Delft University of Technology

Effect of Cuff Compliance

on Muscle Activation in a

Passive .
Shoulder-Exotendon Suit

Degree: Master Mechanical Engineering
Program: ME-M-BMD-2019 - Master ME,
track Biomechanical Design

Author:
Adrian Sahetapy

student 1D:
4588827

Contributors:
A. Seth (supervisor)

Committee Members:
A. Seth

M. Prendergast

T. Van Wouwe

date:
24-12-2024



Effect of Cuff Compliance on Muscle Activation
in a Passive Shoulder-Exotendon Suit

Adrian Sahetapy
December 2024

1 abstract

Exo devices allows users to decrease muscle effort by offloading it
to the exo device. Compliance in the physical human-robot inter-
face, originating from flexible cuffs and soft body tissue, can affect
the forces transferred. The design of the cuff can alter the value of
the pHEI compliance, but it is not yet known to what extent changes
in pHEI compliance affect the muscle activation. Due to human vari-
ances and the difficulty of measuring objective performance metrics,
it is difficult to experimentally pin point cause and effect. Therefore
a novel model based method was used which combined experimen-
tally obtained pHEI compliance data with musculoskeletal models to
simulate the effect of pHEI compliance on muscle activation. A case
study using this method was performed on a subject wearing a pas-
sive shoulder exotendon suit.

Results indicate a large effect of cuff design on stiffness, damping and
cuff migration values.

Furthermore, optimising a rigid model and adding compliance after-
wards resulted in an increase of total normalised muscle cost. Results
from this compliant simulation let to results more closely represent-
ing EMG data from another study. Finally, optimising a compliant
model results in a total normalised muscle cost equal to that of the
rigid case, increased robustness of the exo to configuration errors
and increased comfort. This indicates that compliance does not have
a detrimental effect on optimised performance when taken into con-
sideration during optimisation.

2 Introduction

The connection between exo and the wearer is inherently compliant due to the
wearer’s soft tissue and the flexible connection cuffs of the exo. This compliance
in the exo’s physical human-exo interface (pHEI) affects the performance of the



suit. Deformation and sliding of the pHEI leads to (non)elastic displacement of
the cuff and deformation of the cuff and soft tissue, which can affect the forces
transferred to the user [143]. These effects can affect the magnitude and timing
of the forces transferred to the user |2,/45], induce discomfort [1,/6H17] and in
the worst case scenario cause tissue damage [18].

It has been shown that the design of the cuff can alter the way force is
transferred through the pHEIL. Cuff design parameters, such as the surface area
of the cuff in contact with the skin [2L[6[8/11}/14], the cuff material [2[11}[19-21]
have the most prominent effect. Knowledge on how cuff design parameters affect
performance measures are often taken from experimental data which are based
on a large number of participants to exclude the impact of human variability on
the outcome measures [6,|11,/12]. This makes it time consuming and expensive
to analyse for any particular cuff. Furthermore, the structure of the muscles
makes it difficult to measure EMG signals for the deeper lying muscles, such as
trapezius, lattisimus dorsi and subscapularis, requiring invasive procedures such
as indwelling EMG to be used [22].

Furthermore, these studies are limited to the scope of the pHEI itself and do
not look into the exo-human system as a whole. System performance metrics
such as muscle effort and perceived effort have been used before to describe
musculoskeletal performance 23], but are lacking for compliant exo systems.

Efforts have been made to create computer models that can represent the
compliance found in a pHEI of wearable robotic devices [3}/24-26]. Such models
can give insight into the effect of pHEI compliance on objective outcome mea-
sures such as muscle activation and can at the same time decrease the reliance
on time consuming experiments. Studies that simplified the exo-human system
to be rigidly connected, however, resulted in large discrepancies between mod-
eled performance and real performance [27,/28]. Movement of the cuff due to
the pHEI compliance resulted in less force being transferred to the user. This
lowered the effective assistance provided by the exo.

This study aims to present a model based approach that can adequately
simulate the pHEI compliance in a passive shoulder exotendon suit and to anal-
yse the effect pHEI compliance has on exosuit performance. To argue for the
effectiveness of the method, 3 different cuff configurations will be tested whose
parameters are experimentally determined. Afterwards the study of Joshi et
al. [27], with its rigid model assumption, will be used as a comparison for the
simulation results. Compliant elements are added a model of a passive shoul-
der exosuit that models the pHEI compliance. Its effect on the model will be
discussed together with comparisons with experimental EMG data of the real
exosuit. Finally the model will be optimised and analysed with compliance taken
into consideration to see if compliance is detrimental to system performance.

3 Method

To study the effect of pHEI compliance on the muscle effort a OpenSim mus-
culoskeletal shoulder model was be used. This model consists of a existing



shoulder and exosuit model with added bushing elements, which represent the
compliant pHEIL. These bushing elements displace from its rest position due to
the force of the exosuit and apply forces to the body depending on the displace-
ment and rate of displacement. As such the compliance in this model consists
of 3 parameters: rest position, stiffness and damping.

Before the compliance can be inserted into a model of the suit, reference
compliance parameters need to me measured. To do this we first measured
the compliance of the cuffs of a existing exosuit. These parameters were then
inserted into the OpenSim musculoskeletal model.

3.1 Passive Shoulder Exosuit

The Exosuit in question, shown in Fig[l] can be described as a passive shoulder
exotendon suit. The suit provides assistance to the shoulder joint by storing
and releasing energy in the spring system of the suit [27]. The suit stores
energy when the arm is lowered and the spring is lengthened. During shoulder
flexion the spring decreases in length and releases its energy to assist in the arm
movement. The suit is connected to the body with a set of cuffs and straps on
the pelvis, shoulder and arm and can be adjusted through the use of buckles
and straps. The lack of rigid support structure and linkages commonly found
in exoskeletons allow this exosuit to be optimally aligned to the wearers joint
kinematics.

The experiment measured the cuff compliance of four cuffs: the thigh cuff
and three possible arm cuff designs. The three arm cuff designs are shown in
Figl2] and can be described as such:

Design A, Hand Cuff, consists of a glove with nylon webbing that extends towards
the upper arm. This allows the transfer of shear forces at the point of force
application on the arm towards the glove worn on the hand [27].

Design B, Tube Cuff, consists of a modified off-the-shelf elbow brace. It’s large
surface area, compliant material makeup and pressure ensures that the cuff
does not slip away while the interface forces are spread around a large surface
area. Nylon webbing is used to create an attachment point for the exotendon.
Modification of an already existing elbow brace has been done before [29].
Design C, Elbow Cuff, consists of a rectangular piece of fabric that is wrapped
around the upper arm. It is made from compliant foam padding and reinforced
with nylon webbing. This cuff emulates common tubular arm cuff designs |19]
30].

3.2 Equipment

Forces were measured by a Futek LSB series 50kg. load cell and output sig-
nal between -5V and 5V with a frequency of 20Hz. The data was processed
through a National Instruments DAQ NI USB-6008 system. The Marker based
motion capture was performed in the TU Delft Gait Lab. The output signal
has a frequency of 100Hz. Sensor synchronisation was achieved by a 5V signal
output from the motion capture rig to the DAQ, which then started the load



Figure 1: The analysed passive shouder exosuit. It consists of a waist cuff,
shoulder cuff and arm cuff. Assistance is provided by a spring at the back of
the user which extends and contracts depending on the position of the arm.

(A) (B) (C)

Figure 2: The three different arm cuff designs analyzed in the experiment:
(A):Hand cuff, where forces acting on the arm are transfered through webbing
down towards the glove on the hand

(B):Elbow cuff, modification of commercially available elbow brace

(C):Tube cuff, tubular cuff designed to be easily donned by wrapping it around
the arm



Figure 3: Schematic overview of the experiment setup. The subject wears the
cuff and is asked to stand keep the body still. Force is applied to the cuff through
a rope to which a weight is attached. A load cell above the rope attachment
point measure the interaction force while the motion tracking cameras measure
the movement of the body and the cuff.

cell measurement. Load cell data and motion lab data was synchronised by
the measurement of a 5V start signal the labratory computer outputs when the
motion measurement started.

3.3 Measuring cuff compliance

Fig[3] shows a schematic overview of the experiment setup. All measurements
were measured from a single subject and were performed after getting approval
by the Human Research Ethics Committee of the Delft University of Technology.
At the start of the session the subject wore the to be examined cuff. The subject
was asked to stand still next to the frame. A rope was led towards the cuff
through a series of pulleys attached to the frame . The pulleys were set up
such that the force vector of the rope on the cuff is similar to the force vector
on the cuff during standard exosuit operation. When the measurement started,
weights were attached to the other end of the rope which caused the rope to
tug on the cuff. Since the subject stood still, the only displacement the cuff
experienced was due to the force of the rope and the compliance of the pHRI.
The load acting on the cuff was measured by a load cell measuring the tension
between the cuff and the rope.



The displacement of the cuff was measured through the use of marker based
motion capture data with markers attached to the bony landmarks of the body
according to the Qualisys Sports Marker Set. To detect movement of the cuff,
markers were place on the cuff at the attachment point to the rope.

The experiment itself consisted of two measurements which were repeated
three times. The first measurement was the static load measurement. The
weights and the accompanying forces in the static test were increased stepwise.
After a weight was attached the cuff displaced under the newly applied load.
Forces and displacements were recorded when the human-exosuit system reached
steady state.

The second measurement was a dynamic load measurement. The weights
and the accompanying forces in the dynamic tests were applied in a sinusoidal
pattern by inserting a spring between the end of the rope and the weight. When
the weight was perturbed, the spring caused a sinusoidal force to be applied to
the cuff. Force and displacement was measured continuously for this test.

These two tests were repeated 3 times with a 1 minute break between them.
The cuff itself was only donned once. It was not taken off between tests. The
whole routine was repeated for each tested cuff resulting in 24 measurements (4
cuffs, 2 measurements, repeated 3 times).

3.4 Data processing

Two sets of data were extracted from the experiment: load cell data and marker
data. Both measurements started using the same input signal and were thus
already synchronized.

The computation of cuff displacement data was done by comparing the dis-
placement of the cuff marker data against the displacement of the anchoring
body marker data. In case of the waist cuff, the anchoring body was the torso
with markers placed on the shoulders, sternum, back of the lower waist. In case
of the three different arm cuffs, the anchoring body was the upper arm with
markers placed on the shoulder and on the elbow.

Extracting the stiffness and damping value from the force and displacement
data was done by assuming the system to be equivalent to an ideal spring-
damper system:

andcell = kcuffxrelati'ue + Ccuffj;relative (1)

To extract the stiffness of the cuff the steady stepwise force data of the first
test was used. The dynamic component of the measurement was ignored and
only the points representing steady force were used in the measurement where
Trelative = 0. Since Zrerative = 0, eq simplifies to the formula for an ideal
spring shown in eq2] A linear fit was made to the data where the slope of the
fit represents the stiffness of the cuff.

Fioadcell = kcuffxrelatwe (2)



To get the damping value of the cuff the data from the dynamic measure-
ment were used together with the newly calculated stiffness value of the cuff.
Assuming the ideal mass-damper system the force measured in the load cell can
be split into the elastic component, F}, and the damper component, F:

-Floadcell = Fk + Fc (3)

Floadeett — Fir = Floadcell — kcuffx'relative =F. = Ccuffx.'relative (4)

From this a linear fit was made to the load and velocity data where the
velocity is calculated by differentiating the position data. The slope of the fit
represented the damping value of the cuff.

The cuff migration was the final component to be measured. This equaled
the displacement of the cuff at the end of the static measurement. Since the
initial position of the cuff was taken as x=0, the final cuff position after the
measurement was finishing and all the load is released from the cuff was the
actual position the cuff should be attached to. The difference between the final
position, Treiative,end, and the initial position, Z,eiative,start; Was taken as the
cuff migration value, lmigration:

lmigration - mrelative,end - xralative,start (5)

3.5 Musculoskeletal model

The thoracoscapular model is used as the base model for the simulation and can
be seen in Figll]l The model consists of 11 degrees of freedom and 33 muscles
that accurately simulate shoulder movement [23}[31]. This model can be posed
in certain ways by providing it with motion data consisting of position and
velocity values for each degree of freedom (DoF) of the model. The motion data
for this study is taken from the shoulder motion data set from a shoulder study
done by Belli et al. [32].

The exosuit is attached on the existing shoulder model. It consists of a
pathspring element with an independent spring constant, damping value and
rest length. The pathspring is led from the attachment point on the pelvis over
the shoulder to the attachement point on the humerus. The distance between
the two attachment points changes as the body moves about. This change of
length of the pathspring results in a force being applied proportional to the
elongation compared to its rest length and the rate of its elongation.

3.6 modelling pHEI compliance

Compliance was added to the pHEI according to the method presented by Zhou
et al. [3] where visco-elastic bushing elements were used as connecting points
between the exo and the skeleton body. This method was adapted to be used for
the model of a compliant shoulder exosuit. To simulate the pHEI compliance



additional body elements, representing the cuffs, were added to the model and
placed where the pathspring originally attached to the body.

For the purposes of this study the pHEI of this exo was divided into 3 cuffs.
Arm, shoulder and pelvis cuffs. Of these cuffs only the pelvis and arm cuffs
were modeled to have compliance. This was done because the force acting on
these cuffs act in the same axis as the underlying bone and parallel to the skin
surface, where the compliance is largest [33,/34]. The shoulder cuff experiences
forces normal to the skin surface. This in combination with the existence of
only a thin tissue layer above the clavicle and scapula led to the assumption
that the shoulder cuff experiences insignificant compliance effects compared to
the pelvis and arm cuffs. It was further assumed that the mass of the exosuit,
600gr [27], is evenly divided across the 3 cuffs.

The bodies of these cuffs were simplified and modeled as hollow cylinders [35].
The mass, dimensions and inertia can be found in TABLE[]

. T . ) Ixx Iyy Izz
mass [kg] radius [m] thickness [mm] [kel[m] 2(210-2)  [ke)[m]2(210-2)  [ke][m]2(210-2)
Pelvis 0.2 0.15 2 0.06122 0.06122 0.07444
Arm cuff | 0.2 0.06 2 0.2321 0.2321 0.4560
Shoulder | 0.2 - - - - -

Table 1: mass, dimension and inertia parameters for the 3 cuffs used in the
model

The pathspring connects to these cuff body elements. The cuff body elements
of the arm and pelvis in turn attach to the skeleton body through the use of
bushing elements. These bushing elements act as a 3 degree of freedom spring
element with stiffness and damping values. This allows them to freely move
about 3 axis of translation relative to the skeleton body it is attached to. It
applies force to the skeleton body proportional to its position relative to its rest
position and proportional to its velocity relative to the anchoring body part.
Due to the design of the exo the exotendon lies flat against the skin surface as it
wraps around the shoulder and connects to the arm and pelvis. This results in
the line of force being parallel to the skin surface and being largely independent
of shoulder angle. Since the direction of the force vector acting on these bushing
elements does not change much relative to the cuff, for the scope of this study, it
is assumed that the stiffness and damping can be described through as isotropic.

3.7 Estimating the bushing force

To estimate the effect of pHEI on the exo performance the bushing force needws
to be calculated. This bushing force depends on the state of the cuff which
consists of position and velocity data. This cuff moves under influence of the
pathspring force and the bushing force. These forces of the exosuit are in turn
a function of the state g and joint velocity ¢ on each timestep, k.

For the rigid model condition the tension in the exotendon is expressed as:

Fspring,k = kspringx(qk) (6)



Figure 4: The musculoskeletal OpenSim model. the green line represents the
spring and can extend and contract as the right arm lowers and rises. Compliant
interface points are represented as cylinders on the arm and waist and can be
switched between rigid and compliant configuration to analyse the effect of
compliance on the simulation.

For the visco-elastic model conditions the force exerted by any given bushing
element, b, is expressed as:

Fy . = kokqy + cokqp i (7)

The bushing position g, was estimated by solving for equilibrium for a given
state of the skeleton. The skeleton was locked into a pose given by the positional
data in gq;. The velocities were set to zero, ¢, = 0. The cuffs were allowed to
move freely. Using forward simulation the cuffs could move under the influence
of the force of the pathspring F'sp,ing 1 and bushing forces F ;. This continues
until the forces in any given cuff are such that:

ZF]C = Fspring,k + Fb,k =0 (8)

All the simulated bushing states were collected in g,. ¢, was derived by
differentiation:

. Qvush,k+1 — Dbush,k

Qyush k+1 = = Al = 9)

The bushing state was then added to the original motion data to get the

complete motion data set with states g,,.,, € RWa+N) which was used in the
simulation.



3.8 Calculating muscle activation

To get the muscle activation from the model the 'Rapid Muscle Redundancy’
(RMR) solver was used. It can estimate the required muscle activation for a
given OpenSim model and movement data [32]. This is achieved by minimizing
the sum of the weighted squares of muscle activations and actuator controls,
while following anatomically justified constraints, with particular emphasis on
the glenohumeral constraint:

N Ng
J(ag,c) = Zwiaf,k —1—21)2-0?’;6 (10)
=0 =0

Where NNV, is the number of muscles of the model and N, the number of ac-
tuated joints. a; ) and v; represent the muscle activation and actuator control
of muscle ¢ and actuator j respectively at timestep k of the motiondata.

The activation and control values need to solve the following statement:

G = d(a,v;) (11)

where ('j? is the desired acceleration of skeleton joint j, taken from the move-
ment data, and §(a, v;) is the simulated acceleration affected by muscle activa-
tion and actuator control.

3.9 Model conditions

To analyse the effect of pHEI compliance, compliance was added to the model
and each model configuration was analysed. Two conditions could be turned on
and off on the model which had the following effects:

Cuff Migration: Cuffs can migrate away from the original attachment site
after cycles of loading and unloading [36]. The shear forces in the pHEI have
to be counteracted by friction. If at the original attachment site the friction
is not enough, it will displace across the skin surface in the direction of the
force until a new equilibrium is reached. When the cuff is unloaded the cuff has
permanently migrated from its original position. The values used here were the
cuff migration values extracted from the experiment as seen in TABLE[2]
Visco-elasticity: To analyse the effect of the visco-elastic component of pHEI
compliance, the visco-elastic bushing elements can be turned on and off. The
values inserted here were the stiffness and damping values extracted from the
experiment as seen TABLE]2]

3.10 Analysing the effect of compliance on muscle effort

First a comparison was made against the optimal rigid model. To do this the
rigid model was be used to optimise the exo. This was done by using a gridsearch
strategy on the 1 configurable parameter of the exosuit, the exotendon rest
length Lo. The rest length that minimised the cost of eq[I0] was deemed to be
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the optimal exo configuration. The optimal rest length was then used on the
compliant model configurations.

Next, the data was compared against experimental EMG data from the shoulder
exosuit study of Joshi. et al [27]. Finally, the exo rest length optimisation was
repeated on the compliant model configurations.

4 Results

4.1 Effect of cuff design on compliance values

The output of the cuff measuring experiments for the hand cuff can be seen
in Fig[f] with the displacement vs time data in the upper graph and force vs
time data in the bottom half. The complete data set consists of 12 static
measurements and 12 dynamic measurements taken from a single subject and
can be found in Appendix[A]

As can be seen in the figure the displacement of the cuff rises at the same
time as the load applied to the cuff. This confirms the idea that cuffs displace
when loads are applied. Plotting the displacement against the force of the
static measurements results the the curve seen in Figl6] Points of stepwise force
increase are circled on the curve. A red line shows a linear fit of the data with
the slop representing the stiffness extracted.

Experiment output, Hand cuff

Cuff Movement

N
o

displacement [mm]
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Il L L L J

0 20 40 60 80 100 120 140 160 180 200
time [s]

Cable Tension

" L T T

["
N

Force [N]
(o)
o
T

0= ! L = I ) I Yo ) I T
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time [s]

Figure 5: Output hand cuff measurement for load cell (above) and motion
capture rig (below) vs time. The start and end of each measurement is indicated
by the dashed vertical lines.

The fit of the damping value on the dynamic load data is shown in Figl7]
with its angle representing the damping value of the cuff. The stiffness and
damping fits of the other measurements can be seen in Appendix[B|

The resulting cuff stiffness, damping and migration data can be seen in
TABLE[] This resulted in stiffness values of [2140-8520]N, damping values of
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Stiffness Fit, Hand cuff
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Figure 6: Stiffness fitted according to eq to data of one static load measure-
ment of the hand cuff

| Stiffness [N][m]~" damping [N][s][m]~' Cuff migration [cm]

Waist 2140 124 1.2
Hand cuff | 8520 210 1.2
Tube cuff | 5510 38 0.9
Elbow cuff | 2530 139 2.2

Table 2: Calculated compliance values for the four tested cuffs

[38-210]Nm/s and migration values of [0.9-2.2]cm.

4.2 Effect of assuming rigid model on compliant model

Optimising the exo’s rest length to minimise the total muscle activation results
in the graph seen in figl§| results in a optimal rest length for the exotendon of
Lo=0.74 meter.

Analysing the effect of assuming a rigid model on a compliant system re-
sults in data seen in TABLE[JJ] It can be seen that between shifting the cuff
and adding visco-elastic elements to the cuff, the cuff shift leads to a larger dif-
ference between total normalised muscle cost compared to the fully rigid model

‘ No assitance Rigid Rigid + shift Visco-elastic Visco-elastic + shift
Design A | 1 0.787 0.829 0.798 0.858
Design B | 1 0.787 0.829 0.803 0.854
Desing C | 1 0.787  0.869 0.818 0.877

Table 3: Total muscle activation normalised against a no assistance muscle
activation.
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Damping Fit, Hand cuff
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Figure 7: Damping fitted according to eq. to data of one dynamic load mea-
surement of the hand cuff

condition.

A detailed look into specific muscle activations is shown in Fig[d] It can be
seen that in general the no-assistance curve and the rigid curve are the bounds of
minimal and maximum activations. The other model conditions lie somewhere
in between those two curves. Specifically for the medial serratus using the any
exo seems increase the amount of muscle activation required. Data for the other
cuffs can be found in Appendix|C]

4.3 Comparison between EMG and rigid and compliant
simulation

Analysing the reduction in muscle effort between EMG and simulated data
shown in Fig[I0] shows that the compliant simulation corresponds better with
experimental EMG data. EMG data of the anterior and posterior deltoid,
trapezius superior and serratus shows better correspondence with the compli-
ant model condition compared to the rigid model condition. EMG data for the
medial deltoid, however, does not correspond well to either rigid or compliant
simulation.

4.4 Effect of compliance on optimal exosuit configuration

Fig[TT]shows the total muscle cost normalized against the condition’s respective
'no assistance’ case. It shows a decrease in normalized total muscle cost as
the rest length decreases, which increases again as the rest length continues to
shorten. Curves for the other cuffs can be found in Appendix[D]

Looking at the value of the rest length at the minimum of the normalized
total muscle activation in TABLH4] shows that rest length decreases with in-
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normalized muscle activation vs exotendon rest length
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Figure 8: The total normalised muscle activation as a function of exo rest length.
A clear minima can be seen.

creasing compliance. At the same time the normalised total muscle cost stays
the same.

A third observation is that the width of the valley changes with increasing
compliance. This value represents the permissable rest length error and can be
seen in the fourth column of TABLE4l From this data it can be seen that the
model conditions with the visco-elastic elements show a larger permissable rest
length error compared to the model conditions with no visco-elastic elements.

5 Discussion

5.1 Effect of cuff design on pHEI compliance

TABLH2| shows extracted cuff compliance values for the 4 different cuffs. It
shows that different cuff designs have large impact on stiffness values.
Effect of cuff design on cuff migration values seem small. However compared to
the exosuit spring extension seen in Figl§] the difference in exotendon rest length
between the optimal configuration and being too large to provide assistance can
be as small as 10cm. A cuff migration value up to 2.2 cm results in a decrease
of maximum assistive force by 22%. Thus small migration values can have large
effects on effective assistance.
More specific statements on the effect of cuff design on compliance can not be
made currently as the designs differ too much from each other to compare a
single design parameters. Another study could analyse this further.

Looking at the data of Fig[7]shows that the values on the y-axis are negative.
A closer look at Figl5| could provide an explanation. The displacement during
the static load and the dynamic load test are similar in magnitude, but the load
is a lot smaller during the dynamic test. Subtracting the elastic force component
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Individual Muscle Activations, Hand Cuff

DeltoideusCIavi\'zleA DeltoideusScapulaP DeltoideusScapuIaM

=02 ) L2 ) =02 )
Q Q = Q
<o.g o <og I S <08 -
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
time [s] time [s] time [s]
TrapeziusScapulas SerratusAnteriorI SerratusAnteriorM
éo.z) 20 2) 202 ) N _
< 0-8 — T T———— 0(1) SN\ < 0-(1) _— D
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
time [s] time [s] time [s]
Serra’tusAnteriorS
— ——NoExo
fo_z) ~—Rigid
01 Rigid Shift A
< 00” 2/' — 4 é‘ s ——Visco-Elastic A
Visco-Elastic Shift A

time [s]

Figure 9: Detailed muscle activation of primary muscle involved in shoulder
flexion. Multiple conditions are shows using parameters of the hand cuff (Design
A) using exotendon rest length of 0.74m

from the dynamic load measurement results in the damper force component be-
coming negative. This means that a significant part of the pHEI dynamics is not
being represented by the current spring damper model. Possible explanations
could be the existence of a significant effect of the angle of the interaction force
vector relative to the cuff, indicating that the compliance is anisotropic. This
could impact the modelling results in cases where the interaction force vector
changes significantly during the motion.

5.2 Effect of assuming rigid model on compliant model

When you do not optimise with compliant cuffs in mind and you assume a rigidly
connected exosuit, it can be seen in TABLH3| that as compliance increases, the
total normalised muscle cost increases and thus the effective assistance decreases.

Furthermore, comparing the difference between shifted and rigid conditions,
and visco-elastic and rigid conditions shows that the shifted cuff results in a
larger difference in total normalised muscle cost. This indicates that cuff shifting
has a larger effect on exo performance. Design A and B have similar muscle
costs in this regards, with only design C differing in the same model condition.
This corresponds to a cuff migration value of [0.9-1.2]cm and 2.2cm respectively.
This indicates that a lcm difference could result in a 5% point increase in total
normalised muscle cost, demonstrating the exo’s sensitivity to exotendon rest
length.

Looking into the visco-elastic model it can be seen that between design A,B
and C there is only a 2% point difference, even though the measured stiffness of
the cuff ranges between 8520N and 2530N and the damping between 210Ns/m
and 38Ns/m. This indicates a low sensitivity to stiffness and damping values.
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EMG vs Simulated Grouped Mean Reduction
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Figure 10: Comparison of muscle activation reduction between assisted and
non-assisted condition of the EMG, and simulated rigid and compliant results,
using the rigid model conditions’s optimal exosuit configuration.

However, just these values existing in the model will lead to a change in total
normalised muscle cost relative to the full rigid model, indicating that even
small amounts of compliance will lead to an effect on performance.

A look into the data seen in Figl] showcases how using the exosuit could
help alleviate muscle effort from the deltoids. It can further be seen that the
rigid model, which reduces the total normalised muscle cost the most, also leads
to the largest reduction in individual muscle activation in the deltoid muscles
and in the inferior serratus. However, the rigid model also leads to the largest
increase in muscle cost in the medial serratus. This indicates how the exosuit
transfers load from one muscle group to the other, while as a whole lowering
the total effort expended by the body.

5.3 Comparison between EMG and rigid and compliant
simulation

The comparison of the reduction in muscle activation between the EMG data
and simulated rigid and compliant data, seen in Fig[I0} shows that the com-
pliant simulation corresponds better with EMG data than the rigid simulation.
Addition of compliance lower the mean EMG reduction to levles comparable
of the EMG data, while rigid simulation results in values multiple times higher
than the EMG data. This shows that the model using compliant cuffs is a better
representation of the actual shoulder exosuit than the model using rigid cuffs.
Still existing differences between simulation and experimental EMG could
be explained by:
the use a non scaled model while the experiment was done on multiple subjects,
lack of experimental motion data in combination with imperfect reproduction
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Normalized muscle activation vs exotendon rest length
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Figure 11: The effect of increasing compliance using the hand cuff parameters
on the total muscle activation normalized against a 'no assistance’ condition.
Each conditions shows a clear minimum muscle cost at a different rest length
value

of flexion motion during the experiment.

A future experiment with proper simulated scaling and proper motion tracking
could result in a even better correspondence between experimental EMG and
simulated muscle effort.

5.4 Effect of compliance on optimal exosuit configuration

As can be seen in Fig[Tl] and TABLF] as compliance increases with addition
of cuff migration and visco-elastic connection points the optimal rest length
decreases. The total normalized muscle cost, however, does not decrease, in-
dicating that in the optimized case the cuff compliance does not affect exosuit
performance. This goes against the idea that adding compliance to a system
decreases the performance of a system. An explanation could be that relative
change between the no assistance case and the optimized case is the same for
all conditions. As long as the exotendon can be stretched enough to provide
the force required for minimising the muscle cost the compliance of the exosuit
does not matter. The dynamic forces due to the cuff movement along the arm
and the pelvis is not large enough to significantly effect the resulting muscle
activation.

An aspect that does change is the width of the valley which increases as the
compliance becomes larger, exact values can be seen in the fourth column of
TABLH4] This value represents the allowed configuration error away from the
optimal rest length where the user would still get 90% of the optimal assistance
of the suit. Due to the additional compliance of the pHEI the lumped stiffness
of the human exosuit system decreases. It thus takes a bigger stretch of the exo-
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o, Optimal exotendon Normalized Permissable rest length
Model conditions
rest length [m] muscle cost [-]  error [cm)]

Rigid 0.74 0.79 3.9
Rigid Shift [H] 0.71 0.79 4.1
Rigid Shift [T] 0.72 0.79 3.9
Rigid Shift [E] 0.71 0.78 3.7
Visco-elastic [H] 0.72 0.79 5.2
Visco-elastic [T] 0.72 0.79 5.4
Visco-elastic [E] 0.70 0.79 6.0
Visco-elastic + Shift [H] | 0.70 0.79 5.3
Visco-elastic + Shift [T] | 0.70 0.79 5.4
Visco-elastic + Shift [E] | 0.68 0.79 5.8

Table 4: Effect of 4 model conditions using cuff parameters of the 3 arm cuffs
on the outcome measures.

Model conditions: Rigid, Shift (cuff migration), Visco-elastic (cuff compliance),
visco-elast + shift. Arm cuffs: [H] hand cuff, [T] tube cuff, [E] elbow cuff.
outcome measures: optimal exotendon rest length is the rest length of the ad-
justable exotendon to gain minimal muscle effort, normalized muscle cost is the
normalized total muscle cost compared to the respective no assistance case, per-
missable rest length error is the configuration error that still provides 90% of
the total muscle effort reduction.

tendon for the suit to provide the same force when the suit is attached with more
compliant connections. A small deviation in the rest length leads to a smaller
change in force output when more compliant connections are used. This also
causes the force output to change more gradually as the exotendon extends and
contracts, possibly resulting in a more comfortable wear. Adding compliance
could thus decrease the suit sensitivity to the rest length and increase the allow-
able configuration error of, resulting in a suit that could be more comfortable
and reduce the effect of human variance on exosuit performance.

6 Conclusion

We examined the effect of cuff compliance on the muscle effort for a passive
shoulder exosuit. Experimental measurements of multiple cuffs of multiple cuffs
showed that cuff stiffness, cuff damping and cuff migration are affected by cuff
design and can lead to significant exosuit assistance reduction when not taken
into consideration. Next, through simulations it is shown that when rigid model
assumptions are made, adding compliance to the model causes a reduction in
effective assistance by increasing the total normalised muscle cost. Compar-
ing this data to experimental EMG values showcased how compliant models
can more closely resemble the real data compared to rigid models. However,
optimising with compliance in mind results in assistance levels equal to those
resulting from the rigid model assumption. Furthermore, compliance increase
the permissible configuration error thus maken the exo more robust to config-
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uration errors and increase comfort on the user. This indicates that physical
compliance with the human-robot interface (pHEI) does not have a detrimen-
tal effect on optimum exo performance but has a positive effect as it increase
robustness and comfort.

The results of the experiment performed in this study showed that the cur-
rent model lacks information to accurately model cuff compliance. Future stud-
ies could be conducted to measure the three dimensional compliance parameters
of the cuffs allowing the model to be used in cases where the interaction force
vector significantly changes during movement.

In summary, this study presents a promising way to analyse the effect of cuff
compliance on the performance of a passive shoulder exosuit. The framework
presented in this study could easily be extended to cuffs on other parts of the
body such as the shanks or forearms, aiding in future studies on the effect of
compliance on exosuit performance.
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A Experiment Output

Experiment output, Waist cuff
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Figure 12: Experimental output consisting of static load and dynamic load
measurement for the waist cuff. Up: motion data, Down: load cell data
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Experiment output, Tube cuff
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Figure 13: Experimental output consisting of static load and dynamic load
measurement for the Tube cuff. Up: motion data, Down: load cell data

Experiment output, Elbow cuff
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Figure 14: Experimental output consisting of static load and dynamic load
measurement for the Elbow cuff. Up: motion data, Down: load cell data
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B Stiffness and Damping fits
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Figure 15: Stiffness fit on the 3 static load measurements for the waist cuff
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Figure 16: Stiffness fit on the 3 static load measurements for the tube cuff
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Stiffness Fit, Elbow cuff
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Figure 17: Stiffness fit on the 3 static load measurements for the elbow cuff
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Figure 18: Damping fit on the 3 static load measurements for the waist cuff

27



Damping Fit, Tube cuff
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Figure 19: Damping fit on the 3 static load measurements for the tube cuff
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Individual Muscle Activations, Tube Cuff
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Figure 21: Comparison of muscle activation using optimal rigid exo configura-
tion. Use of parameters from the tube cuff (Design B)
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Individual Muscle Activations, Elbow Cuff
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Figure 22: Comparison of muscle activation using optimal rigid exo configura-
tion. Use of parameters from the elbow cuff (Design C)
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Optimising Exo Restlength with Compliance

Normalized muscle activation vs exotendon rest length
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Figure 23: Total muscle cost of different model conditions using parameters
from the tube cuff (Design B) normalised against the total muscle cost of a exo
configuration that does not provide assistance
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Normalized muscle activation vs exotendon rest length
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Figure 24: Total muscle cost of different model conditions using parameters
from the elbow cuff (Design C) normalised against the total muscle cost of a
exo configuration that does not provide assistance
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