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Abstract—Tibiofemoral compression forces present during
locomotion can result in high stress and risk damage to the
knee. Powered assistance using a knee exoskeleton may reduce
the knee load by reducing the work required by the muscles.
However, the exact effect of assistance on the tibiofemoral force
is unknown. The goal of this study was to investigate the effect of
knee extension assistance during the early stance phase on the
tibiofemoral force. Nine able-bodied adults walked on an
inclined treadmill with a bilateral knee exoskeleton with assis-
tance and with no assistance. Using an EMG-informed neuro-
musculoskeletal model, muscle forces were estimated, then
utilized to estimate the tibiofemoral contact force. Results
showed a 28% reduction in the knee moment, which resulted in
approximately a 15% decrease in knee extensor muscle activa-
tion and a 20% reduction in subsequent muscle force, leading to
a significant 10% reduction in peak and 9% reduction in average
tibiofemoral contact force during the early stance phase (p <
0.05). The results indicate the tibiofemoral force is highly
dependent on the knee kinetics and quadricep muscle activation
due totheirinfluence on knee extensor muscle forces, the primary
contributor to the knee load.

Keywords—Musculoskeletal modeling, Joint load, Biome-
chanics.

INTRODUCTION

The knee bears substantial mechanical loads during
daily activities, especially during incline walking.®?! Of
these loads, the tibiofemoral force is critical due to its

Address correspondence to Bailey J. McLain, Wallace H. Coulter
Department of Biomedical Engineering, Georgia Institute of Tech-
nology, 813 Ferst Dr. NW, Atlanta, GA 30332, USA. Electronic
mail: bmclain3@gatech.edu

716

large contribution to high stress on the knee during
walking, which can damage the joint.! Large forces
present at the knee have great clinical importance and
lead to subsequent injuries.® For example, high-inten-
sity joint loading can lead to osteoarthritis, the most
common joint disease in the world and a leading cause
of disability in the United States.!>*’ Furthermore,
individuals with pathological gait patterns, such as
crouch gait, experience abnormal joint loading which
can cause pain, cartilage degeneration, and bone
deformities.® Thus, there are significant clinical
implications in investigating ways to reduce the knee
load.

Previous work by Taylor ef al. has shown that ti-
biofemoral forces are more dependent on muscle forces
than net joint reaction force.*® Specifically, the vasti
muscles are the largest contributor to the compression
force in incline walking, as the increase in the knee
extension moment generated during incline walking
requires an increase in the knee extensor muscle force
required for those walking dynamics.!"??>35 Providing
external powered assistance has the potential to assist
the user by reducing the biological work performed by
the muscles which may in turn reduce the tibiofemoral
compression force. Previous works have investigated
the efficacy of utilizing knee exoskeletons, displaying
the ability to reduce the biological knee moment and
knee extensor activation with assistance.??3? Muscle
activation and force do not always show a linear trend,
because muscle forces are also dependent on fiber
length and velocity.® However, the quadricep muscles
have shown a correlation between activation and
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force.’% Thus, the results of these previous studies
show promise that exoskeleton assistance may lead to
a reduction in tibiofemoral force. However, despite a
reduction in quadricep muscle activation, if co-con-
traction levels increase in response to the assistance,
then there may be no net gain in lowering the tibiofe-
moral contact force. To the authors’ knowledge, the
exact effect of the powered assistance on the tibiofe-
moral force is unknown, thus further investigation is
required.

To quantify the compression force, complex mus-
culoskeletal models are frequently utilized to estimate
lower limb muscle forces and joint loads during
walking in both patient!®3%3° and able-bodied popu-
lations.!>*5 A number of these studies use a static
optimization methodology to estimate the muscle for-
ces required to reproduce the subject’s joint moment
throughout the gait cycle.'®!®3° However, this method
faces the limitation that joint moments do not account
for changes in muscle coactivation? or for differences
in an individual’s neuromuscular control system,
which could be impaired.® An alternative method is to
use experimentally collected electromyography (EMG)
data as an input to inform the neuromusculoskeletal
model.'”?43  EMG-informed models consider the
user’s actual muscle activation, allowing for a more
representative estimate of muscle forces.’* This is
especially critical when studying the effects of
exoskeletons, as powered assistance can incite co-
contraction responses unaccounted for with static
optimization.'* Therefore, for this study, we utilized a
previously validated hybrid EMG-informed
approach® with an extensively utilized model**333¢ to
calculate muscle forces, as it more accurately quantifies
forces that consider the user’s actual neuromuscular
control compared to a pure static optimization.

In this paper, we present a study investigating the
effect of powered assistance on the tibiofemoral com-
pression force during incline walking for able-bodied
adults, utilizing a hybrid EMG-informed neuromus-
culoskeletal model to estimate the muscle forces. In-
cline walking was selected for this study due to the
walking dynamics contributing to elevated contact
forces, including a 96% increase in quadricep muscle
forces compared to level ground, which could poten-
tially lead to a higher risk of soft tissue damage at the
knee and the potential for the exoskeleton in offloading
the biological work.! The significance of the study is
that it is the first to investigate the effects of
exoskeleton assistance on knee loading, which has
great clinical implications. The primary hypothesis is
that the assistance provided at the knee during the
phase in which the quadriceps are mostly active, early
stance phase, will reduce the tibiofemoral contact force
compared to not providing assistance. This is based on

previous works that have shown exoskeleton assistance
to reduce the biological effort of the muscles sur-
rounding the knee.?

MATERIALS AND METHODS

Powered Bilateral Knee Exoskeleton
Hardware

This study utilized a lightweight, low-profile robotic
knee exoskeleton capable of assisting the knee through
powered flexion or extension assistance.”* The output
torque of the actuator was generated by a brushless
DC motor (U8 LITE, T-motor, China) and a custom
made single-stage 6:1 planetary gear. The peak torque
of the actuator is 17.4 Nm (Table 1) which can support
up to 31% of the peak biological moment of a 50
percentile weight male in the U.S.? We performed a
dynamic walking test to validate the torque output
capability of the device, and the root-mean-square
(RMS) error between the commanded and measured
torque were minimal, below 1 Nm for all walking
conditions tested for this study. During unpowered
walking, the RMS measured torque was 0.35 Nm
meaning there is almost no resistance to the user. The
motor was powered by a battery (Venom Power,
USA), and the position of the motor was tracked by a
19-bit resolution encoder (Orbis, Renishaw, UK). The
output torque of the actuator is transmitted to the
user’s knee through the thigh and shank orthotic
interfaces. A force-sensitive resistor (FSR) was at-
tached to the user’s shoe to detect heel contact events.
The control of the device was executed at 200 Hz using
a microprocessor (myRIO 1900, National Instruments,
USA). The total weight of the exoskeleton for each leg
was 1.5 kg. Additionally, the subject walked while
wearing a 1.3 kg control box containing electronics.
The total combined weight of the bilateral exoskeleton
was 4.3 kg

Controller

The powered knee exoskeleton was controlled with
a biologically inspired torque controller (Fig. 1) de-

TABLE 1. Knee exoskeleton device specifications.

Max. Cont. torque (Nm) 7.2
Peak torque (Nm) 17.4
Max. speed (rad/s) 49.9
Actuator mass (kg) 0.56
Unilateral exoskeleton mass (kg) 15

Range of motion (°) 2 20° to 90° in flexion
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Exoskeleton control scheme. Powered extension assistance was provided for the first 30% of the gait cycle. The peak

extension torque was set to be 30% of 0.65 Nm/kg, the peak biological knee moment occurring during incline walking.

signed to assist the user’s knee by closely following a
representative knee moment profile during the early
stance phase in incline walking.!?> This is similar to
biological torque controllers designed for the hip and
ankle joints.”!® Active assistance was provided for the
first 30% of the gait cycle, called the assistance phase.
The maximum torque was set to be 30% of the peak
biological knee moment of an able-bodied adult
occurring during incline walking, 0.65 Nm/kg.!? This
requires about 1.7 W/kg of external power consump-
tion during the assistance mode. The user’s gait phase
was estimated by dividing the time since the last heel
contact by the user’s average stride duration. The
average stride duration was computed by averaging the
duration of the previous five gait cycles, updating at
every heel-contact detected by the FSR. Differences in
the timing between the motion capture system and the
FSR were minor, with the majority of subjects dis-
playing no difference in timing. On average, there was
a delay in which the FSR was triggered 1.2% of the
gait cycle later than the heel contact detected by the
Bertec force plate. After the assistance phase, the
commanded torque was set to 0 Nm for the remainder
of the gait cycle.

Experimental Protocol

Nine able-bodied adults (5 female/4 males, mean +
std, 21.6 £ 3.2 years old, 173.1 = 7.4 cm, 67.0 £ 5.5 kg)
participated in this experiment (Fig. 2). The study was
approved by the Georgia Institute of Technology
Institutional Review Board. Written, informed consent
was obtained from each subject before participation.
Subjects walked on a treadmill at a 15% gradient in-
cline at 1.1 m/s. Each subject participated in two visits.
The first day, the exoskeleton was fitted and the subject
practiced walking for 45 minutes with exoskeleton
assistance to become acclimated. On the second day,
the subject practiced walking for 5 minutes before the
6-minute data collection for each walking condition.
The two walking conditions compared in this study
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Reflective Marker

FIGURE 2. Experimental setup with callouts detailing
elements of data collection and exoskeleton control.
Reflective markers were used for motion capture, EMG
sensors recorded muscle activation, and force plates
collected ground reaction forces during walking. The control
box included batteries, an EMG measurement unit, a PCB, and
a microprocessor enabling control of the device.

were with assistance and without assistance (unpow-
ered). The order of the walking conditions was ran-
domized. After completing the exoskeleton conditions,
motion capture data were also collected for a no
exoskeleton condition.

Data Acquisition and Analysis
Muscle Activity

Using surface electromyography (EMG) electrodes
(Biometrics Ltd., VA), the muscle activity of six major
muscles around the knee on the right leg was collected
at 1000 Hz. The collected muscles were: vastus lateralis
(VL), rectus femoris (RF), vastus medialis (VM), bi-
ceps femoris (BF), semitendinosus (ST), and lateral
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gastrocnemius (GA). These were chosen as inputs for
the model because of their mechanical effect on the
joint due to their large cross-sectional areas.>* The raw
EMG signals were bandpass filtered between 20 and
400 Hz, full-wave rectified, and low-pass filtered at 6
Hz to create linear envelopes. The envelopes were
normalized to the maximum voluntary contraction
(MVC) collected with isometric contractions targeted
to each muscle group to reflect the percentage excita-
tion level, which are the inputs to the neuromuscular
model.* MVCs for the knee extensors and the ham-
string muscles were collected with the knee approxi-
mating 90°. The GA MVC was completed with the
knee angle at 180°.

Biomechanics

A lower-limb marker set detailed in our previous
study with 28 reflective markers was utilized?? to col-
lect motion capture data (VICON, UK) at 200 Hz.
Ground reaction forces were collected from an
instrumented split-belt treadmill (Bertec Corporation,
Ohio) at 1000 Hz. The heel-contact was detected when
the ground reaction force in the vertical direction
crosses 40 N for post-processing. The hip, knee, and
ankle kinematic profiles collected during the no
exoskeleton condition were used to quantify the
change in the kinematic patterns with exoskeleton. The
kinematic deviation was computed as the average root-
mean-squared error between each exoskeleton condi-
tion with respect to no exoskeleton condition.

Musculoskeletal Modeling

This study aimed to estimate the tibiofemoral con-
tact force during walking with an exoskeleton utilizing
a hybrid solution, including EMG-informed and static
optimization methods to estimate the muscle forces for
muscles surrounding the joint. This methodology was
chosen as it enhances the representation of the mus-
culoskeletal system compared to static optimization
alone. For the simulation, a generic musculoskeletal
model with 23 degrees-of-freedom and 92 musculo-
tendon actuators to represent 76 muscles in the lower
limbs and torso was utilized.'® In this model, lower
limb joint features were adopted from Delp et al
(1990), lower back anthropometry adopted from
Anderson and Pandy (1999), and a planar knee model
adapted from Yamaguchi and Zajac et al. (1989).%1042
The modeled knee is a simplified single degree of
freedom model. The femoral condyles are represented
as ellipses and the tibial plateau is represented as a line
segment.!® The tibiofemoral contact point is specified
according to data reported by Nisell ez al. (1986) and is
dependent on the angle of the knee.’! The muscle-
tendon actuators for the modeled lower limbs are de-

fined based on the anatomical landmarks on the sur-
face of the modeled bone.' Optimal fiber length,
pennation angle, and peak isometric forces utilized in
the model are derived from Wickiewicz et al. (1983)
and Friederich et al. (1990).'3* The model was scaled
to each subject according to anthropometric mea-
surements obtained through a static motion capture
trial. Using motion capture data, joint kinematics,
kinetics, and muscle-tendon unit (MTU) kinematics
were calculated with OpenSim v3.3.° The assistance
torque was subtracted from the knee moment to obtain
strictly the biological knee moment before use in future
steps (Fig. 3). The joint kinetics, MTU kinematics, and
experimentally collected EMG results were used as
inputs to the Calibrated EMG-Informed Neuromus-
culoskeletal ~ Modeling  Toolbox  (CEINMS).3?
CEINMS was used to adjust the experimental knee
moment and muscle activation data to ensure agree-
ment between the two, as well as synthesize the acti-
vations of muscles without experimentally collected
data using a hybrid-mode neural solution. Of the
muscles surrounding the knee, six muscles had exper-
imentally collected activations and the other muscles
were fully synthesized utilizing optimization algo-
rithms.3*** The method to adjust the joint moment,
EMG data, and synthesized muscle activations used a
least-squares objective function that minimized the
sum of the following: the error between the estimated
Osb and calculated biological knee moment 0~sb, the
error between the synthesized activation (e;P and the
experimentally collected EMG (e;P, and the activation
of synthesized muscles for muscles without experi-
mental measurements available (Eq. 1).%3

P
Fobjective Ya a X Osy Sekr} bb
X DOFs <
X e eec pcX
i o
j 2 MTUs j 2 MTUs

olp

The weighting coefficients ®a; b;c) were positive
values chosen to determine the relative weighting of the
error terms minimization. These coefficients were ini-
tially set based on our previous work?® and manually
tuned using pilot data to minimize the root mean
square error (RMSE) between predicted and experi-
mental results (a Y& 10;000; b ¥a 10; ¢ ¥4 100; 000b.28:34

Muscle forces OF uscieP were estimated via a hill-type
muscle model within the CEINMS toolbox using the
adjusted and synthesized activations (e;P; force relative
to the normalized fiber velocity fOvb, force relative to
the normalized fiber length f8/P, and maximum iso-
metric muscle fiber force based on data from the model
(Fmesclep, The Hill-type muscle model is implemented in
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FIGURE 3. Flow diagram depicting musculoskeletal modeling. The experimentally obtained biological knee moment bseE and

muscle activations (eej)' , were inputs to the objective function in CEINMS, along with the weighting coefficients 8q; b3c). The
objective function was optimized, resulting in adjusted knee moments ds,p and adjusted/synthesized activations e, for all
muscles in the model. e;, muscle fiber length, and muscle fiber velocity were then used to calculate the muscle forces C E with

L

( ) muscle
a hill-type muscle model. The resultant muscle forces, joint kinematics, external forces £, , and the mass matrix of the body

C &
segments 91, g Wwere utilized to estimate the tibiofemoral contact force using Newton-Euler equation.

-

CEINMS in ac'cordance with Buchanan et al. (_2004)’ force (RP was calculated utilizing the mass matrix for
Lloyd and Besier (2003), and Schutte (1993) with the 0] C

general form given by Eq. (2).626:3337 the body segment 9r; g , the known angular and

FrusclcOtP %4 fOvb X fOIb X ¢0tb X prmuscle d2b linear accelerations of the body segment reconstructed

based on the captured kinematics (a P, ground reaction
With the hill-type muscle model, f(v) and f(l) are =

obtained from their respective force-velocity and force- force data (mf;na[ P, the muscle forces applied by the
length curves. Utilizing the MTU kinematic values > o )
calculated with OpenSim v3.3, the relative force is musculotendon actuators (I b, and the joint reaction
determm@d. The assisted portlon of thF: gait cy'cle is load applied at the distal joint ( R b
characterized by eccentric contractions. This is ipl
accopnted for by a derilvation of the genefic formula - ™ (p ~ P = )
specifically for lengthening muscles as detailed by Bu- R% 9 9 g b F p R
Chanan et al. (2004)6 o external muscle ipl

The estimated muscle forces OF P and the joint o3b
kinematics were used as inputs for OpenSim where the
tibiofemoral contact force was estimated as a point
load using the Newton-Euler equation with the Joint
Reaction analysis tool (Eq. 3).3° The joint contact
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The forces were normalized to the subject’s weight
and the peak and average values were compared across
conditions. Tibiofemoral contact forces were analyzed
during the first 30% of the gait cycle, where the ti-
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FIGURE 4. The average tibiofemoral compression force across subjects (n = 9). The solid red line denotes the assistance
condition, and the dashed blue line denotes the no assistance condition. The shaded region represented 6 1 SD.

biofemoral force is high and the active assistance was
provided. For all results, the last two minutes of col-
lected data were analyzed for the right leg.

A hybrid solution, utilizing EMG-informed and
static optimized methodologies has been previously
validated for the joint of interest, and has shown
physiologically logical forces for the knee.’* Addi-
tionally, the model used in this study has been utilized
in previous works that investigate loading at the
knee.?*%% This methodology was chosen because to the
authors’ knowledge, it represents the state-of-the-art
non-invasive method currently utilized for joint con-
tact force calculations.?*2834.36

For the EMG and muscle force analysis in this
study, we removed one subject’s ST and another sub-
ject’s RF because the EMG signals had significant
motion artifacts that were unable to be removed dur-
ing post-processing. For those subjects, the removed
activation was synthesized with the other non-collected
muscles to be utilized in the joint force calculation.

Statistical Analysis

A paired t-test (p < 0.05 criterion) was utilized to
test the statistical significance of the difference in
outcome measures between assistance and no assis-
tance conditions. The data is presented as the average
+ standard error of mean (SEM).

RESULTS

Tibiofemoral Compression Force

Across all subjects, the average peak tibiofemoral
force was 40.5 £ 3.1 N/kg with assistance and 44.9 *
2.8 N/kg with no assistance, displaying a significant
average decrease of 10.2 *= 2.8% with assistance
compared to no assistance (p < 0.01). The timing of
the peak forces displayed a negligible difference
between conditions. The overall average contact force
during the assistance phase significantly decreased by
8.7 + 2.1% with the assistance (p < 0.01), where the
average force was 29.6 + 1.8 N/kg with assistance and
32.4 £ 1.8 N/kg with no assistance. For the rest of the
gait cycle, the tibiofemoral force showed similar trends
between conditions (Fig. 4).

Muscle Forces

Of the muscles contributing to the joint load cal-
culation, four knee extensors (VL, VI, VM, RF) dis-
played significant reductions in average and/or peak
muscle force across the gait cycle (Table 2). The
reductions primarily occurred during the assistance
phase (Fig. 5). The knee flexor muscles estimated with
the EMG-informed method (BF, ST, GA) displayed a
non-significant increase in force, however, the knee
flexor forces estimated via static optimization (GR,
BFS, SM, SA, GAM) displayed a decrease.
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TABLE 2. Percent change for average and peak muscle forces for the muscles contributing to the knee load (average 6 SEM)
between assistance and no assistance.

Method Muscle % Change in Average Muscle Force % Change in Peak Muscle Force

EMG-informed Vastus lateralis (VL) 219.1 633 2194634
Rectus femoris (RF) 216.0 6 4.2 2214653
Vastus medialis (VM) 217.86 3.9 218.76 4.9
Biceps femoris long head (BF) 12.9 + 8.3 23+51
Semitendinosus (ST) 89+49 1.56+29
Lateral gastrocnemius (GA) 0.8+ 16 1.1+22

Static optimization Vastus intermedius (VI) 293+33 283626
Gracilis (GR) 2 10.3 £ 6.1 26.4+28
Tensor fasciae latae (TFL) 213.1+£56 213.1+£74
Biceps femoris short head (BFS) 288+6.3 234+22
Semimembranosus (SM) 238+ 102 269+40
Sartorius (SA) 26.8+83 279+55
Medial gastrocnemius (GAM) 21.8+49 229+32

Negative values indicate a reduction with the assistance and bolded values show statistically significant differences between conditions (p <

0.05).

Kinematics and Kinetics

The knee displayed significant differences in joint
kinematics and kinetics between conditions (Fig. 6).
The peak knee flexion angle during the assistance
phase significantly reduced by 3.2 * 0.8° with the
assistance (p < 0.01). The average knee extension
moment during the assistance phase was significantly
reduced by 27.5 * 8.4% compared to no assistance (p
< 0.05). Additionally, the peak dorsiflexion angle
significantly decreased by 1.5 * 0.5° with assistance (p
< 0.05). The hip displayed no kinematic differences
and neither the hip nor ankle displayed significant ki-
netic changes between conditions. The average kine-
matic deviation over the gait cycle displayed no
significant difference between the exoskeleton condi-
tions. Furthermore, the MTU kinematics showed no
significant changes between conditions, both the nor-
malized fiber length and velocity remained consistent.
The overall net power of the lower limb joints
including the mechanical power from the exoskeleton
to the knee has shown no difference between condi-
tions.

Experimentally Collected Muscle Activation

The muscle activation of three knee extensors (VL,
VM, and RF) displayed a statistically significant
reduction in the root-mean-square average (RMSA)
across the gait cycle. VL was reduced by 17.2 + 3.1%
(»p < 0.004), VM was reduced by 15.4 + 4.0% (p <
0.005), and RF was reduced by 12.6 = 2.8% (p <
0.05). Additionally, one of the knee flexors, GA, dis-
played a significant increase of 8.9 + 3.9% (p < 0.05)
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between conditions. ST and BF had no significant
changes in their activation between conditions (Fig. 7).

DISCUSSION

The hypothesis that the exoskeleton assistance
during early stance would reduce the tibiofemoral
contact force compared to the no assistance condition,
exoskeleton unpowered, was supported, as the knee
extension torque assistance significantly reduced the
maximum (10.2% reduction) and average tibiofemoral
force (8.7% reduction) during the assistance phase.
The basis of the hypothesis was that extension assis-
tance at the knee would alleviate the knee extensor
muscle force required for incline walking.?>*? The re-
sults for the modeled muscle forces show that only the
knee extensors (VL, VI, VM, and RF) displayed sig-
nificant differences between conditions, primarily
caused by torque assistance. Amongst the factors
involved in muscle force estimation, our results showed
that muscle fiber length and velocity had minimal
differences between conditions. Therefore, changes in
muscle activation were the primary contributor to the
changes in muscle force.

The changes in muscle activation and subsequent
changes in modeled muscle forces were a result of a
reduction in the required kinetic effort at the knee with
powered assistance. Study results show minimal
changes in knee kinematics, yet a significant kinetic
reduction with assistance, indicating the exoskeleton
was able to offload the biological effort of the knee
without drastically altering the kinematic patterns of
the able-bodied subjects. Changes in kinetics have been
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FIGURE 5. Muscle force profiles for the muscles that displayed significant changes in the muscle force with the assistance
compared to the no assistance condition: VL, VI, VM, and RF. The changes in the muscles force are primarily present during the
assistance phase. The shaded region represents 6 1 SD.
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FIGURE 6. Joint kinematics and kinetics for the lower-limb joints (hip, knee, and ankle). The positive angle indicates dorsiflexion
for the ankle and flexion for the hip and the knee, and the positive moment indicates plantarflexion for the ankle and extension for
the hip and the knee. The red line denotes the assistance condition, and the dotted blue line denotes the no assistance condition.
The shaded region represents 6 1 SD.
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FIGURE 7. Experimentally collected electromyography results for six major muscles surrounding the knee. Significant reductions
are present in early stance for the three knee extensor muscles: vastus lateralis (VL), vastus medialis (VM), and rectus femoris (RF).
Additionally, a significant increase is present for the gastrocnemius (GA) muscle. The shaded region represents 6 1 SD.

of interest in previous work. DeMers ef al. investigated
an altered muscle coordination strategy while main-
taining a kinetic outcome in a simulation. With no
kinetic change, the simulated modification of vasti
muscle activation was unable to change the tibiofe-
moral force because the required activation and force
for the specified walking dynamics remained
unchanged.!! This indicates that changes in knee
kinetics are vital for a reduction in muscle force. In our
experimental study, the assistance significantly reduced
the biological knee moment, thus the knee extensor
force was reduced in agreement with the altered
walking dynamics. This corresponds to the trend seen
in the experimental EMG results, where the knee
extensor activations significantly reduced with assis-
tance. Thus, in our study, the tibiofemoral force
reduction primarily occurred as the result of a decrease
in the required kinetic effort at the knee, reducing the
force demand of the knee extensor muscles.

Significant changes in muscle activation did not
necessarily result in significant changes in muscle force
in this study. The gastrocnemius muscle, which is both
a knee flexor and plantarflexor, displayed a significant
increase in activation, however, no significant differ-
ence in muscle force. This is similar to Lichtwark
et al.’s findings showing increased muscle activation
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with an increase in incline, however, no increase in
muscle fascicle force.”> A potential reason for this is
the mechanical properties of the plantarflexor muscles.
Krishnaswamy et al. found that for the gastrocnemius,
much of the MTU power comes from the tendon, not
the muscle. Specifically, during late stance, the long
elastic tendon provides more than 80% of the positive
power generated by the MTU, reducing the mechanical
work required from the muscle fascicles them-
selves.>?%25 With this, it is indicated that muscle acti-
vations have less of an effect on changes in the muscle
force for GA,?%?3 similar to our result.

There were some inconsistencies between the pure
static optimization and the EMG-informed results in
estimated muscle forces. Eight knee flexors were
involved in the joint load calculation; five had muscle
force estimations via static optimization without an
EMG input and three had experimental EMG data to
inform the estimation. The forces from the two dif-
ferent methods show different trends. The muscle
forces estimated with the EMG-informed method dis-
played an increase with assistance, however, the flexor
muscle forces calculated via pure static optimization
displayed a reduction. We would expect similar
responses to the assistance for the flexor muscle group,
thus we expect some error in muscle forces estimated
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via static optimization. Based on experimentally col-
lected EMG results, there seems to be a co-contraction
response from the antagonist muscles for some subjects
during the assistance phase. The EMG-informed
method accounted for this, resulting in an increase in
force, however, the static optimized method that esti-
mated force based solely on the knee moment was
unable to account for the co-contraction that occurred,
leading to error in the estimation.

A limitation of this study is that the results are
modeled estimates of the muscle and tibiofemoral
forces using a scaled generic model. Subject-specific
anatomy that is not adjusted in scaling may influence
specific muscle contributions to joint forces. Addi-
tionally, seven muscle forces contributing to the knee
load were estimated using a pure static optimization
methodology, which we expect has some error due to
the inability to consider the users’ actual neuromus-
cular control. The testing only being conducted with
able-bodied individuals is also a limitation. Knee
exoskeletons, like the one utilized for this study, are
most likely to be applied to individuals with dimin-
ished lower limb capabilities. These patients often ex-
hibit elevated knee extensor muscle forces and
increased knee extensor moments. While the results
presented here will not perfectly translate to patient
groups, the muscle forces are a large contributor to the
joint load for both able-bodied and patient popula-
tions. Thus, reducing the biological kinetic effort,
which is demonstrated in this study, would be helpful
for reducing the knee load for individuals with
diminished lower limb capacities, similar to the able-
bodied adults. Finally, this study has limitations in the
study design. Investigating the effect of powered
assistance on the tibiofemoral compression force dur-
ing incline walking for able-bodied adults was the
specific aim of this paper, resulting in the unpowered
condition being chosen as the baseline condition.
However, another interesting, and more impactful
baseline for this work may be a condition without the
exoskeleton to analyze the effects of the powered
exoskeleton assistance compared to the subject’s nat-
ural walking condition. Data from a condition without
the exoskeleton was not collected for this study. Future
works should investigate the effects of assistance
compared to a natural condition baseline.

In conclusion, we investigated how powered
exoskeleton assistance at the knee affects the tibiofe-
moral force utilizing a hybrid EMG-informed model.
During the assistance phase, the average and peak ti-
biofemoral force showed significant reductions. Ana-
lyzing the muscle forces specifically, results show
reductions in the quadricep muscle forces and activa-
tions caused by changes in the knee kinetics. This study
shows that reducing the biological kinetic effort

required for a walking task through torque assistance
can lead to offloading the required muscle forces,
leading to the decreased tibiofemoral contact force.
The EMG-informed neuromusculoskeletal model’s
incorporation of muscle coactivation displayed bene-
fits over a purely static optimized model when ana-
lyzing exoskeleton assistance because it provided a
more representative force estimate. The EMG-in-
formed modeling and ability of the assistance to
modulate knee loads discussed here could inform fu-
ture works to study the effects of assistance on patient
populations with large joint loads and co-contraction
during ambulation, including individuals with cerebral
palsy, osteoarthritis of the knee, or hemiparetic gait.
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