
sensitivity affected when modelling physical impairments,
and hence further work is required. Additionally, it is not
clear the extent to which the specific method used to model
physical impairment (in this work reducing F{{*) contributes
to the change in the model’s sensitivity. Alternative methods
may allow the development of models less sensitive to
its parameters, yet capable of accurately representing an
individual and their physical impairments.

V. CONCLUSION

In this work the sensitivity of upper limb strength cal-
culated using a musculoskeletal model was analyzed with
respect to the model’s muscle-tendon (MT) parameters. It
was shown that sensitivity varied greatly across the different
MT parameters and muscle groups. Results were consistent
with existing sensitivity studies with strength being most sen-
sitive to tendon slack length, followed by the muscle optimal

fiber length. Muscle peak isometric force was moderately
sensitive, and pennation angle showed low sensitivity.

It was observed that the sensitivity of the calculated
strength was significantly affected when adapting the model
to represent a person with physical impairment. As weaker
models were used the sensitivity increased, with parameters
that were previously insensitive (e.g. muscle pennation angle)
becoming highly sensitive. This result has significant impli-
cations on the use of musculoskeletal models for predicting
the upper limb strength of persons with physical impair-
ments.
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