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EMG-Constrained and Ultrasound-Informed
Muscle-Tendon Parameter Estimation in
Post-Stroke Hemiparesis

Longbin Zhang

Abstract—Secondary morphological and mechanical
property changes in the muscle-tendon unit at the ankle
joint are often observed in post-stroke individuals. These
changes may alter the force generation capacity and af-
fect daily activities such as locomotion. This work aimed
to estimate subject-specific muscle-tendon parameters in
individuals after stroke by solving the muscle redundancy
problem using direct collocation optimal control meth-
ods based on experimental electromyography (EMG) sig-
nals and measured muscle fiber length. Subject-specific
muscle-tendon parameters of the gastrochemius, soleus,
and tibialis anterior were estimated in seven post-stroke
individuals and seven healthy controls. We found that the
maximum isometric force, tendon stiffness and optimal
fiber length in the post-stroke group were considerably
lower than in the control group. We also computed the
root mean square error between estimated and experimen-
tal values of muscle excitation and fiber length. The mus-
culoskeletal model with estimated subject-specific muscle
tendon parameters (from the muscle redundancy solver),
yielded better muscle excitation and fiber length estima-
tions than did scaled generic parameters. Our findings also
showed that the muscle redundancy solver can estimate
muscle-tendon parameters that produce force behavior in
better accordance with the experimentally-measured value.
These muscle-tendon parameters in the post-stroke individ-
uals were physiologically meaningful and may shed light on
treatment and/or rehabilitation planning.

Index Terms—Musculoskeletal modeling, muscle redun-
dancy solver, direct collocation, optimization, muscle fiber
length.
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[. INTRODUCTION

TROKE is classically characterized as a neurological dis-
S ease caused by a sudden rupture or blockage of a cerebral
blood vessel of the central nervous system cells [1]. It is the
second-leading cause of death and the third-leading cause of
disability worldwide [2], [3]. The skeletal muscles may also
experience secondary structural and functional alterations after
stroke. The muscles around the ankle joint are often affected
after stroke. For example, weakness in the ankle plantarflexros
may not be able to counteract the external dorsiflexion moment
during stance phase resulting in uncontrolled tibial advance-
ments. Weakness in ankle dorsiflexors may lead to difficul-
ties in achieving foot clearance during swing phase [4], [5],
[6]. Therefore, a quantitative and qualitative understanding of
muscle behavior in post-stroke could be helpful in the design
of tailored-rehabilitation interventions and the development of
assistive technologies.

In order to better understand the biomechanical behavior of a
muscle, computational musculoskeletal modeling with Hill-type
muscle models is commonly used [7]. Three-element Hill-type
muscle models generally consist of a series elastic element
(SE), a contractile element (CE), and a parallel elastic ele-
ment (PE), which describe individual muscles’ force-length,
force-velocity, and tendon force-length relationships. In the Hill-
type muscle model, several muscle-tendon parameters including
the maximum isometric force, the optimal fiber length, the
tendon slack length, and tendon stiffness, play a determining
role in transforming muscle excitation into muscle force and
thus characterizing the force generation capacity of the muscle
during a movement [8]. These muscle-tendon parameters also
provide valuable information about how the muscle mechanism
is altered due to various conditions. Nevertheless, these param-
eters are often difficult to measure directly in vivo. Generic
muscle-tendon parameters can be estimated using scaled mus-
culoskeletal models that typically depend only on the subject’s
height and/or weight. The scaling process is called anthropo-
metric scaling which does not take essential subject-specific
information into consideration, such as muscle function [8], [9],
age [10], and physical activity level [11]. To investigate muscle
behavior in individuals with pathological conditions or elite ath-
letes [12], a better approach with more accurate muscle-tendon
parameters estimation is desired, especially for subject-specific
applications.
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In recent years, there has been an increasing interest in the use
of optimization algorithms to estimate subject-specific muscle-
tendon parameters. Modenese et al. [13] applied the least squares
optimization technique with morphometric scaling to estimate
optimal fiber length and tendon slack length while ensuring
the preservation of physiologically consistent. However, only
optimal fiber length and tendon slack length of hip muscles
were estimated based on the images from an open-source Living
Human Digital Library dataset [14]. Other information such as
muscle excitation, kinematics and kinetics of subjects during
different movements was not considered. Pizzolato et al. [15]
presented a calibrated electromyography (EMG)-informed neu-
romusculoskeletal modelling (CEINMS) toolbox that included
a subject-specific muscle-tendon parameter calibration process,
i.e., maximum isometric force, optimal fiber length, and ten-
don slack length. Their EMG-modeling methods (CEINMS)
have been applied to various pathological groups to predict
muscle force and joint torque such as in individuals with
Parkinson’s disease [16] and post-stroke patients [17]. The
calibration process proposed by Pizzolato et al., however, does
not incorporate the experimental fiber length as a constraint. The
muscle-tendon parameters and tendon stiffness therefore may
not be well-calibrated. Tendon stiffness plays a crucial role in
the overall function of the muscle-tendon unit (MTU), affecting
both the viscoelastic properties of the tendon and the operational
range of muscle fibers [18]. Notably, altered tendon stiffness
has been observed in individuals post-stroke [19], [20], [21].
Investigating and quantifying tendon stiffness is essential for
a comprehensive understanding of the muscle-tendon interplay
during locomotion in post-stroke individuals, providing valu-
able insights into tailored rehabilitation strategies. Delabastita
et al. [22] proposed a new approach to estimate muscle-tendon
parameters by solving a dynamic optimization problem using
combined information from ultrasound images and EMG data of
the calf muscles, as well as joint torque from able-bodied individ-
uals during walking. Their proposed muscle redundancy solver
algorithm estimated calf muscle—tendon parameters in a good
accordance with values reported in the literature, and also im-
proved computation of muscle—tendon dynamic interaction dur-
ing walking and highlighted the importance of individualizing
calf muscle-tendon parameters. However, only the fiber length
of gastrocnemius medialis was estimated based on ultrasound
images. In addition, their approach of normalizing EMG values
to the maximum value during walking may not be applicable to
pathological groups with impaired mobility, such as post-stroke
patients in our study, who may not have independent walking
or running ability. Furthermore, normalizing EMG signals with
a free parameter can pose problems when estimating maximum
isometric force. For instance, a weighting factor was applied to
proportionally adjust the experimental EMG, enabling the gen-
eration of an equivalent amount of muscle force without altering
the maximum isometric force. It could result in more uncertainty
in the estimation of the maximum isometric force, which was
a critical parameter in our study. Other EMG-driven modeling
framework has also been applied in individuals post-stroke for
muscle force and joint moment estimation [17], [23], wearable
exoskeleton control strategy design [24], [25], [26], and joint
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Fig. 1. Experiment setup. All participants were seated in a comfortable
semi-upright position with their knee flexed at 30° and their foot firmly
fixated to the foot plate connected to a dynamometer. Muscle activation
(by EMG electrodes) and fiber length (by ultrasound) were recorded
simultaneously during experiments.

kinematics prediction [27]. To the best of our knowledge, an
EMG-driven modeling with Ultrasound informed optimization
approach has not yet been applied to evaluate muscle-tendon
parameters in post-stroke individuals.

The objective of this study was to evaluate the possible alter-
ations in muscle-tendon parameters in post-stroke individuals
within a musculoskeletal model that best explained experimen-
tally collected EMG data and muscle fiber lengths. This was
solved by combining the experimental data of several isometric
ankle dorsi- and plantar-flexion trials of each individual in one
optimal control problem.

II. METHODS
A. Experimental Setup and Data Processing

Seven post-stroke participants (age: 53.7 £ 16.2 years; sex:
1F/6 M; weight: 74.1 £+ 14.4 kg; height: 172.1 £+ 10.1 cm)
were recruited from a local rehabilitation clinic. The inclusion
criteria were: (1) stroke > 6 months prior to inclusion; (2)
no anti-spastic treatment within three months; and (3) absence
of other lower limb injuries or disorders. Seven able-bodied
subjects (age: 54.4 + 6.4 years; sex: 3F/4 M; weight: 70.0 £
9.5 kg; height:168.4 4= 9.5 cm) were recruited among advertise-
ment as a control group. The Swedish Ethical Review Authority
approved this study (Dnr. 2016/286-32) and all participants gave
informed written consent. The data set of post-stroke subjects
was a subset of a previous study [9]. In total, Eleven post-stroke
subjects were recruited. Three subjects dropped out and data
from one subject was excluded due to the poor image quality.
All post-stroke subjects required assistive devices for mobility.
Among all, three relied on wheelchairs, three used crutches and
ankle foot orthoses (AFO) and one with only AFO. During
measurement, all participants were seated in a comfortable
semi-upright position with their knee flexed at 30°and their foot
firmly fixated to the foot plate connected to a dynamometer
(IsoMed 2000, Hemau, Germany) (Fig. 1). In its initial position,
the footplate was positioned perpendicularly to the tibia of the
subject; this position was defined as 0°ankle rotation. Prior to
testing, the available range of motion (ROM) of each subject
was assessed, and no discomfort was discovered within the test
ROM. Both control and post-stroke subjects performed several
maximum voluntary contraction (MVC) tasks. For controls,
maximum voluntary isometric dorsi and plantar flexion contrac-
tions against the dynamometer while maintaining specific joint
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angles. During these contractions, the dynamometer recorded
both joint torque and angle measurements simultaneously at
3000 Hz. To ensure that the functional flexion-extension axis
of the ankle was well aligned with the flexion-extension axis
of the dynamometer, we followed a standardized procedure
recommended by previous studies [28]. Specifically, the axis
of ankle flexion/extension was aligned with the axis of the dy-
namometer using a laser-pointing device. The experiments were
performed at four different ankle angles (5°dorsiflexion, 0°, 10°,
and 20°plantarflexion). For the post-stroke group, due to limited
ROM in dorsiflexion, three out of seven subjects were not able to
perform MVC in 5°dorsiflexion. Therefore, measurements were
done only at three angle positions. The investigator gave verbal
encouragement throughout the measurements. At each angle,
subjects were instructed to perform dorsi-/plantar-flexion MVC
with a duration of 5 s. This was repeated once with 30 s rest in
between repetitions.

Muscle activation (surface EMG, 3000 Hz, Noraxon Inc., AZ,
USA) of the gastrocnemius (GAS), soleus (SOL), and tibialis
anterior (TA) of each subject’s one leg (randomized side for
control and paretic side for post-stroke group) were collected,
with electrodes placed according to European recommendations
for surface EMGs [29]. Raw EMG signals were high-pass (20-
500 Hz) filtered, rectified, low-pass filtered (6 Hz), and then
normalized to the maximum EMG signal during all MVC tri-
als [26], [30], [31]. A low-pass zero-lag Butterworth filter (6 Hz)
was applied to the measured ankle joint angle and torque [32],
[33], [34].

Ultrasound images of GAS or SOL were recorded simultane-
ously by an ultrasonography system (Mindray M9, Shenzhen,
China) with a 38 mm wide linear transducer (6-14 MHz)
during plantarflexion MVCs, and Ultrasound images of TA
were recorded during dorsiflexion MVCs. Muscle fiber lengths
were automatically tracked using UltraTrack [35] and then care-
fully visually inspected to correct any potential tracking error.
Based on the ultrasound-tracked muscle, we divided movements
into three cases: PFgas(plantarflexion with measured GAS
fiber length), PFsor(plantarflexion with measured SOL fiber
length), and DF (dorsiflexion with measured TA fiber length).

B. Muscle-Tendon Parameters Estimation

Estimation of the subject-specific muscle-tendon parameters
was formulated as an optimal control problem. For each subject
muscle-tendon parameters (maximum isometric force, optimal
fiber length, tendon slack length and tendon stiffness) for a
musculoskeletal model (gaitlOmuscl8, OpenSim [36], [37])
were estimated such that the difference between experimen-
tal observations and simulated behavior throughout the dif-
ferent isometric contraction tasks were minimized. The model
(gaitlOmusc18) was modified to only consist of foot and tibia
segments, as well as the muscles actuating the ankle joint: GAS,
SOL and TA. Each muscle was modelled as a Hill-type muscle
with a compliant tendon as in De Groote et al. [38].

For each individual, the musculoskeletal geometry of the
modified model was scaled using the OpenSim scaling tool. For
healthy controls, we relied on the available anatomical marker

positions captured by a Mocap system (Qualisys, Gothenburg,
Sweden) to scale the leg and foot dimensions. For post-stroke
subjects, the scaling was done based on manually measured
anthropometric length. The scaled model served as a start-
ing point to estimate individualized muscle-tendon parameters
(p = [Im,opts lrs, kT, Frnaz))- by solving the following optimal
control problem:

P (g, (s ! M
subject to Tewp = R X Fp + Tpes 2

é = fact(e,a) (€)

Fr = fuu(Fr,a,q,p) “)

cphysiological(FTa a,dq, p) > 0 (5)

The states of this optimal control problem are the muscle activa-
tions (a) and the muscle tendon force (Fr). The controls are the
muscle excitations (e) and the reserve actuator torques(7;es)-
The cost function J is composed of a weighted sum of four
terms, which is summed over all performed trials (74y415) for
all three muscles in one optimization procedure.

Nitrials

J = E wemcJeEMG,i + WrLJFL i
i—1

+ weffortJeffort,i + wreeres,i (6)

where wgpy e =1, wrr = 1, Wepfore = 0.1, and wyes = 10
are initial weight factors. The weights may vary slightly among
subjects because the weight-tuning process was performed in-
dividually to achieve optimal performance. To determine the
optimal weights for each component, a weight-tuning method-
ology was adopted based on a previous report [22]. Specifically,
the effect of increasing or decreasing the weight of one term
on the remaining tracking terms within the cost function was
first visualized. We then selected the weight that effectively
minimized the desired term while avoiding an increase in other
terms.
The cost function is composed of an EMG term:

Teae = / v (2(t) — (1)) dt )

to

is a measure for the difference between simulated muscle exci-
tations e(¢) and measured normalized EMG signals é(¢).
A fiber length term:

s = [ 0 - By ®)

is a measure for the difference between simulated [;(¢) and

measured /(t) muscle fiber lengths.
An effort term:

t4
Jeffm:/ f(62(t)+a2(t))dt 9)
to

regularizes the optimization problem to avoid redundant solu-
tions that require more muscle effort, where a(t) is the muscle
activation.
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A reserve actuator term:

ty
Jres = / T2 (t)dt (10)
to

represents a reserve actuator that is added to the ankle joint and
can provide an additional joint moment to the ankle muscles. It
is included in the model to improve the numerical stability of
the optimization problem and to ensure that a feasible solution is
obtained even when the modeled muscles are not strong enough
to generate the measured joint torque. In the calibration trials,
this term is heavily weighted to ensure that its contribution is
negligible. During the evaluation process, the reserve actuator
term serves as a measure of the mismatch between the model
and experimental data.

The optimization is constrained such that the sum of joint
moments produced by the muscles and the reserve actuator
moments (7,..,) is equal to the experimental joint moment (7))
measured by the dynamometer (2). R is the moment-arm matrix,
that describes the moment arm of each muscle with respect to
the ankle joint and depends on the ankle and knee joint angle (g).
The ankle joint angle is directly obtained from the dynamometer
recording. The knee joint angle was constant across trials and
subjects at 30°.

We impose muscle excitation-activation dynamics (f,.;) and
muscle-tendon dynamics ( f,,¢) as described in [38]:

é:fact(eaa) (11)
Fr = fmi(Fr,a,q,p) (12)
Note that the estimated parameters appear as input

to the muscle-tendon dynamics. Additional constraints
(Cphysiological(FTvaaQ7p) > 07 (5)) were imposed to ensure
the optimal solution was physiologically feasible:

e Optimal fiber lengths of GAS, SOL, and TA were bounded
between 40% and 120% of the maximal measured fiber
length respectively [22].

® The ratio between the estimated and generic values for
optimal fiber length, tendon slack length and tendon stiff-
ness were constrained to be equal for the GAS and SOL
as they form the triceps surae muscle complex and share
the achilles tendon.

e Excitations and activations were bounded between zero
and one.

We used direct collocation to transcribe each optimal control
problem into a large sparse nonlinear program. We used a
trapezoidal integration scheme with a mesh size of 10 ms and
solved the resulting NLP with the solver IPOPT. All gradients
were computed using automatic differentiation, where we relied
on CasADi [39].

C. Evaluation of Estimated Parameters and Data
Analysis

We analyzed group-level differences in the GAS, SOL, and TA
in terms of maximum isometric force, tendon stiffness, optimal
fiber length, and tendon slack length. The optimal fiber length

and tendon slack length were normalized by height. Shapiro-
Wilk tests were used to check the normality of data distribu-
tion (significance level at p < 0.05). Two-sample t-tests were
used for normally distributed muscle-tendon parameters, while
Mann-Whitney U tests were used for abnormally distributed data
between two groups (significance level at p < 0.05).

We evaluated whether the predictive power of the model could
be improved through EMG- and US-constrained calibration by
comparing the performance of a model with calibrated muscle-
tendon parameters to that of a model that was only scaled.
This was achieved through cross-validation by using the muscle
redundancy solver. Two cases were evaluated (Case 1: generic
model; Case 2: individualized model; Fig. 2(b)). In Case 2,
the muscle-tendon parameters of the individualized model were
obtained based on the calibration procedure using the muscle
redundancy solver optimization, while the parameters of the
generic model in Case 1 were from a scaled musculoskeletal
model. The predicted muscle fiber lengths, joint moment, and
muscle excitations by the two cases were compared. Specifically,
75% of the trials were used to obtain an individualized model
with calibrated muscle-tendon parameters and then tested on the
remaining trials for each subject. In total, there are 12 trials for
each subject, with the exception of three post-stroke subjects
who have only 9 trials due to limited range of motion. For
both cases, joint angle, joint moment, EMG data, and either
a generic or individualized musculoskeletal model were used
as inputs to the muscle redundancy solver. Notably, fiber length
tracking (J ) terms were not included in the objective function.
RMSE differences between predicted and experimental muscle
excitations, joint moment, and fiber lengths by individualized
and generic models were investigated. Significant difference was
determined either by paired t-tests for normally distributed data
or Wilcoxon signed-rank tests for abnormally distributed data,
at a significance level of (p < 0.05).

[ll. RESULTS

A. Evaluation of the Optimization Performance of the
Muscle Redundancy Solver

Overall, the individualized model yielded a more realistic
prediction of muscle-tendon behavior in the post-stroke group.
The RMSEs in fiber length and joint torque estimation were
lower in the individualized model than the generic one in both
healthy-control and post-stroke groups (Figs. 3-8).

For fiber length prediction, the individualized model showed
significantly lower RMSEs in Case D F', both in the post-stroke
group (p < 0.01) and the control group (p = 0.05; Fig. 3).
Although not statistically significant, the RMSEs were found
somehow lower in PFgas and PFsor in both post-stroke
groups (PFgas: p=0.16 and PFsor: p = 0.11) and control
groups (PFgas:p = 0.37, PFsor: p = 0.07; Fig. 3).

For muscle excitation prediction, in the post-stroke group,
the individualized model had significantly lower RMSE:s in all
muscles for cases PFgas and DF (PFgas: GAS:p = 0.02,
SOL: p = 0.03, and TA: p = 0.05; DF: GAS: p = 0.05, SOL:
p = 0.05,and TA: p = 0.02; Fig. 5(b), (d) and (f)). Furthermore,
in Case PFsor, significant differences were observed in GAS
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Fig. 2. (a) Overview of the individualized muscle-tendon parameters estimation by using the muscle redundancy solver. We first scaled
a generic musculoskeletal model (gait1i0dofi8musc) by using recorded static marker trajectories or measured leg length to fit each sub-
ject's anthropometry. The ankle joint angle measured from the Dynamometer was used as the inputs for muscle analysis to compute the
muscle-tendon length and moment arm of each muscle-tendon unit. During optimization, we also added constraints based on experimen-
tal measurements, which were muscle excitations and fiber lengths of three muscles (GAS, SOL, TA). Then we solved for the muscle-
tendon parameters by minimizing the sum of squared muscle activations as well as maximizing the consistency between measured and
simulated joint moments, EMGs and muscle-fiber lengths. Finally, we obtained individualized muscle-tendon parameters: maximum isomet-
ric force Fp,q., optimal fiber length Ias op:, tendon stiffness k7 and tendon slack length i7s for individuals. (b) Overview of the opti-
mization performance evaluation of the muscle redundancy solver through a cross-validation method. Specifically, 75% of the trials were
used for calibration to obtain an individualized model with calibrated muscle-tendon parameters, and then tested on the remaining trials.
Two cases were evaluated (Case 1: generic model; Case 2: individualized model). In Case 2, the muscle-tendon parameters of the indi-
vidualized model were the output of the calibration procedure using the muscle redundancy solver optimization, while the parameters of
the generic model in Case 1 were from a scaled musculoskeletal model. In both cases, joint angle, joint moment, EMG data, and
generic/individualized musculoskeletal model were used as the inputs of the muscle redundancy solver. The outcome parameters were tracked
muscle excitations, joint moment, and fiber length.
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in the muscle excitation of gastrocnemius (GAS), soleus (SOL), and Fig. 8. One example of measured and predicted ankle

tibialis anterior (TA) via individualized and generic models in healthy
and post-stroke group during three cases: PFg 45 (Plantarflexion with
measured GAS fiber length), PFso, (Plantarflexion with measured
SOL fiber length), and D F' (Dorsiflexion with measured TA fiber length).
A significant difference between the two models was indicated with x;
(a) GAS, (c) SOL and (e) TA in healthy control; (b) GAS, (d) SOL and (f)
TA in post-stroke.
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Fig. 6.  One example of measured and predicted muscle excitation via

generic and individualized models during maximum voluntary contrac-
tion (MVC) in both healthy and post-stroke groups. In this example,
the gastrocnemius (GAS) and soleus (SOL) were compared during
plantarflexion MVC while the tibialis anterior (TA) muscle was compared
during dorsiflexion MVC; (a) GAS, (c) SOL and (e) TA in healthy control;
(b) GAS, (d) SOL and (f) TA in post-stroke.

dorsi/plantarflexion torque via generic and individualized models
during maximum voluntary contraction (MVC) in both healthy and
post-stroke groups during three cases: PFgas (Plantarflexion with
measured GAS fiber length), PFso (Plantarflexion with measured
SOL fiber length), and DF (Dorsiflexion with measured TA fiber length);
(a) PF_GAS, (b) PF_SOL and (c) DF in healthy control; (d) PF_GAS,
(e) PF_SOL and (f) DF in post-stroke.

significant differences were observed in all cases (Fig. 5(a), (¢),
and (e)).

For joint torque prediction, the individualized model showed
significantly lower RMSEs compared to the generic model in
all cases in the post-stroke group (PFgas: p < 0.01, PFsor:
p =0.02 and DF: p = 0.03). In the control group, although
not statistically significant, the RMSEs were also lower in all
cases (PFgas:p=0.09, PFsor:p =0.05and DF:p = 0.10;
Fig. 7).

B. Estimated Muscle-Tendon Parameters

Overall, the estimated maximum isometric force, optimal
fiber length, and tendon stiffness in the post-stroke group were
considerably lower than the control group (Fig. 9).

The estimated maximum isometric force of GAS, SOL and TA
in the post-stroke group were 0.5+ 0.2%, 1.0 £0.3%, and 1.0 =
0.5% body weight (BW) respectively. They were all significantly
lower than those in the control group (GAS: 3.8 + 1.3 %BW,
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Fig. 9. Violin plots depicting the distributions of estimated muscle- %
tendon parameters of gastrocnemius (GAS), soleus (SOL), and tibialis o 2000
anterior (TA) in control and post-stroke group; (a) normalized maximum 3
isometric force (by body weight (BW)), (b) tendon stiffness, (c) optimal 1000
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slack length, and (f) normalized tendon slack length (by height). * indi-
cates a significant difference between two groups.

p < 0.01;SOL: 7.9 2.7 %BW, p < 0.01; TA: 4.9+ 0.8 %BW,
p < 0.01; Fig. 9(a)).

The estimated optimal fiber length of TA in the post-stroke
group was found significantly lower than that of in control group
(57.6 £ 10.2 mm vs. 71.7 & 11.3 mm, p = 0.03, Fig. 9(c)).
Although not significant, shorter estimated optimal fiber length
in GAS and SOL (GAS: 46.1 4+ 3.3 mm vs. 48.4 + 7.9 mm,
p=0.48; SOL: 40.4 + 4.8 mm vs. 44.3 + 7.8 mm, p = 0.30)
was also observed in the post-stroke. Normalized optimal fiber
length (by body height) follows the same trend as the optimal
fiber length. (Fig. 9(d)).

No significant difference was found in the tendon slack length
between groups (post-stroke vs. healthy-control: GAS 41.0 +
5.2 mm vs. 41.3 + 4.4 mm, SOL 26.4 £+ 3.3 mm vs. 26.3 £+
2.8 mm, and TA 25.9 + 2.8 mm vs. 23.8 £+ 3.4 mm; GAS:
p=0.98,SOL: p = 0.98, TA: p = 0.29, respectively; Fig. 9(e)).
Normalized tendon slack length (by body height) also follows
the same trend as the tendon slack length. (Fig. 9(f)). The
stiffness of Achilles and TA tendon in the post-stroke group
were 89 + 79 N/mm and 79 £ 71 N/mm; and these were also
significantly smaller than in the control group (Achilles tendon:
564 + 220 N/mm, p < 0.01; TA tendon: 230 £+ 67 N/mm,
p < 0.01; Fig. 9(b)).

Fiber Length [mm]
()

Fig. 10. Active (solid line) and passive (dashed line) muscle force-
length relationship (derived based on Hill-type model) of (a) gastroc-
nemius (GAS), (b) soleus (SOL), and (c) tibialis anterior (TA) in control
and post-stroke group. The gray dashed line illustrated that the maximal
isometric force occurred at the optimal fiber length.

Compared to the control group, the active muscle force-length
curve in the post-stroke was left-shifted with a considerably
lower maximum isometric force and optimal fiber length in all
three muscles (Fig. 10).

IV. DISCUSSION

In this work, we estimated subject-specific muscle-tendon
parameters of major ankle dorsi/plantarflexors in post-stroke
individuals and healthy controls by solving the muscle re-
dundancy problem using the direct collocation optimization
method. The proposed optimal algorithm takes muscle activa-
tion and muscle dynamics into account based on experimental
EMG signals and measured muscle fiber length through US
images. We found that the maximum isometric force, tendon
stiffness and optimal fiber length in the post-stroke group were
considerably lower than in the control group. In addition, we
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showed that, based on EMG, US, and dynamometry data, we
could improve the subject-specificity of musculoskeletal mod-
els by personalizing muscle-tendon parameters using a direct
collocation optimization method, which yields a more realistic
movement simulation that better matches experimental data than
a scaled generic model. Compared to existing methods, our
developed direct collocation optimization algorithm in com-
bination with the unique experimental data set offers several
advantages. It enables the incorporation of different types of
trials into a single optimization, providing more realistic and
physiologically consistent parameter estimation. Furthermore,
the algorithm not only provides essential muscle-tendon pa-
rameters determining the muscle force production capacity,
such as optimal fiber length, tendon slack length, and tendon
stiffness, but also maximum isometric force, which has sig-
nificant implications for the understanding and treatment of
post-stroke motor deficits. To the best of our knowledge, this
is the first study that attempted to evaluate the muscle-tendon
parameters of GAS, SOL, and TA in post-stroke individuals
with both experimental EMG signals and fiber length constraints
during ankle plantarflexion and dorsiflexion MVC movements.
In addition, the proposed muscle-tendon parameter optimization
framework was further expanded to include a pathological group
that does not require independent walking and running abilities.
Our approach therefore has the potential to apply to other groups
with motion impairment, which may offer valuable insights
into muscle-tendon mechanics and inform future rehabilitation
strategies.

A. Evaluation of the Optimization Performance of the
Muscle Redundancy Solver

Instead of simply scaled muscle-tendon parameters, a per-
sonalized musculoskeletal model with calibrated muscle-tendon
parameters yielded a significant improvement in the agreement
of the simulated and measured fiber length, muscle excitation,
and joint moment in most cases. The benefit of personalized
muscle-tendon calibration was more predominately in the post-
stroke group. For instance, a significantly different torque pre-
diction of the post-stroke group (Fig. 7(b)) was likely due to the
fact that the maximum isometric force was significantly lower
than in controls (Fig. 9(a)). As a result, it is unlikely that the
generic model with uncalibrated MTU parameters would yield
accurate estimation, in other means of realistic muscle-tendon
behavior description. Moreover, unlike controls, there was a
significant improvement in EMG excitation prediction in the
post-stroke group in most cases with calibrated muscle-tendon
parameters (Fig. 5(b), (d), and (f)). This may be attributed to
the fact that co-contraction is often observed in post-stroke
individuals to maintain stability [40]. However, the optimiza-
tion algorithm minimized the cost function of muscular effort,
the integral of the summed squared muscle excitations. Thus,
co-contraction was not favorable for the optimization solution.
In future studies, taking co-contraction into account in the cost
function should be further investigated in order to better model

the muscle-tendon behavior of individuals with motor disorders,
where co-contraction scenarios could be expected.

In the current study, the direct collocation method was used
to formulate the optimal control problem of finding the muscle-
tendon parameters that best explain experimental observation,
as a nonlinear programming problem. Compared to other opti-
mization methods, collocation methods are generally more com-
putationally efficient; thus have been previously investigated in
several studies with respect to muscle redundancy problems.
Groote et al. [38] first proposed the direct collocation method
as a robust and computationally efficient approach for solving
muscle redundancy problems during walking on a male test
subject. The method has also been used to estimate subject-
specific muscle-tendon parameters of knee actuators on healthy
subjects [41]. Delabastita et al. [22] further incorporated ex-
perimental measurement of motion capture, ultrasound images,
and EMG data of the calf muscles to estimate muscle-tendon
parameters in young and elderly adults during gait. However, the
individualized maximum isometric force was not incorporated
in their optimization process. However, the maximum isometric
force was usually suggested to be adjusted within the muscu-
loskeletal model in simulating participants’ strength most likely
deviating from the average population, such as pathological
groups or elite athletes [12]. Here, we incorporated a unique
experimental measurement protocol with direct collocation to
provide a more comprehensive evaluation of the muscle-tendon
parameters alterations in individuals with motor deficiency, i.e.,
post-stroke individuals.

B. Estimated Muscle-Tendon Parameters

Muscle-tendon parameters are commonly investigated param-
eters in persons with motor impairment, in order to better un-
derstand the mechanical behavior of muscle-tendon units during
movement. Based on our simulation, the post-stroke group had a
shorter optimal fiber length, reduced maximum isometric force,
and smaller tendon stiffness in both plantarflexors and dorsi-
flexor than the control group. However, no significant difference
was observed in tendon slack length. These parameters have
physiological meanings and determine the muscle excitation-
force relationship in the Hill-type muscle model. They are also
relevant and informative in clinical interpretation, e.g., these
parameters can provide essential information for personalized
rehabilitation planning.

Active muscle force generation capacity could be remark-
ably affected after stroke. We found that post-stroke individuals
exhibited significantly reduced maximum isometric force com-
pared to controls. Maximum isometric force is defined as the
peak force a muscle can produce while maintaining a constant
length. The common method for estimating an individual mus-
cle’s maximum isometric force is to multiply the physiological
cross-sectional area (PCSA) with the specific tension [42]. How-
ever, directly estimating the maximum isometric force experi-
mentally could be very challenging and resource-demanding.
Rather, maximal isometric torque is often reported [43], [44].
However, it can not reflect the potential differences among
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TABLE |
MVC TORQUE IN HEALTHY CONTROL AND POST-STROKE GROUP. MEAN
AND STANDARD DEVIATION (SD) OF ANKLE DORSIFLEXION

(+)/PLANTARFLEXION (-) TORQUE (NM/KG) ACROSS SUBJECTS DURING
MAXIMUM VOLUNTARY CONTRACTION (MVC) AT FOUR ANGLE POSITIONS
(5°DORSIFLEXION, 0°, 10°, AND 20°PLANTARFLEXION) IN BOTH HEALTHY
AND POST-STROKE GROUPS IN THREE CASES: PF a5 (PLANTARFLEXION
WITH MEASURED GAS FIBER LENGTH), PFso 1, (PLANTARFLEXION WITH

MEASURED SOL FIBER LENGTH), AND D F' (DORSIFLEXION WITH
MEASURED TA FIBER LENGTH)

Torque
(SD) Healthy Control Post-stroke
Case PFgas PFsor DF PFgas PFsor DF
50dorsi -1.47 -1.61 0.48 -0.27 -0.29 0.02
(0.37) (0.51) (0.15) (0.22) (0.23) (0.01)
0°plantar -1.48 -1.58 0.49 -0.19 -0.23 0.02
P (0.29) (0.33) (0.19) (0.16) (0.17) (0.02)
10°plantar -1.13 -1.09 0.52 -0.13 -0.11 0.03
P (0.36) (0.31) (0.23) (0.11) (0.12) (0.04)
20°plantar -0.87 -0.89 0.52 -0.10 -0.06 0.04
P (0.31) (0.31) (0.18) (0.10) (0.10) (0.06)

synergistic muscles. Therefore, an optimization technique in-
corporating feasible experimental measurements could be a
good solution for estimating the maximum isometric force of
the individual muscle. We found that the estimated maximum
isometric force of GAS, SOL, and TA were all much weaker in
post-stroke individuals and were only 13.9%, 13.9%, and 22.4%
of the control group. Very few studies have investigated the max-
imum isometric force of ankle muscles in post-stroke individuals
in vivo. Our findings (see Table I) are in line with previous
studies reporting reduced MV C torque in plantarflexors [45] and
dorsiflexors [46]. Optimal fiber length is another essential pa-
rameter influencing the active force generation during dynamic
muscle contraction. To the best of our knowledge, only one study
investigated the alteration of the optimal fiber length on ankle
plantarflexors in post-stroke individuals. Gao et al. [47] reported
a shorter optimal fiber length (33.2 £ 3.2 mm) in the gastroc-
nemius in post-stroke individuals than healthy controls (47.4 4
2.7 mm). They established the muscle-active force relationship
by curve-fitting scattered data points for each subject during
submaximal MVC measurements. Based on our simulation,
the optimal fiber lengths were found unexpectedly shorter not
only in plantar-flexors but also in ankle dorsiflexion. Further
investigation is needed for clarification. In addition, maximal
isometric force and optimal fiber length essentially determine
the force - length profile of an individual muscle (Fig. 10).
Evaluating the individualized force - length relationship yields
the possibility to assess the selective weakness at particular
muscle length (joint angle) as well as the optimal movement
range after stroke, which can provide valuable information for
effective strength training intervention.

Tendon stiffness is an important mechanical feature that influ-
ences the whole MTU function in terms of functional properties
of the tendon and the operational range of muscle fibers [18].
Tendon stiffness is typically characterized by a toe region with
low stiffness and a linear region with high stiffness. In recent
years, tendon stiffness in the linear region has been commonly
investigated by ultrasonography-based approaches. Our pre-
vious study has investigated the stiffness of GAS and SOL

aspects of Achilles tendon in able-bodied subjects during passive
stretching and found the stiffness of the two sub-compartments
were similar [28]. However, due to variant joint configurations
and assumptions, incomparable findings were often reported in
vivo studies. For example, the Achilles tendon stiffness was
determined previously in young (170 + 37 N/mm) and older
(141 £ 48 N/mm) healthy adults in vivo as the slope of muscle
force - muscle length elongation relationship between 10% and
80% of the maximal voluntary isometric contractions [48]. An-
other study by Khair et al. [49] reported the stiffness of Achilles
tendon in uninjured limb (486.5 £ 210.2 N/mm) of persons
one year after non-surgically treated Achilles tendon rupture as
the tangent at 50% MVC with the tendon elongation - force
curve. Alternatively, tendon stiffness can be estimated based
on computational modeling and simulation methods, where the
stiffness is less dependent on the in vivo measurement meth-
ods and conditions. A recent study by Delabastita et al. [22]
used a direct collocation optimal simulation method to estimate
Achilles tendon stiffness in young (215.2 4+ 61.4 N/mm) and old
adults (202.4 + 62.9 N/mm) during walking. In the current study,
we implemented the same direct collocation optimal method
and obtained both Achilles tendon and TA tendon stiffness in
post-stroke and control group (post-stroke vs. healthy-control:
Achilles tendon 89 = 79 N/mm vs. 564 & 220 N/mm; TA tendon
79 £ 71 N/mm vs. 230 £ 67 N/mm). Our finding of a more
compliant tendon in the post-stroke group aligns with previous
clinical observations in Achilles tendon [19], [50], [51]. For
example, Zhao et al. [19] observed a compliant Achilles tendon
in post-stroke by tracking tendon elongation and measuring
ankle joint torque during plantarflexors MVC.

There were several limitations in this study. In our study,
we normalized EMG by the maximum value over MVC trials,
instead of dynamic movements such as walking and running. We
acknowledge that MVC isometric trials might not necessarily
reflect the true maximal muscle activation. During the dynamic
movement, the EMG signals for some muscles may exceed
the peak value recorded during isometric MVC trials [52],
[53]. However, in a recent study, the impact of three differ-
ent EMG normalization methods, namely “isometric MVC”,
“isokinetic MVC”, and “isokinetic MVC with consideration
of joint range-of-motion and velocity”, on muscle activation
and the antagonist-agonist co-contraction index in post-stroke
individuals was investigated [54]. The study found that there
was no significant difference observed between the three nor-
malization methods and thus concluded that EMG normalization
with isometric MVC is appropriate for post-stroke participants.
Given our focus on participants with impaired mobility, who
lack independent walking or running ability, we assumed that
the EMG data obtained during isometric MVC is an appropriate
approximation of the true maximum EMG signals. It is never-
theless worth noting that our normalization method may impact
the estimated muscle-tendon model parameters, necessitating
further evaluation in future studies. Also, we only modeled the
linear region of tendon force-elongation behavior without a toe
region. This may increase the discrepancy between the com-
puted tendon stiffness in vivo and model estimated value [22].
Further studies using a non-linear tendon model might provide



ZHANG et al.: EMG-CONSTRAINED AND ULTRASOUND-INFORMED MUSCLE-TENDON PARAMETER ESTIMATION

1807

a more accurate stiffness estimation. It is worth mentioning that
a significant difference was observed only in the post-stroke
group when evaluating the optimization performance of the
muscle redundancy solver. While the RMSEs in fiber length and
joint torque estimation were lower in the individualized model
compared to the generic model in both control and post-stroke
groups, this difference was not evident in muscle activation. The
discrepancy may be attributed to the limited sample size and may
also indicate that the conventional scaled model remains suitable
for the healthy group. Further investigations with a larger sample
size are warranted.

Another limitation is that only experimentally measured mus-
cle fiber length and EMG signals were used to constrain the
optimization process. We did not include pennation angle due to
the large angle variability [9], especially in the post-stroke group.
For example, due to rheological muscle property changes after
stroke, increased probe pressure has to be applied in order to
achieve better muscle visibility in the ultrasound measurement
which could lead to a high angle variability. Previous studies
have also shown that compared to other parameters, pennation
angle was the least influential parameter in musculoskeletal
model-based muscle force estimation [55], [56], [57], [58], it
would be interesting to explore whether including reliable pen-
nation angle could improve the robustness of MTU parameter
estimation. Also, further analysis of the impact of integrating
ultrasound measurement into the EMG-driven model calibra-
tion procedure on the muscle-tendon parameter estimation in
post-stroke persons is valuable. Additionally, both neural and
muscular changes can lead to weakness in post-stroke subjects.
While our musculoskeletal modeling and optimization frame-
work considered the neural drive by constraining muscle exci-
tation with normalized EMG data, it is crucial to recognize that
further investigation and additional experimental measurements
are necessary to determine whether there is a decrease in the
neural drive. From a muscle modeling perspective, the parameter
‘maximal isometric force’ can potentially incorporate informa-
tion about the potential changes in the neural drive. However, it
is essential to exercise caution and avoid over-interpreting this
parameter.

It is important to note that our study solely focused on the
ankle flexion/extension joint due to the specific area of interest.
However, our muscle-tendon parameter estimation framework
could be transferred to other joints with available experimental
data, if desired. Specifically, we included three crucial ankle
dorsi/plantar flexor muscles, namely GAS, SOL, and TA. Within
our experimental setup, we treated gastrocnemius medialis
(GM) and gastrocnemius lateralis (GL) as a lumped entity, con-
sidering their anatomical and functional similarities [59], [60],
thus avoiding separate analysis for them. This decision aimed to
mitigate the unnecessary complexity of the experimental setup,
particularly on the post-stroke group. Including a separate mea-
surement for GL, such as through ultrasound, could potentially
induce fatigue in post-stroke subjects due to the additional MVC
trials required for ultrasound image acquisition and prolonged
acquisition sessions. In our opinion, using musculoskeletal mod-
els with more muscles has very limited benefits. We chose

the GaitlOmuscle18 model, a simplified version derived from
2ait2392 [61], [62], [63]. This model features 10 degrees of
freedom and 9 major muscles including GAS, SOL and TA,
and with the identical Hill-type muscle model as gait2392. In
addition, the lumped GM and GL matched with our study setup
as stated earlier. In addition, tibialis posterior was not considered
in the model as it was challenging to obtain EMG and ultrasound
data of such a small and deep muscle. Though Distefano [64]
have previously reported that the gastrocnemius and soleus are
the primary ankle plantarflexors and that the other plantar flexors
only contribute 7% of the remaining plantarflexor force, we
acknowledge that our exclusion of smaller muscles may have
led to an overestimation of the maximum isometric force in
the muscle-tendon unit of GAS and SOL.

It is worth acknowledging that the gastrocnemius is a biar-
ticular muscle that spans both the ankle and knee joints. While
incorporating an estimate of the knee and even hip torque could
potentially improve the accuracy of the gastrocnemius activation
estimation. However, it was not feasible with the current exper-
imental setup with the dynamometer. Furthermore, the position
of the knee joint during calibration may also have an impact on
the musculotendon parameters of the gastrocnemius. Although
these parameters are primarily determined by the muscle’s ar-
chitecture and anatomical structure, including additional knee
angle setups would contribute to a more realistic optimization
of our results. Future studies could explore the effects of different
knee angles to provide a more comprehensive understanding of
the relationship between knee joint position and musculotendon
calibration. Also, expanding the analysis to include a larger
cohort is desirable in future work.

V. CONCLUSION

We estimated subject-specific muscle-tendon parameters of
gastrocnemius, soleus, and tibialis anterior in post-stroke indi-
viduals by solving the muscle redundancy problem based on ex-
perimental EMG signals and the measured muscle fiber length.
The proposed direct collocation method performed well in terms
of matching experimental data, as evidenced by the agreement
with experimental measurement. Based on our simulation, the
post-stroke group had a shorter optimal fiber length, reduced
maximum isometric force, and more compliant tendons in both
plantarflexors and dorsiflexor. The estimated muscle-tendon
parameters are physiologically meaningful and clinically rele-
vant. Our study further demonstrated that incorporating feasible
experimental measurements and the direct collocation optimiza-
tion method is a more comprehensive approach to quantifying
the muscle-tendon parameter alterations in individuals with
motor impairment, which are otherwise challenging to evaluate
solely through experimental in vivo methods.
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