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Sensitivity Analysis of a Parametric Optimization Model

Preface

Through this study, I aimed to contribute to the advancement of a parametric optimization
model with the hope that, in the future, individuals with spasticity will benefit from improved
treatments and, ultimately, a higher quality of life. T have always been an active person and
exercising weekly has greatly benefited my mental health. I have long felt compassion and
respect for those who, due to physical limitations, are unable to move as freely as I can and still
stay positive.

The scope of this work involved setting up an experimental sensitivity analysis, using the
resulting data to test and better understand the behavior of the computer model. My research
question centers on understanding how changes in the intrinsic properties of mass, misalignment,
and stiffness impact the experimental outcomes of a robotic manipulator, and how effectively
the parametric optimization model captures these effects.

Throughout this journey, I have been fortunate to have the support and guidance of several
individuals. I would like to thank my supervisors — Dr.ir. W. Mugge, Dr.ir J.H. de Groot, and
Prof.dr.ir. A.C. Schouten — and PhD staff member M.L. van de Ruit for their invaluable insights
and encouragement. Their support has been essential in helping me navigate this research and
in fostering an open dialogue around mental health in the academic community.

This work is particularly relevant because it aims to make spasticity more quantifiable. By
identifying the neural and non-neural contributors to stiffness caused by spasticity, we can pave
the way for more tailored and effective treatments, which could lead to better mobility for people
living with this condition. Currently, there is a gap in knowledge regarding a computer modcl
designed in collaboration between the TU Delft and Leiden University Medical Center. Some
parameters in this model act erratically, and with the large number of parameters involved, it
becomes difficult to fully understand the model’s behavior. This study investigates whether the
model can effectively capture changes in mass, stiffness, and alignment, similar to the results
observed in real-life experiments.

I encountered several challenges while conducting this research, particularly with the robotic
manipulator, of which two had a significant impact on the outcome. For the inertia measure-
ment test involving a multi-sine perturbation, I had to limit the amplitude to just 10% of a
participant’s range of motion to avoid drifting. Although the underlying model of the manipu-
lator recognized the offset, it failed to correct it. Moreover, the robot broke down after testing
only two participants, preventing me from testing more subjects. I had originally planned to
also test a newly designed foothold, but this was not possible as the robot broke down before
the foothold was fully realized. Despite these setbacks, I persevered, driven by the importance
of this work and the hope that my contributions will facilitate the future development of the
computer model.

Finally, T would like to dedicate this work to my family, whose unwavering support has
been instrumental throughout this journey. Their encouragement and belief in me have been a
constant source of strength.
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Abstract. The influence of intrinsic properties (mass, stiffness, and alignment) on ankle joint
dynamics, along with the sensitivity of a parametric optimization model to changes in these
properties, was investigated. Experiments were performed on two young adults using a robotic
manipulator to apply controlled perturbations comprising multiple ramp-and-holds while record-
ing position, torque, and clectromyography (EMG) data. Position, torque, and EMG data were
subsequently used as input for the computational model, producing a modeled torque. The
model, designed to parametrize neural and non-neural contributors to joint stiffness associated
with spasticity, employs a 23-parameter Hill-type neuromuscular framework to estimate muscle
properties by minimizing the difference between modeled and measured torque. Experimental
results revealed that mass and stiffness significantly influenced the required torque, particularly
during the hold phases, while alignment had minimal effects. Model sensitivity analysis showed
similar trends, with stiffness having the greatest impact on torque, followed by mass. Changes
in alignment were minimal, highlighting its redundancy. Discrepancies were observed between
model predictions and experimental data in capturing the effects of mass and stiffness changes.
The model predicted equivalent mass effects regardless of angle, whereas experimental data ex-
hibited angle dependency. Furthermore, modifying stiffness did not affect the dynamic phases
of the modeled torque but did influence the dynamic phases of the measured torque. These
findings highlight the complex interplay between biomechanical factors and torque generation.
Future work should refine the model to capture physical nuances better, improve experimental
setups to control joint angles and optimize model parameters in a staged approach. Such efforts
will advance the development of the model and deepen the understanding of spasticity, paving
the way for more accurate and personalized treatment strategies.

KEY WORDS: Spasticity; neural; non-neural; sensitivity analysis; Parametric; Optimization;
Model

1 Introduction perience a diminished quality of life, reduced
overall well-being, and fewer opportunities for

The ability of humans to move around has education and employment [2].

significantly improved with technological ad-
vancements. However, this progress has not al-
ways benefited individuals suffering from spas-
ticity. While the healthy population seam-
lessly adapts to increased mobility in areas such
as transportation and urban environments, in-
dividuals with spasticity face significant chal-
lenges in adapting. This limited adaptabil-
ity negatively affects various aspects of their
daily functioning, including physical tasks, so-
cial participation, and independence [1]. Con-
sequently, individuals with spasticity often ex-

The disparity between the healthy and af-
fected populations frequently leads to stigma-
tization and accessibility challenges, as societal
infrastructure is often not designed to meet
their needs [3—6]. Moreover, access to high-
quality healthcare is essential for treating indi-
viduals with spasticity. This includes person-
alized treatment plans tailored to their specific
neurological and functional impairments [7-9].
In other words, the impact of spasticity extends
beyond medical implications, affecting nearly
every aspect of the life of a person.
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Spasticity is a motor disorder arising from
neurological conditions that affect the upper
Lance provides the
most widely recognized definition, describing
spasticity as “a motor disorder characterized by
a velocity-dependent increase in tonic stretch
reflexes with exaggerated tendon jerks, result-
ing from hyper-excitability of the stretch re-
flex” [10]. The definition of Lance aligns
with observations of velocity-dependent resis-
tance to movement and changes in short- and
medium-latency responses in electromyography
(EMG) signals [11-23]. However, many stud-
ies have not reported acceleration profiles or
have shown concurrent increases in both accel-
eration and velocity. This leaves the ambiguity
of whether spasticity is primarily dependent on
velocity or acceleration.

motor neurons or brain.

FEarly research in 1983 suggested a poten-
tial link between acceleration and the stretch
reflex [24]. Recent studies have revisited the
idea of an acceleration dependency, challeng-
ing the definition of Lance [25-29]. However,
conflicting findings persist, leaving uncertainty
as to whether spasticity is primarily velocity-,
acceleration-, or even force-dependent [14, 28,
30].

Progress has been made in understanding
the mechanisms underlying spasticity since its
characteristic stiffness was first described in pa-
tients with spinal cord injuries [31]. Individuals
with spasticity experience hypertonia, caused
by a combination of hyperreflexia and increased
tissue stiffness, resulting in a reduced range of
motion (RoM) [11, 12, 32-37]. Hyperreflexia
occurs due to the hyper-excitability of the mus-
cle’s excitatory systems, creating an imbalance
between inhibitory and excitatory mechanisms
[38]. Advances in this field have clarified the
roles of neural and biomechanical factors, but
quantifying them is still a researched topic.

Various scales have been developed to quan-
tify and categorize the intensity of spasticity.
The Modified Ashworth Scale (MAS) catego-
rizes muscle tone across the passive range of
motion of a joint. Despite its widespread use,
the MAS provides only qualitative information
and lacks objectivity and sensitivity. Further-
more, the MAS cannot differentiate between
neural and non-neural components of spasticity
and fails to account for its potential velocity-

dependence [36, 39-41]. The Tardieu Scale of-
fers a more objective alternative by considering
the velocity-dependency. However, its validity
and reliability are still questioned, highlighting
the need for further improvements in spasticity
assessment tools [42—45].

Manual assessments like the MAS and
Tardieu Scale are prone to variability and re-
duce reliability, due to subjective interpreta-
tion and inconsistent application. In contrast,
motorized assessments provide objective mea-
surements by enabling precise control of the
end-effector, minimizing undesired movements
during testing. Additionally, motorized sys-
tems can quantify the neural and non-neural
components of spasticity by incorporating com-
puter models [11, 46-51].

Distinguishing whether spastic complica-
tions arise from neural or non-neural compo-
nents is crucial for selecting the appropriate
treatment, as interventions target either neu-
ral or non-neural mechanisms [52, 53]. Ob-
jectively quantifying the neural or non-neural
impairments provides essential information to
personalize treatment, improving the overall ef-
fectiveness and outcome [54].

Approaches to objectively quantify the neu-
ral and non-neural components of spastic-
ity rely on measurements of biomechanical
and neurophysiological properties [11, 46-51,
55]. These studies typically involve passively
stretching a joint through its RoM using a
motorized manipulator, while recording torque
and EMG. By applying parametric neuromus-
cular optimization models to the measured
data, the neural and non-neural components
were estimated [56].

One such parametric optimization model
is being developed collaboratively by TU Delft
and Leiden University Medical Center (LUMC)
[11, 46-51]. While the model captures differ-
ences between participants, certain parameters
related to inertia, such as mass and misalign-
ment, are optimized erratically. The mass and
misalignment often converge to the extreme
bounds of the optimization range, failing to
exhibit stable or meaningful trends. The re-
search presented in this paper investigated the
influence of mass and alignment, along with
one of the principal determinants, stiffness. A
sensitivity analysis was conducted both exper-
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imentally and within the computational model
to address the research question:

How effectively does the parametric opli-
mization model, used to identify neural and
non-neural contributors to joint stiffness,
capture the effects of changes in intrinsic
properties such as mass, misalignment, and
stiffness?

1.1 Approach

The behavior of a computational model de-
signed to quantify spasticity was investigated
and mapped through sensitivity analysis and
experimental validation. Specifically, the com-
puter model created by the collaboration be-
tween the TU Delft and the LUMC [11, 46—
51]. Experimentally, joint dynamics of the an-
kle were examined using a robotic manipulator
that applied one-degree-of-freedom ramp-and-
hold perturbations in the sagittal plane.

The scnsitivity analysis focused on three
key characteristics: mass, stiffness, and align-
ment. Experimentally, a participant was posi-
tioned in the robotic manipulator in a stan-
dardized configuration. The protocol began
with a baseline trial to establish reference data.
Subsequently, six test conditions were intro-
duced, two with additional mass, two with
added stiffness, and two with altered align-
ment. The mass was modified by attaching
a weight to the foothold of the manipulator.
The stiffness was adjusted by securing a spring
to the heel end of the foothold. The alignment
was altered by repositioning the footplate. The
baseline condition served as the reference for
analyzing parameter sensitivity in the compu-
tational model.

Comparison between experimental results
and the modeled behaviors provided insights
into the influence and sensitivity of each prop-
erty. The variance accounted for (VAF) be-
tween the experimental trials and the VAF be-
tween modeled torques were compared to eval-
uate the validity of the model under differ-
ent property adjustments. The findings pre-
sented in this paper enhance the understanding
of the interactions between optimization mod-
els and physical systems, particularly regarding
how specific properties influence the stability

of neural and non-neural parameter quantifica-
tion. By improving the understanding of these
interactions, the study contributes to the devel-
opment of a more reliable computational tool
for assessing spasticity.

2 Method

2.1 Participants

Two young adults participated in the study
presented in this paper. A 25-year-old female
participant (P1), measuring 159 c¢m in height
and weighing 65 kg, and a 29-year-old male par-
ticipant (P2), measuring 180 cm in height and
weighing 76 kg. Both participants gave written
consent. Furthermore, the study was approved
by the Human Research Ethics Committee of
the TU Delft under application number 4216.

2.2 Instrumentation

Perturbations were applied using the Achilles
system (MOOG FCS, Nieuw-Vennep, The
Netherlands), which served as the robotic ma-
nipulator. EMG signals were recorded us-
ing the TMSi Porti7-8b8at system (TMSi BV,
Oldenzaal, The Netherlands) with bipolar con-
figuration. EMG data was collected from the
gastrocnemius medialis (GM), gastrocnemius
lateralis (GL), soleus (SOL), and tibialis an-
terior (TA) muscles. The bipolar electrodes
were placed according to SENTAM standards
57, 58].

Torque, position, and EMG signal data
were sampled at 2048 Hz. Postprocessing of
the EMG signals involved three steps. First,
the signals were bandpass filtered using a 3rd
order Butterworth filter at 20 - 400 Hz. Second,
the filtered signals were rectified. Third, the
signals were lowpass filtered using a 3rd order
Butterworth filter at 20 Hz. Finally, all data
was down-sampled by a factor of 32 before be-
ing used for the parametric optimization model
12, 59].

2.3 Experimental Setup

Participants were seated in a car seat that
could slide in the posterior-anterior direction,
allowing the knee to be angled at 45 degrees,
0 degrees being full extension (see Figure 1).
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The dominant foot of each participant was se-
cured to the foothold using three Velcro straps.
The rotational axis of the ankle was manually
aligned with the rotational axis of the motor by
adjusting the foothold. A computer screen was
positioned in front of the participant to provide
instructions, specifically asking them to relax
their dominant ankle.

Computer
Screen

i
&
‘/ / - '/l' J
/ Seat .~ EMG y
/£ sliders - Electrode /Motor  /Foothold
Figure 1: FExperimental setup: Seal is ad-

justable in anterior-posterior direction. The
motor of the Achilles robot applies 1 degree
of freedom perturbations to the ankle: Plan-
tarflexion (red) and dorsiflexion (green). The
footplate can be adjusted in the toe-to-heel di-
rection. A force sensor is attached between
the foothold and the motor shaft. A computer
screen was positioned in front of the partici-
pant.

2.4 Protocol

The protocol was designed to investigate the
passive dynamic properties of the ankle joint.
Perturbations were implemented to explore the
mechanical behavior of the ankle, including its
RoM, and to separately assess the effects of in-
dividual external factors such as adding a mass
or stiffness and changing alignment. The pas-
sive RoM of the ankle was determined using
a torque protocol adopted from Sloot et al.
2015 [47]. Incremental torque was applied un-
til a threshold of 10 Nm plantarflexion or 15
Nm dorsiflexion was reached. For normaliza-
tion purposes, 90% of the measured RoM was
used as the maximum range for the trials.
Using position perturbations, each trial
consisted of a preconditioning and an experi-

Example of a Perturbation Signal

—Preconditioning phase
0.6 —Experimental phase |

Position [rad]

0 20 40 60 80
Time [sec]

Figure 2: Example of a position perturbation
profile, with an anti-thizotropic sinusoidal pre-
conditioning phase (blue), and an erperimen-
tal phase (orange). The experimental phase in-
cludes ramp-and-holds (RaH) to set, perturb,
and reset the position. The RaHs that perturb
consist of five velocities in randomized order
and are in plantarflexed (red) and dorsiflered
(green) directions. 0 rad represents the mid-
point of the range of motion of the participant.
mental phase (see Figure 2). The sinusoidal
preconditioning was included to enhance trial
consistency by mitigating the thixotropic phe-
nomenon in the muscles [60]. During precon-
ditioning, the foot was first positioned at the
midpoint of the RoM using a RaH, followed by
a sinusoidal perturbation spanning 80% of the
RoM for fiftcen scconds at a frequency of 0.3
Hz.

The experimental phase consisted of RaHs
at five velocities (20, 35, 50, 65, and 80 deg/s)
in a randomized order. Each RaH had an am-
plitude of 90% of the RoM. The hold period,
which also served as the rest period, lasted 2
seconds plus an additional random duration
uniformly distributed between 0 and 0.5 sec-
onds. This random duration was included to
prevent participant anticipation effects.

The experimental phasc from cach trial had
to be post-processed to compare the sections
where the triceps surae were stretched. The
data was segmented from 0.5 seconds before
the stretch to the end of the hold period. To
account for the added random duration, all sec-
tions were truncated to the shortest stretch du-
ration at each velocity to enable averaging.

All trials were performed under seven con-
ditions while the participant was asked to
fully relax, with EMG measurements recorded
throughout. The seven conditions were as fol-
lows:
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e Baseline condition (B).

Condition ’Added Mass 17 (M1).

"Added Mass 2’ (M2).

’Added Stiffness 1’ (K1).

’Added Stiffness 2’ (K2).
(A1)

"Changed Alignment 2’ (A2)

Coundition

Condition

(
e Condition (

e Condition ’Changed Alignment 1’

Condition

The baseline condition was performed without
additional mass or stiffness and with an opti-
mal alignment. Each condition was performed
three times, except for condition A2, which was
performed only twice due to a machine error.
Variability between trials was measured using
the variance accounted for (VAF) (see Formula

1).

VAF,eps = (1 - Z<T_T7)2> «100% (1)

> (T3)?

where T represents the torque of a trial.

An additional trial was performed under
the baseline and alignment conditions to cal-
culate the incrtia, and thus the mass, of the
foot and footplate combination. A multi-sine
perturbation with an amplitude of 10% of the
RoM, containing the frequencies 0.2, 0.5, 0.8,
8, 9, and 10 Hz, was applied for 360 seconds.
The resulting data was analyzed using a fast
Fourier transform, to generate an admittance
plot and to calculate the eigenfrequency under
the baseline and alignment conditions.

2.4.1 Mass Conditions

Two conditions involved adding a mass to the
setup to measure the influence of the mass.
In the conditions Added Mass 1’ (M1) and
'Added Mass 2’ (M2), a steel plate with di-
mensions of 190 x 139 mm and thicknesses of
1 mm and 2 mm, respectively, was attached to
the bottom of the foothold (see Figure 3).Mass
1 and mass 2 weighed 0.162 kg and 0.410 kg,
respectively. The masses were attached 20 mm
from the footplate using 200 x 4.6 mm plastic
cable ties.

|

Figure 3: Spring and mass condition setup.
For the spring conditions, an apparatus was
placed under the seat. A metal wire (green)
attaches a spring (blue) to the footplate. Two
pulleys redirect the force direction of the spring
to align with the calf muscles. For the mass
conditions, a mass (red) is attached to the bot-
tom of the footplate such that its moment arm
is perpendicular to the footplate.

2.4.2 Spring Conditions

Two conditions with added stiffness were tested
using springs to measure the influence of stiff-
ness. In the conditions ’Added Spring 1’ (K1)
and 'Added Spring 2’ (K2), a spring with stiff-
ness coefficients of 144.3 N/m and 129.1 N/m,
respectively, was attached to the heel side of the
footplate (see Figure 3). The springs were se-
cured to the footplate using a 2 mm thick metal
Additionally, two pulleys were used to
align the force direction of the springs with the
triceps surae muscles. The springs were placed
under tension with the footplate positioned at
the minimum of the RoM. The data for par-
ticipant P2 for condition K1 was compromised
due to a setup error and had to be discarded.

wire.

2.4.3 Alignment Conditions

Apart from the optimal alignment, two other
alignments were tested to examine the influ-
ence of suboptimal ankle alignment. Optimal
alignment of the rotational axcs of the ankle
and motor was achieved by minimizing knee
movement. However, some translation of the
knee was inevitable due to the complex nature
of the ankle joint. The footplate offered three
distinct alignment options, spaced 5 mm apart,
allowing for a total modification of 10 mm in
the heel-to-toe direction. The alignment op-
tion with the least knee movement was selected
for all but the alignment condition trial. For
participant P2, condition ’Alignment 1’ (A1)
was misaligned by 5 mm, and condition ’Align-
ment 2’ (A2) was misaligned by 10 mm from
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the baseline condition. The alignment condi-
tions were not tested on participant P1 due to
unforeseen testing delays.

2.5 Parametric Optimization Model
2.5.1 Neuromuscular Model

The model used in this study was initially de-
veloped by Vlugt et al. [12]. Subsequently,
multiple parties contributed to improving the
model by modifying the calculations surround-
ing the foot and footplate combination and
adding parameters such as misalignment, tonic-
ity, and torque bias [11, 46-51]. The model con-
sists of Hill-type muscle models and uses EMG
data of the GM, SOL, GL, and TA muscles,
along with position data from the ankle, as in-
put. The model outputs a total torque and 23
optimized parameters (see Table 1).

The total torque is composed of passive
elastic, active muscle, gravitational, inertial,
and misalignment torques (see Formulas 2-6).
The misalignment torque accounts for an addi-
tional torque caused by imperfect alignment of
the ankle joint. The torques were calculated as
follows:

Tetastic = exp(k* (x —20)) x7 (2)
Tyctive = clxcoxAxr (3)
Toravity = m* g* Pcomppa + Thias (4)
Tinertia = I*th (5)
Trisatign = Fleg * dmisatign * cos(thyy) (6)

where Tejqsticy Tactive, Tgra'uitya Tinertias and

Tnisalign are the elastic, active muscle, gravi-
tational, inertial, and misalignment torque, re-
spectively. With k, the stiffness coefficient, x
the current muscle length, and 20 the slack
length of either the TA or the TS muscles.
Additionally, cl represents the force-length re-
lationship, cv the force-velocity relationship,
and H,. the second-order activation dynam-
ics. Other parameters include m for the mass
of the foot and footplate, g for the gravitational
constant, Pcompp for the center of mass of
the foot in the global coordinate system (CS),
and Tp;qs for the torque bias. Furthermore, 1
represents the inertia of the foot and footplate,
and th is the rotational acceleration. The mis-
alignment torque, Tin;satign, 18 calculated using

Fjeq the force exerted by the leg on the foot-
plate, dyisatign the misalignment distance, and
thy, the angle of the footplate.

The second-order activation dynamics, rep-
resented by Hge is as follows:

wh
s% + 2Bwps + wi

Hact(s) = (7)
where wq is the natural frequency, and 3 is the
relative damping coefficient. This model char-
acterizes the dynamic response of the activa-
tion signal to the ncural cxcitation.

2.5.2 Optimization

Using the neuromuscular model, an optimiza-
tion was conducted with the non-linear least
squares method employing the trust-region-
reflective algorithm. The objective of the op-
timization was to minimize the difference be-
tween the measured (71") and the total modeled
torque (T') (see Figure 4).

Optimisation Torques

E 0L
Z
—_ -5
% 10l ===Estimated
=" ——Measured
T o , . = ,
p
Qo 51 1
@ —Ts
m ‘ ‘ ‘ TA
= , , ,
o % 0 ~ v
39 -5 ]
S —TS||
5] . . . . . :
<
0 10 20 30 40 50 60
Time [sec]

Figure 4: Optimized torques. Top panel: esti-
mated (orange dashed) and measured (blue) to-
tal torque. The difference between the estimated
and measured total torque makes up the objec-
tive function of the optimization. Middle panel:
elastic torque of the triceps surae (TS) (orange)
and tibialis anterior (TA) (blue dashed). Bot-
tom panel: muscle active torque of the TS (or-

ange) and TA (blue dashed).

Only the experimental phase of each trial
was used for the optimization to exclude the
shift in the thixotropic effects of the muscles.
Lower and upper bounds constrained all pa-
rameters, ensuring realistic values, and no pa-
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Table 1: Parameters being optimized with their descriptions, units, starting values, and lower
and upper bound values.

. . .. Starting Lower Upper
Parameter Description Unit value bound bound
m mass foot+footplate kg 3 2 5
kiri Stiffness coefficient TS m~! 300 100 400
kb Stiffness coefficient TA m-! 170 40 800
20¢r; Slacklength TS m 0.035 0.001 0.08
2041 Slacklength TA m 0.05 0.02 0.13
Trel Relaxation time constant S 2 0.01 10
Krel Relaxation factor - 0.1 0.015 3
gl EMG weight factor TA N/V 1 0 5000
g2 EMG wecight factor GL N/V 1 0 5000
g3 EMG weight factor SOL N/V 1 0 5000
g4 EMG weight factor GM N/V 1 0 5000
LOy,; Optimal muscle length TS m 0.05 0.02 0.2
L0y, Optimal muscle length TA m 0.09 0.07 0.13
Cut-off frequency
0 activation filter Hz 1 2 20
Relatie damping coefficient
p activation filter ) L 0-5 8
Tonisalign Misalignment ankle joint m 0 -0.005 0.005
x pos CoM FP in local c.s.
FPeoma, origin in Achilles joint o 0 -0.01 0.1
pos CoM FP in local c.s.
FPeomay Zrigin in Achilles joint o 0 008 -0.05
Thias Bias torque Nm 0 -1.6 1.5
Tonicyy, Noise of TA \Y 0.5 0 1
Toniceri Noise of GL A% 0.5 0 1
Tonicy Noise of SOL A\ 0.5 0 1
Tonicyis Noise of GM A% 0.5 0 1

rameters were fixed during the optimization
(see Table 1).

The optimization process was set to a maxi-
mum of 100 iterations and allowed up to 15,000
function evaluations. It employed a step toler-
ance of 1 x 107 and a function tolerance of
1 x 10722, To reduce the likelihood of converg-
ing to a local minimum, the optimization was
initialized from ten different random starting
conditions, with the randomness uniformly dis-
tributed between the lower and upper bounds.

The validity of the optimization was as-
sessed using two metrics, the VAF and the root
mean square error (RMSE) (see Formulas 8,
9). The VAF quantifies how much of the vari-
ance in the measured torque is explained by the
modeled torque, with 100% indicating a perfect
fit. Likewise, the RMSE reports the deviation

between measured and modeled torque, where
an error of O signifies a perfect fit.

VAFmodel = <1 — Z:(g(_;?) * 100% (8)

(T 1)

RMSE = (9)
where T represents the measured torque, 1" rep-
resents the modeled torque, and n is the total
number of measured samples.

2.5.3 Model Sensitivity Analysis

Using the baseline conditions of the partici-
pants, a model sensitivity analysis was per-
formed by varying one parameter at a time
and rerunning the model. The influence of



Sensitivity Analysis of a Parametric Optimization Model 8

each parameter was evaluated by comparing
the resulting torques. The significance of the
effect of each parameter was assessed qualita-
tively by examining the magnitude of change in
the torque profiles. To account for differences
in the sensitivity of the model to each param-
eter, the parameters were varied by different
magnitudes. The mass was adjusted by +50%,
the stiffness by +2%, and the misalignment by
+100%.

3 Results

3.1 Experimental data

Position and torque data were recorded
throughout the trials, with the RoM values
measured at the outset. Participants P1 and
P2 had a RoM of 1.119 and 0.916 rad, respec-
tively. Notably, participant P2 reported hav-
ing tight Achilles tendons. The RoM values
resulted in RaH amplitudes of 1.007 and 0.824
rad for participants P1 and P2, respectively.

Position and Torque, Added Mass 2, P1

Position [rad]

=20 deg/s

Torque [Nm]

S

-12 L L L L L L
-05 0 051 15 2 25 3 35 4 45 5 55 6
Time [sec]

Figure 5: Means of ramp-and-holds (RaH) of
trial "Mass 2’ of participant P1 for five different
velocities: 20 deg/s (blue), 35 deg/s (orange),
50 deg/s (yellow), 65 deg/s (purple), and 80
deg/s (green). RaHs are from a plantarflezed
to a dorsiflexed position. Top panel: Means
of position profiles per velocity. Bottom panel:
Means of torque profiles per velocity.

The recorded position and torque data re-
vealed distinct mean position and torque pro-
files across the five velocities tested (see Figure
5). A relatively consistent maximum torque of

approximately 11 Nm was achieved to attain
the desired velocity and stretch amplitude.
Excluding the trials for condition A2, mean
torque values were calculated from three re-
peated measurements for each condition. The
three repeated measurements revealed varia-
tions in the absolute maximum torques and the
timing of the peak values (see Figure 6).

Torque, Base, 35 deg/s, P2

Repetition 1
Repetition 2||
—Repetition 34

Torque [Nm]

-
~
T

Mo o & AN o N
e

15 2 25 3 35 4 45
Time [sec]
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Figure 6: Ramp-and-holds (RaHs) of base con-
dition at 35 deg/s of participant P2. RaHs are
from a plantarfiexed to a dorsiflexed position.
Fach repetition is shown separately.

The V AF, ., metric was used to assess vari-
ability between trials. Across conditions, the
trials demonstrated excellent consistency, with
V AF,, values exceeding 99% (see Table 2).
Even the outlier condition M1 for participant
P1 maintained a VAF value of 92.09%.

Table 2: Variance accounted for and root mean
square error values between trials to indicate
the repeatability of trials for all conditions:
Base (B), added mass 1 (M1), added mass 2
(M2), added spring 1 (K1), added spring 2
(K2), alignment 1 (A1), and alignment 2 (A2).

. VAF [%]
Condition P1 P2
Base 99.83 99.86
Mass 1 92.09 99.77
Mass 2 99.97 99.38
Spring 1 99.95 -
Spring 2 99.92 99.93
Align 1 - 99.76
Align 2 - 99.86

The means for each condition were grouped
into graphs based on velocity to facilitate com-
parison of effects (see Figure 7). For conditions
M1, M2, and the baseline, no clear distinctions
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were observed before the stretch. However, as
the ankle rotated toward a dorsiflexed position,
differences became apparent and progressively
larger. During the hold phase, a distinct in-
crease in torque was observed with the addition
of mass, with the heavier mass (M2) resulting
in a greater increase. For participant P1, the
difference between the baseline and M1 condi-
tions diminished with faster stretch velocities
(see Appendix B). Conversely, for participant
P2, the differences between conditions were sig-
nificantly smaller and, in some cases, negligible
(see Appendix C).

Adding a spring to the setup affected the
torque before, during, and after the stretch.
Before the stretch, an offset was observed when
comparing the baseline condition to the spring
conditions for participant P1. As the ankle
moved toward a dorsiflexed position, the dif-
ference in torque increased and became most
pronounced during the hold phase.

Adjusting the alignment showed minimal
effects overall. For all stretches except those
at 80 deg/s, condition A1l exhibited the largest
negative torque at the end of the stretch, while
condition A2 exhibited the smallest negative
torque (see Appendix C). Notably, the torque
in condition A2 also started at a lower value.

3.2 Model Sensitivity Analysis

The results of the model sensitivity analysis
revealed varying influences of the mass, stiff-
ness, and alignment parameters on the mod-
eled torque (see Figure 8). Changes in mass af-
fected the torque in the stationary phases of the
RaHs. A decrease in mass shifted the torque to-
wards more positive values, thereby decreasing
the absolute maximum torque. Conversely, an
increase in mass shifted the torque toward more
negative values, resulting in a higher absolute
maximum torque.

The model exhibited the greatest sensitiv-
ity to changes in T'S stiffness. Although the TS
stiffness was adjusted with the smallest per-
centage, it produced the largest absolute dif-
ference in torque. These changes were confined
to the hold phases, during which the TS was
stretched.

Adjustments to the alignment parameter
had minimal impact on the modeled torque,
even with the largest percentage changes. Re-

ducing the misalignment decreased torque dur-
ing the hold phases when either the TS or TA
was stretched. Conversely, increasing the mis-
alignment resulted in a torque increase in all
stationary phases.

3.3 VAF & RMSE

The VAF and RMSE metrics were calculated
to evaluate repeatability between trials and to
analyze the influence of mass, stiffness, and
alignment in the model sensitivity analysis (see
Figure 9). In the model sensitivity analysis,
changes in TS stiffness had the greatest impact
on the model, while changes in misalignment
had the smallest effect. The VAF,., values
were all close to 100%, except for the outlier
condition M1 of participant P1.
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Torque, 35 deg/s, P1 Torque, 20 deg/s, P1 Torque, 35 deg/s, P2
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Figure 7: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflexed position
starts at 0 sec. Left panel: conditions 'Base’ (blue), ’Added Mass 1’ (orange), and "Added Mass
27 (yellow) at 35 deg/s of participant P1. Middle panel: Conditions 'Base’ (blue), ’Added Spring
17 (orange), and ’Added Spring 2’ (yellow) at 20 deg/s of participant P1. Left panel: Conditions
"Base’ (blue), ’Alignment 1’ (orange), and "Alignment 2’ (yellow) at 35 deg/s of participant P2.
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Figure 8: Estimated torque outputs of the sensitivity analysis of the model. Left panel: The
mass parameter is tested at base or 100% (black), 150% (green), and 50% (red). Middle panel:
The triceps surae stiffness parameter is tested at base or 100% (black), 102% (green), and 98%
(red). Left panel: The misalignment parameter is tested at base or 100% (black), 200% (green,),
and 0% (red).
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Figure 9: Variance Accounted For (VAF) and Root Mean Square Error (RMSE) of the model
limited sensitivity analysis (red, black, and green) and across repetitions of each experimental
condition (blue, orange, and yellow). The panels are grouped per six and correspond to partici-
pants P1 (left siz panels) and P2 (right siz panels). Left panels of each group: Mass parameter
and conditions "Added Mass 1° (M1) and °Added Mass 2° (M2). Middle panels of each group:
Stiffness triceps surae (TS) parameter and conditions Added Spring 1’ and ’Added Spring 2’
(K2). Right panels of each group: Misalignment parameter and experimental trials ’Alignment
17 (A1) and ’Alignment Mass 2’ (A2). FExcluding the outlier, condition M1 of participant P1,
the lowest VAF and highest RMSE observed were 99.38%, and 0.6062 respectively.
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3.4 Optimization

Of the 23 optimized parameters, only five are
discussed in detail (see Figure 10). Parameters
related to muscle activation were excluded, as
participants remained fully relaxed during all
trials. Similarly, the misalignment parameter
and associated conditions were omitted due to
their minimal influence. The minimal effect of
the alignment was also reflected in the inertia
tests, where the base alignment and alignment
A1 were compared (see Appendix A). Further-
more, the decrease in V AF;., for the alignment
conditions exceeded the effects of alignment
changes, further justifying their exclusion. The
analysis focuses on parameters associated with
calculating elastic torque and the remaining pa-
rameters related to passive torques. These pa-
rameters were selected based on their relevance
to the study objectives and their observed im-
pact on the modeled torque.

m [kg]
5 © © ©
4.5 x ®
40 x O Participant P1
S'g ° *_Participant P2
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o
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Figure 10: Resulting optimized parameter val-
ues for participants P1 and P2. FEach panel
contains the values for trial ’Base’ (B), ’Added
Mass 17 (M1), °Added Mass 2’ (M2), ’Added
Spring 17 (K1), and ’Added Spring 2’ (K2).
Top left panel: mass values. Middle left panel:
stiffness triceps surae (TS). Middle right panel:
stiffness tibialis anterior (TA). Bottom left
panel: slack length TS. Bottom right panel:
slack length TA.

For participant P1, a clear increase in the
mass parameter is observed when either a mass
or spring is added. Conditions M2 and K2 ap-

proach the upper bound of the mass parameter
range, with condition K1 reaching it. Compar-
ing the spring conditions to the baseline condi-
tion, a proportional increase in the stiffness of
the TS is evident. An increase in T'S stiffness is
also observed for condition M2. However, con-
dition M1 shows an unexpectedly large increase
in TS stiffness, which deviates from the overall
trend. The stiffness of the TA shows unusual
behavior in the baseline condition and condi-
tion M1, with the baseline condition reaching
the upper bound and condition M1 nearing it.

For participant P2, conditions M2 and K2
exhibit increases in the mass parameter, while
condition M1 shows an unexpected decrease.
Compared to the baseline, a general decrease in
TS stiffness is observed across the non-baseline
conditions. In contrast, the stiffness of the
TA remains largely unchanged across all con-
ditions.

The slack lengths of the TS remain consis-
tent across all conditions for both participants.
For the TA, the slack length is consistent for
participant P2. For participant P1, the TA
slack length is similar only between the baseline
condition and condition M1.

4 Discussion

4.1 Experimental Data

All torque profiles displayed the characteristic
exponential shape typically associated with an-
kle torque behavior during passive stretching
(12, 46, 61]. Each curve also exhibited an over-
shoot, indicating a transient torque peak be-
fore stabilizing. The overshoot may reflect the
dynamic response of the ankle joint to the im-
posed perturbation [62—64]. The variability be-
tween repetitions underscores the importance
of averaging repeated trials to ensure robust
data analysis.

4.1.1 Mass Conditions

Comparing the mass and baseline conditions
revealed unexpected torque behavior. Before
a stretch, as the footplate was parallel to the
ground, the difference in torque should be neg-
ligible. In this configuration, the added mass
exerts a force on the footplate in line with the
arm connecting it to the motor. In other words,
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the added mass had no moment arm, pulling
perpendicular to the direction of motion, and
thus should not require additional torque while
stationary. As the ankle was dorsiflexed fur-
ther, the moment arm of the mass increased
proportionally, and the required torque should
increase accordingly. In the dorsiflexed config-
uration, the mass reached its largest moment
arm and should require the greatest torque to
keep the footplate stationary.

For participant P1, who had a lighter foot,
the effects of adding mass were relatively larger,
as expected. The differences in torque be-
tween the baseline condition and condition M2
were consistent. However, while condition M1
showed a proportional incrcase in torque at
lower velocities, the torque became more sim-
ilar to the baseline condition at higher stretch
velocities. Condition M1 was also an outlier
in the V AF,., values, showing greater variance
between trials. The torque data from the first
repetition of condition M1 had an offset to-
wards more positive values, shifting the torque
data closer to the baseline condition during av-
eraging. This inconsistency resulted in greater
variance and, consequently, a lower VAF,,
value.

For participant P2, who had a heavier foot,
the relative differences between the baseline
and mass conditions were smaller, as expected.
However, the absolute differences should have
stayed consistent. At 20 and 80 deg/s, the
torque differences between the baseline condi-
tion and condition M1 were consistent. Larger
differences were expected at 35, 50, and 65
deg/s. For condition M2, the differences were
smaller than anticipated, with the required
torque at 65 deg/s even being smaller than in
the baseline condition (see Appendix B). No-
tably, the torque profile at 65 deg/s was an
outlier, as the torque during the hold phase
differed from the other velocities. Furthermore,
condition M2 had the lowest V AF,., compared
to conditions B and M1, indicating unreliable
data.

The unexpected behavior in condition M2
for participant P2 possibly resulted from mea-
surement variability or experimental inconsis-
tencies. One possible explanation is that the
participant shifted positions during the attach-
ment of the second mass. If the participant

sat further back, they could have exerted less
force with their leg on the footplate. Addition-
ally, the participant may not have been fully
relaxed during one trial at 65 deg/s, inadver-
tently moving with the robotic manipulator.
The heavier foot of the participant may have
introduced greater inertia, reducing the sensi-
tivity of the torque readings to the added mass,
particularly at higher velocities.

Finally, the discrepancies observed in both
participants suggest a potential non-linear re-
lationship between velocity and torque require-
ments when mass is added. This finding may
reflect how biomechanical factors, such as mus-
cle activation or joint stiffness, adapt differ-
ently to added mass at varying speeds [65].

4.1.2 Spring Conditions

The spring conditions demonstrated the most
consistent and predictable torque behavior
among the tested conditions. The stiffness of
the ankle resulted in a non-linear, exponential
torque shape. The springs are expected to pro-
duce a linear increase in torque across the RoM.
Because the springs were placed under tension
with the footplate positioned at the minimum
of the RoM, a shift in torque was visible just
before the stretch began. The torque difference
increased as the ankle was manipulated toward
a dorsiflexed position.

For participant P1, the behavior aligned
with expectations. A degree of torque shift was
observed before the stretch began, caused by
the weight of the spring and the tension ex-
crted on the footplate. Comparing the spring
conditions, the stiffer spring, added spring 1,
showed a greater increase in torque as the an-
kle was stretched.

Notably, for all velocitics except 20 deg/s,
during the dynamic phase of the stretch, a nar-
rowing of the torque profiles was observed be-
tween the baseline and spring conditions. This
narrowing may be due to a change in joint an-
gles resulting from a positional shift by the par-
ticipant between the baseline and spring con-
ditions. The change in joint angles resulted
in a change in the slack length of the muscles,
which affected the exponential torque curve of
the ankle [46, 47, 66—68]. Although the spring
contraption was in place before the baseline tri-
als to minimize interference between trials, it is
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possible that the participant repositioned while
the metal wire was being attached to the foot-
plate, as this step occurred between the base-
line and spring trials. Importantly, no such dif-
ference was observed between the spring trials,
as the springs were replaced without requiring
proximity to the participant.

For participant P2, similar behavior to par-
ticipant P1 was observed. The torque differ-
ence between the baseline and spring condi-
tions was smaller before the start of the stretch
compared to participant P1, likely due to lower
initial spring tension. The same narrowing of
the torque profiles was visible. Since the pro-
tocol was identical for both participants, the
likely explanation is a change in joint angles,
and thus slack lengths, caused by a positional
shift to accommodate the metal wire.

The findings for both participants suggest
that while the spring conditions exhibit consis-
tent behavior overall, procedural factors, such
as the attachment of the metal wire, can intro-
duce variability in the torque profiles. The nar-
rowing of the torque profiles during the stretch
phase is likely due to participant-specific fac-
tors, such as changes in joint angles. Addi-
tionally, the lack of change in torque profiles
between spring trials supports the robustness
of the spring contraption. For participant P2,
the reduced torque difference before the start
of the stretch underscores the importance of
precise and consistent spring tensioning during
setup to ensure comparable conditions.

Overall, the results demonstrate that the
spring conditions produce consistent torque
profiles. However, small procedural inconsis-
tencies, such as variations in initial tension
and participant joint angles, can influence the
torque profiles. These findings highlight the
need for meticulous control of setup conditions
to minimizc variability and improve the rclia-
bility of the experimental outcomes.

4.2 Model

Discrepancies arise when comparing the
torques of the experimental conditions with the
model sensitivity analysis. Firstly, the focus
is on the mass. In the model sensitivity anal-
ysis, altering the mass parameter consistently
affected the stationary phases, regardless of the
position of the ankle. However, in the experi-

mental data, the increased mass did not affect
torque when the foot was in the plantarflexed
position, parallel to the ground. The effect of
the mass on the torque grew as the horizontal
moment arm of the mass to the rotational axis
of the motor increased. This observation in-
dicates that the model does not fully account
for the physical characteristics of the Achilles
robot.

For the stiffness, the torques of the ex-
perimental data and model sensitivity analy-
sis showed similarities. In both cases, during
the hold phase of the TS stretch, torque in-
creased to keep the foothold stationary. How-
ever, during the stationary phase where the TA
is stretched, the model showed no effect from
a changed stiffness. In contrast, the experi-
mental data revealed a difference, as the spring
exerted force in this phase. Additionally, in
the dynamic phase of the perturbation, chang-
ing the TS stiffness parameter did not affect
the torque, whereas adding a spring in the ex-
perimental setup did. Although the TS was
not in a stretched position from plantarflex-
ion to the neutral position, it was still being
lengthened. A difference might have been ob-
served if the participant had contracted their
TS. From the neutral to dorsiflexed position,
the TS was stretched, and with increased stiff-
ness, a change in torque was expected. Ten-
sioning the spring in a neutral ankle position
could potentially align the experimental data
more closely with the model sensitivity analy-
sis graphs.

In summary, the discrepancies observed in
the effect of mass on the torque profiles be-
tween the experimental data and the model
sensitivity analysis highlight the limitations of
the current model in capturing the physical nu-
ances of the Achilles. Additionally, the effects
of the added stiffness on the torque profiles
between the experimental data and the model
sensitivity analysis highlight the limitations of
the physical nuances of the experimental setup.

4.2.1 VAF & RMSE

The analysis of the VAF,0qe; and RMSE val-
ues reinforces that each parameter exerts a dif-
ferent magnitude of influence, consistent with
the experimental data. Among the parameters,
the stiffness of the TS had the greatest impact,
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followed by the mass parameter. Comparison
of the change in V AF,., with the change in
V AL,,0del, shows the significance of the mass
and stiffness parameters. Changes in both pa-
rameters result in greater variance than the
variance caused by trial repetitions. Specifi-
cally, the TS stiffness emerges as the most sen-
sitive parameter for accurately modeling the
behavior of the system.

4.3 Optimization

The five parameters presented in 10 were opti-
mized using the parametric optimization model
and assessed to determine whether the model
captures changes caused by adding a mass or
spring to the experimental setup. The condi-
tions M1, M2, K1, and K2 wecre compared to
the baseline condition to identify trends in how
the optimized parameters responded to these
changes.

For Participant 1, the TS stiffness consis-
tently increased across all conditions, under-
scoring its dominant role in managing increased
torque demands. Conversely, TA stiffness de-
creased significantly, particularly in condition
M2. The slack lengths varied, with increased
TS and decreased TA slack lengths compared
to the bascline condition.

Adding a mass during the experiments in-
creased the torque during the hold phases while
the TS was stretched. The optimization ac-
counted for this by increasing both the mass
and TS stiffness parameters, indicating that
the optimization captured the added mass.
The likely reason for increasing the TS stiffness
parameter is its strong influence on torque dur-
ing the stationary phases of the perturbation.
The unexpectedly large increase in TS stiffness
for condition M1 may rcflect variability also ob-
served in the VAF,,. For condition M2, the
reduction in TA stiffness suggests a diminished
contribution of the TA, potentially as an op-
timization adjustment to reduce the modeled
torque during the hold phase when the TA was
stretched.

Adding a spring introduced a non-uniform
increase in torque across the perturbation. The
model addressed the increased torque during
the hold phases while the TS was stretched
by increasing the TS stiffness parameter, sug-
gesting that the optimization captured the in-

creased stiffness caused by the spring. Con-
versely, the reduction in torque during the hold
phases while the TA was stretched was man-
aged by decreasing TA stiffness. This adjust-
ment was more pronounced for the stiffer spring
condition K1. Slack lengths were likely ad-
justed to account for torque alterations during
the dynamic phases of the perturbation.

For Participant P2, adjustments in the stiff-
ness and slack length parameters were more
subtle and consistent compared to Participant
1. Participant P2 exhibited a reduced role
of the TS and an increased role of the TA
across conditions, with minimal changes in
slack lengths. The added mass did not have
the same effect on the parameters of partici-
pant P2 as it did on Participant P1. The in-
consistent effects the mass had on the torque
profiles of participant P2, hindered the ability
of the computer model to adapt the parameters
effectively. An increase in the mass parameter
is still present for condition M2, while condi-
tion M1 unexpectedly showed a decrease. The
TS stiffness parameter decreased in both mass
conditions, suggesting a reduced contribution
of the TS. Relatively to participant P1, the TA
stiffness parameter remained unchanged, likely
because the torque during the hold phases
while the TA was stretched was inconsistent
for the mass conditions. Slack lengths re-
mained consistent, reflecting the near-identical
dynamic phases of the perturbations.

For condition K2, the torque increased dur-
ing both the dynamic phases and stationary
phases while the TS was stretched. The opti-
mization accommodated this by increasing the
mass parameter compared to the baseline con-
dition. The hold phases during which the TA
was stretched showed minimal torque differ-
ences, explaining the consistency in the TA
stiffness parameter. However, contrary to ex-
pectations, TS stiffness did not increase. Slack
lengths for both T'S and TA increased slightly,
likely reflecting adjustments for torque differ-
ences during the dynamic phases.

4.3.1 VAF & RMSE

Examining the VAF,,,q¢ and RMSE values
revealed that changes in TS stiffness had a
significantly greater influence on the modeled
torque compared to changes in mass. Due to
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this disproportionate influence, the optimiza-
tion likely adjusts TS stiffness as the primary
parameter to align the modeled and experimen-
tal torque. Consequently, the mass parameter,
which has a smaller effect on torque, exhibits
greater variability in parameter estimation, as
the stiffness compensates for differences caused
by mass changes. This behavior may explain
why the mass parameter frequently reaches its
lower or upper bounds.

4.4 Limitations

This study faced scveral limitations that im-
pacted the results and their generalizability.
Firstly, the limited participant pool. Due to
machine error, the number of participants was
restricted to two, significantly reducing the
generalizability of the findings to a broader
population.

Sccondly, alignment adjustments. The ex-
perimental setup required detaching and reat-
taching the foothold to adjust alignment, which
likely altered the position of the participant
and introduced variability. Alignment adjust-
ments were restricted to the toe-to-heel direc-
tion in the sagittal plane, with no capability
for modifying proximal-distal alignment, po-
tentially reducing the precision of the setup.

Thirdly, seat movement constraints. The
seat could only be adjusted backward and for-
ward, with no capability for adjustments in the
frontal plane. This limitation restricted the
ability to modify hip joint angles. Addition-
ally, ankle rotations in the eversion-inversion
direction were constrained.

Fourthly, the process of changing added
masses. Adjusting the masses required man-
ually handling the footplate, which may have
inadvertently altered the joint angles of a par-
ticipant, introducing additional variability into
the experimental conditions.

Fifthly, attaching springs to the foothold.
While springs could be interchanged with-
out disturbing the participants, attaching
the metal wire connecting the spring to the
foothold before initiating the spring conditions
required physical proximity by the researcher.
This proximity may have unintentionally af-
fected the joint angles of a participant.

Sixthly, the information sheet containing
details about the springs was unavailable.

Characteristics of the springs were assessed by
hand, possibly resulting in less accurate mea-
sures of the springs and limited information
about their preload. This limited information
may have affected the torque profiles in unex-
pected ways.

Lastly, abseuce of precise real-time feed-
back on joint angles. The setup lacked mecha-
nisms for precise, real-time monitoring and ad-
justment of joint angles, such as motion cap-
ture. This limitation likely contributed to vari-
ability caused by the processes described in the
fourth and fifth limitations, as visual observa-
tion was the sole method for confirming partic-
ipant positioning.

Addressing these limitations in future stud-
ies, such as by increasing the participant pool,
improving setup processes, and incorporating
real-time joint angle monitoring, could enhance
the reliability and generalizability of the find-
ings.

5 Conclusion

A sensitivity analysis was performed both ex-
perimentally on participants and digitally on a
computer model. The current computer model
does not fully capture the physical nuances of
the experimental setup. Specifically, it does
not incorporate the correct moment arm of
the mass or fully capture the effects of stiff-
ness during the dynamic phases of the pertur-
bations. These limitations should be further
investigated, particularly with a revised setup
for the spring conditions. While the model cor-
rectly represents the alignment parameter, its
effects are less pronounced than the variability
observed between trials. Therefore, optimizing
the alignment parameter is unlikely to improve
the estimate.

Overall, the comparison between the exper-
imental data and the model sensitivity analysis
demonstrated that while the model successfully
captures broad trends in the influences of the
parameters on torque, refinements are required
to better represent the detailed effects of mass
and stiffness changes.
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5.1 Recommendations

The findings emphasize the need for further re-
finement of the computer model. Specifically,
incorporating detailed physical characteristics
of the robotic manipulator, such as its moment
arm, could enhance the predictive capabilities
of the model and ensure closer similarity with
real-world dynamics.

While the model provides a controlled
framework, real-world complexities, such as
variations in the joint configuration of a partici-
pant, can influence the outcomes. Future itera-
tions of the protocol should incorporate strate-
gies to ensure a more consistent alignment of
the joint angles of a participant. These could
include adding physical support structures, us-
ing markers, or integrating equipment for con-
tinuous measurement of joint angles. Further-
more, the preload of the springs requires fur-
ther investigation. While 5% of the RoM of
a participant was used to mitigate the non-
linear effects of the preload, further analysis is
needed to determine whether this fully elimi-
nated those non-linear effects.

Regarding the optimization process, the
large number of parameters suggests optimiz-
ing the 23 parameters in distinct steps. For in-
stance, the mass could be determined through
a test similar to the inertia test, using the
eigenfrequency and impedance of the system
to calculate the mass. Similarly, EMG parame-
ters could be determined independently by per-
forming an MVC test and aligning the EMG
weight factors based on the resulting data. De-
termining and locking these parameters before
running the full optimization would reduce the
interdependence between parameters, simplify-
ing the process and improving the accuracy of
the results.
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Figure 11: Admittance and coherence of the transfer function of the multi-sine used for the
inertia test under conditions baseline (B) (blue), and alignment 1 (A1) (red). Input: Posi-
tion. Output Torque. Top panel: Magnitude of the admittance. Trendlines are based on lower-
frequency and higher-frequency data points. Intersections indicate the estimated eigenfrequency
of the ankle. Bottom panel: Coherence between the position and torque signals at each frequency.
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Figure 12: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflexed position
starts at 0 sec. Left panel: conditions 'Base’ (blue), ’Added Mass 1’ (orange), and ’Added Mass
27 (yellow) at 20 deg/s of participant P1. Middle panel: Conditions 'Base’ (blue), Added Spring
17 (orange), and 'Added Spring 2’ (yellow) at 20 deg/s of participant P1.
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Figure 13: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflexed position
starts at 0 sec. Left panel: conditions ‘Base’ (blue), "Added Mass 1’ (orange), and "Added Mass
27 (yellow) at 85 deg/s of participant P1. Middle panel: Conditions 'Base’ (blue), 'Added Spring
1’ (orange), and ’Added Spring 2’ (yellow) at 35 deg/s of participant P1.
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Figure 14: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflexed position
starts at 0 sec. Left panel: conditions 'Base’ (blue), 'Added Mass 1’ (orange), and 'Added Mass
27 (yellow) at 50 deg/s of participant P1. Middle panel: Conditions 'Base’ (blue), ’Added Spring
1’ (orange), and ’Added Spring 2’ (yellow) at 50 deg/s of participant P1.
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Figure 15: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflexed position
starts at 0 sec. Left panel: conditions 'Base’ (blue), ’Added Mass 1’ (orange), and ’Added Mass
27 (yellow) at 65 deg/s of participant P1. Middle panel: Conditions 'Base’ (blue), *Added Spring
17 (orange), and 'Added Spring 2’ (yellow) at 65 deg/s of participant P1.
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Figure 16: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflexed position
starts at 0 sec. Left panel: conditions 'Base’ (blue), "Added Mass 1’ (orange), and ’Added Mass
27 (yellow) at 80 deg/s of participant P1. Middle panel: Conditions 'Base’ (blue), *Added Spring
1’ (orange), and ’Added Spring 2’ (yellow) at 80 deg/s of participant P1.
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Figure 17: Means of torque profiles. Ramp-and-hold from plantarflezed to dorsiflexed position
starts at 0 sec. Left panel: conditions 'Base’ (blue), 'Added Mass 1’ (orange), and 'Added Mass
27 (yellow) at 20 deg/s of participant P2. Middle panel: Conditions 'Base’ (blue), 'Added Spring
1’ (orange), and "Added Spring 2’ (yellow) at 20 deg/s of participant P2. Left panel: Conditions
'Base’ (blue), Alignment 1’ (orange), and ’Alignment 2’ (yellow) at 20 deg/s of participant P2.
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Figure 18: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflexed position
starts at 0 sec. Left panel: conditions ‘Base’ (blue), ’Added Mass 1’ (orange), and ’Added Mass
27 (yellow) at 35 deg/s of participant P2. Middle panel: Conditions 'Base’ (blue), *Added Spring
17 (orange), and 'Added Spring 2’ (yellow) at 35 deg/s of participant P2. Left panel: Conditions
'Base’ (blue), ’Alignment 1’ (orange), and ’Alignment 2’ (yellow) at 35 deg/s of participant P2.
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Figure 19: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflered position
starts at 0 sec. Left panel: conditions 'Base’ (blue), "Added Mass 1’ (orange), and ’Added Mass
27 (yellow) at 50 deg/s of participant P2. Middle panel: Conditions 'Base’ (blue), 'Added Spring
1’ (orange), and "Added Spring 2’ (yellow) at 50 deg/s of participant P2. Left panel: Conditions
"Base’ (blue), 'Alignment 1’ (orange), and ’Alignment 2’ (yellow) at 50 deg/s of participant P2.
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Figure 20: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflexred position
starts at 0 sec. Left panel: conditions 'Base’ (blue), "Added Mass 1’ (orange), and ’Added Mass
27 (yellow) at 65 deg/s of participant P2. Middle panel: Conditions 'Base’ (blue), 'Added Spring
1’ (orange), and "Added Spring 2’ (yellow) at 65 deg/s of participant P2. Left panel: Conditions
'Base’ (blue), 'Alignment 1’ (orange), and ’Alignment 2’ (yellow) at 65 deg/s of participant P2.
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Figure 21: Means of torque profiles. Ramp-and-hold from plantarflexed to dorsiflexred position
starts at 0 sec. Left panel: conditions 'Base’ (blue), "Added Mass 1’ (orange), and ’Added Mass
2’ (yellow) at 80 deg/s of participant P2. Middle panel: Conditions 'Base’ (blue), 'Added Spring
1’ (orange), and 'Added Spring 2’ (yellow) at 80 deg/s of participant P2. Left panel: Conditions
'Base’ (blue), 'Alignment 1’ (orange), and ’Alignment 2’ (yellow) at 80 deg/s of participant P2.
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D Modeled Sensitivity Analysis
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Figure 22: Estimated torque outputs of the sensitivity analysis of the model with base data of

participant P1. Left panel: The mass parameter is tested at base or 100% (black), 150% (green),

and 50% (red). Middle panel: The triceps surae stiffness parameter is tested at base or 100%

(black), 102% (green), and 98% (red). Left panel: The misalignment parameter is tested at base

or 100% (black), 200% (green), and 0% (red).
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Figure 23: Estimated torque outputs of the limited sensitivity analysis of the model with base
data of participant P2. Left panel: The mass parameter is tested at base or 100% (black), 150%
(green), and 50% (red). Middle panel: The triceps surae stiffness parameter is tested at base or
100% (black), 102% (green), and 98% (red). Left panel: The misalignment parameter is tested
at base or 100% (black), 200% (green), and 0% (red).
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E All Optimized Parameters
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Figure 24: All optimized parameter values for conditions baseline (B), added mass 1 (M1),
added mass 2 (M2), added spring 1 (K1), and added spring 2 (K2) for participants P1 and P2.
Overview of model parameters and abbreviations: m - mass; ktri - stiffness of triceps surae (TS);
ktib - stiffness of tibialis anterior (TA); x0tri - slack length of triceps surae; z0tib - slack length of
TA; Trel - relaxzation time constant; krel - relaxzation factor; g1 - EMG weight factor for TA; g2 -
EMG weight factor for gastrocnemius lateralis (GL); g3 - EMG weight factor for soleus (SOL);
94 - EMG weight factor for gastrocnemius medialis (GM); 10tri - optimal muscle length of TS;
10tib - optimal muscle length of TA; f0 - cut-off frequency of activation filter; 8 - relative damping
coefficient of activation filter; Tmisalign - misalignment of ankle joint; FPcomdx and FPcomdy
-z and y positions of footplate center of mass in local coordinates; Tbias - bias torque; Tonictib
- noise of TA; Tonictril, Tonictri2, Tonictri3 - noise of GL, SOL, and GM, respectively.



