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Abstract

Lower-limb exoskeletons have demonstrated great potential for gait rehabilitation in individ-
uals with motor impairments; however, maintaining human-exoskeleton coordination
remains a challenge. The coordination problem, referred to as any mismatch or asynchrony
between the user’s intended trajectories and exoskeleton desired trajectories, leads to sub-
optimal gait performance, particularly for individuals with residual motor ability. Here, we
investigate the virtual energy regulator (VER)’s ability to generate coordinated locomotion in
lower limb exoskeleton. Contribution: (1) In this paper, we experimented VER on a group of
nine healthy individuals at different speeds (0.6m/s — 0.85m/s) to study the resultant gait
coordination and naturalness on a large group of users. (2) The resultant assisted gait is
compared to the natural and passive (zero-torque exoskeleton) walking conditions in terms
of muscle activities, kinematic, spatiotemporal and kinetic measures, and questionnaires.
(3) Moreover, we presented the VER'’s convergence proof considering the user contribution
to the gait and introduced a metric to measure the user’s contribution to gait. (4) We also
compared VER performance with the phase-based path controller in terms of muscle effort
reduction and joint kinematics using three able-bodied individuals. Results: (1) The results
from the VER demonstrate the emergence of natural, coordinated locomotion, resulting in
an average muscle effort reduction ranging from 13.1% to 17.7% at different speeds com-
pared to passive walking. (2) The results from VER revealed improvements in all indicators
towards natural gait when compared to walking with a zero-torque exoskeleton, for instance,
an enhancement in average knee extension ranging from 3.9 to 4.1 degrees. All indicators
suggest that the VER preserves natural gait variability and user engagement in locomotion
control. (3) Using VER also yields in 13.9%, 15.1%, and 7.0% average muscle effort reduc-
tion when compared to the phase-based path controller. (4) Finally, using our proposed met-
ric, we demonstrated that the resultant locomotion limit cycle is a linear combination of
human-intended limit cycle and the VER'’s limit cycle. These findings may have implications
for understanding how the central nervous system controls our locomotion.
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1 Introduction

Coordinated human-exoskeleton interaction is essential for maintaining active participation
of the user in the motor task to engage their neuromuscular system and to boost their motor
recovery [1-3]. Despite exoskeleton design and control having undergone advancements over
the last decade, which includes powered and unpowered exoskeletons to reduce metabolic cost
[4-6], lightweight exoskeletons [7, 8], exomuscle [9], and exosuits [10-12], the performance of
the existing rehabilitation exoskeletons are still far from optimal due to the unresolved
human-exoskeleton coordination problem at the controller level. The human-exoskeleton
conflict can arise from improper assistive torque profiles, a mismatch between the exoskeleton
reference trajectories and the user intended trajectories, and often a time offset or asynchrony
between the user and the exoskeleton. This physical conflict is more pronounced in individuals
with residual motor capacity, such as those with incomplete spinal cord injury (accounting for
70% of spinal cord injury survivors [13]) and stroke survivors (considering 50-80% of stroke
survivors can regain their ability to walk [14]).

It has been shown that passive trajectory tracking controllers worsen human-exoskeleton
coordination [15, 16]. As a result, these controllers may inhibit users’ voluntary movements,
reduce their active contribution to gait control and can undermine the task-driven plasticity
[15, 16]. To resolve this issue, there have been attempts to improve human-robot coordination
by adapting the exoskeleton feedforward torque control [17], adapting the reference trajectory
based on interaction force minimization [1, 18, 19], encoding the reference trajectory into the
dynamical equations of Central Pattern Generator (CPG) [20] or Dynamic Movement Primi-
tive (DMP) [21]. Although these methods adapts the exoskeleton behavior, they impose new
dynamics of trajectory adaptation, different than natural dynamics of walking, that can worsen
the coordination.

Another approach to resolve human-exoskeleton coordination problems is to make the
controller time-independent using spatial-temporal decoupling. The notion of time was
removed in the controllers developed in [22-24] by controlling the user hip-knee kinematic
over a desired path; path controller. To encourage a velocity within a desired range, they
added a time-tunnel over the desired path which makes their controllers time dependent. To
address encoding the desired velocity, a velocity vector field (flow controller) was also designed
to control the velocity about the desired path [25], however, this controller cannot provide the
assistive torque during stance phase which is a huge limitation for an assistive lower limb exo-
skeleton controller. To solve this issue in a later study Martinez et al. switched from flow con-
troller to a different controller during the stance phase [26]. To improve the human-prosthetic
knee coordination and human-exoskeleton interaction at hip, recently, reinforcement learning
(RL) based control solutions were proposed [27, 28]. Additionally, path, flow, and the pro-
posed RL controllers require the detection of the user’s gait events and intended gait phase.
There are other controllers that attain the time independency by dynamic compensation rather
than kinetic or velocity control [29-31]; they are robust to gait events. For instance, [29] com-
pensates weight using the notion of potential energy shaping. However, such controllers try to
fully compensate the dynamics and neglect the user contribution to the gait; they are not assist
as needed.

To obtain a coordinated gait for the human-exoskeleton system, mentioned controllers rely
on user adaptation to the exoskeleton assistive torques, and in some cases the adaptation of the
exoskeleton to user behavior. Although user adaptation is essential for achieving a coordinated
gait [32, 33], it could be challenging for those users with reduced sensorimotor capacities.
Adaptation of exoskeleton to user behavior requires an accurate decoding of the timing of
human intended movements. Given gait variability, which can be intensified by an
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impairment, intention decoding based on gait kinematics has not been successful so far [34-
36] despite the recent achievements in real-time gait phase estimation [37-40].

We developed an alternative approach, called virtual energy regulator (VER), for lower
limb exoskeleton control; the initial idea is introduced and simulated in [41], then its feasibility
has been tested on one healthy participant in [42]. Unlike path and flow controllers which con-
trol hip-knee position over a desired path or velocity, VER attains time independence by con-
trolling position-velocity of each joint over the desired limit cycle. Benefiting from natural
human dynamics, VER regulates a norm of angular position and velocity, called the virtual
energy, to assist the movement at each joint. The basic concept of VER and its comparison
with trajectory tracking controllers are shown in Fig 1.

Here, we investigate VER’s ability in generating human-exoskeleton coordinated locomo-
tion by running experiments on individuals with no known disability. We assess the resultant
gait using kinematic, kinetic, and electromyographic analysis as well as a questionnaire and
evaluate its closeness to natural walking with no exoskeleton. Furthermore, we compare the
VER performance in terms of gait kinematics and muscle activity reduction with a phase
based path (PBP) controller [22], enhanced with a robust gait phase estimator [40], on three
able-bodied individuals. Finally, we use a computational model to explore whether the control
of gait by the central nervous system, while walking with VER-controlled exoskeleton, resem-
bles a VER controller itself.

2 Mathematics

The details of VER and its proof of convergence to limit cycle can be found in [41]; here, we
provided a concise mathematics of VER and an approximation of the resulting limit cycle of
the interaction between the VER-controlled exoskeleton and human user.

2.1 VER mathematical foundation

Fig 1 illustrates the VER regulating the virtual energy, defined as a phase-dependent squared
distance to a desired feasible limit cycle. This results in formation of a feasible limit cycle at
each joint.

Definition. 1 (Feasible Limit Cycle). A feasible limit cycle for VER is clockwise, sufficiently
smooth, and simple (not-self-crossing) closed curve such that its radius (r;) is a function of phase
(0); using 6, VER can estimate the gait phase, see [42] and S1 Appendix for more information. It
has the following properties:

o =VEEE=f(0), 0¢[-nn]
0 ={0,m,2n} - %,=0

V0 € (0n) —0Ox,/00<0, x,>0
V0 €(—m0) — 0x,/00 >0, x, <0

(1)

where x, and x; are the desired position and velocity defined over the limit cycle. Refer to Fig K
in S1 Appendix for examples of non feasible and feasible limit cycles. As a result of this definition,
over one period of limit cycle, phase is a monotonically decreasing function of time.

To generate the desired limit cycle at each joint, the instantaneous states are shifted w.r.t.
the origin ((x,,x,) = (x,%) — O, (x,%) € R?) and then projected into the polar coordinate as:
r=/x2+x2, 0 =tan' (x,/x,). Using the polar representation, controlling each joint on
the desired limit cycle is equivalent to satisfying r(6) = r,(6). However, to have a well-posed
mathematics, we choose *(0) = r3(0) instead and define the control objective for VER as
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Fig 1. The conceptual difference between conventional time-based controllers and virtual energy regulator. Human-exoskeleton system dynamics at
joint level can be expressed in the time-position-velocity space, two of these dimensions are sufficient to design a controller for such systems. Accordingly,
three different scenarios can be imagined: i) position-time resulting in trajectory tracking controllers, ii) velocity-time resulting in velocity-based
controllers, and iii) position-velocity resulting in limit cycle control (virtual energy regulator). The time-based controllers (i and ii) are sensitive to time
offset between human intended and exoskeleton desired trajectories as they misinterpret a time difference as kinematic error (left figure) which can reduce
human-exoskeleton coordination. In contrast, controlling in position-velocity domain (or virtual energy domain), allows time-independence and
robustness to the time offsets, resulting in a better human-exoskeleton coordination (right figure).

https:/doi.org/10.1371/journal.pone.0292334.g001

AV =r*(0) — r3(0) = 0 where we call V = r* = x? 4 %7 the virtual energy as it captures
aspects of kinetic energy of the system (due to x?) and potential energy of the system (due to
x?). In the following subsection, the VER controller (7 = a + ¢ + s) is designed in terms of
attractor (@), compensator (c), and synchronizer (s) to regulate the virtual energy and generate
the desired limit cycles across the joints.

2.2 VER attractor, compensator, and synchronizer

The VER controls each exoskeleton joint on a desired limit cycle by satisfying AV = 0. To
achieve this objective, it computes the energy error (AV = V,(0) — V(x, %)), by comparing
the virtual energy to the desired virtual energy; V,(0) = r3(0) = x5 + x3. If the energy error is
positive(negative), VER increases(decreases) the energy for which the applied torque/force
should be in the same(opposite) direction as the joint velocity; see Fig K in S1 Appendix for
illustration. Thus, the energy error should be multiplied by an odd function of velocity

(S(x) € R) which has the same sign as joint velocity; i.e., S(x)x > 0. The knee joint velocity
during stance phase is almost zero, hence to prevent chattering behavior for knee joint S is set
to S(x) = atan(x). The hip joint requires high torque about zero velocities during walking,
hence to prevent torque drop by velocity reduction for hip joint S is set to S(x) = sign(x).
Therefore, the VER attractor term for jth joint can be obtained as o0 = S(x)P(V,(0) — V(x, X))
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where P € R™ is a positive gain amplifying the deviations from the desired virtual energy. The
VER compensator, which is a function of joint position and its time derivatives

(c(x,x,%) € R), compensates for undesired dynamics such as friction and Coriolis forces. The
compensator is computed for each exoskeleton based on its identified dynamical model.

We define the limit cycle pitch (p) as the first harmonic phase of the limit cycle that is a
function of limit cycle phase (8). To synchronize the limit cycles at the ith and jth joints with ¢
phase difference, we should satisfy pi(6;) — p;j(6;) = ¢ which can be written in polar coordinate
as cos(p;) = cos(p; + ¢) and cos(p;) = cos(p; — ¢). To enforce such constraints, the VER syn-
chronizer terms are implemented as s; = K(cos(p; + ¢) — cos(p;)) and s; = K(cos(p; — ¢) — cos
(pj) at the ith and jth joints, respectively; where K is the synchronizer gain designed to provide
stabilizing negative feedback for each joint towards the considered phase constraint. Synchro-
nizers are designed to keep knee and hip joints of each leg in-phase (¢ = 0) while contra-lateral
hip joints anti-phase (¢ = ). Adding the synchronizer term provides a global awareness across
different joints; perturbations/disturbances in one joint lead to a proportional reaction in
other joints, and a proper design of the phase difference across the joints grants mechanical
stability in situations involving encountering obstacles or receiving bounded disturbances.

2.3 Human resultant limit cycle

To compute the resultant limit cycle by human contribution to the gait, consider the dynam-
ical equation at each joint of human-exoskeleton system as

M + h(%,%.X) =oa+c+u, heR (2)

where x, x, and ¥ are the human-exoskeleton system joints’ position, velocity, and acceleration.
M is the correspondence term of the system’s mass matrix, /() contains other dynamical terms
at the targeted joint, and u is the human contribution to the gait. In this case, we consider the
virtual energy (V) as the Lyapanov function where its time derivative is

V = (0V/0x)% + (OV/0x)x. By replacing X from Eq 2 and substituting « = S(x)P(V, — V),
we have:

V:%Sk(Vd—V)—I—%ic(c—h+x)+%5cu. (3)
Here we make assumptions, for the sake of argument, to achieve an approximation of resultant
limit cycle. Note that later in the experimental results, we will come back to test the validity of
these assumptions.

Let’s assume that i) a compensator term (c) exists that satisfies ¢ = h — x, ii) human contribu-
tions, i.e., torque profile, is the result of minimizing a virtual energy cost term by central ner-
vous system, thus it can be written similar to VER attractor term as u = RS(W,; — V) where W,
is the human intended limit cycle and R > 0 is a proportional gain similar to P in VER. Hence,

we can rewrite Eq 3 as:

V=2 RS (1 = BV W~ V), B
Based on this equation, for V> (1 — B)V,; + W, we have V < 0,andfor V< (1-p)V, +
BW, we have V > 0; i.e., the gradient of limit cycle is convergent towards V = (1-8)V, + fW,.
Hence, based on Poincare-Bendixson Criterion [43], VER creates a stable limit-cycle behavior
for each joint. In addition, the shape of the limit cycle is determined by (1 — §)V,; + W, where
B represents as human contribution factor; 8 shows how much human contributes to the
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resultant gait. For instance, = 1(8 = 0) indicates the resultant limit cycle is exactly the same as
human-intended(VER-desired) limit cycle.

Using the emerged limit cycle ((1 - 8) V+ fW,), we can infer that if a user’s contribution to
gait is minimal (4 = 0), which due to limited motor capacity or resistance, then the resultant
limit cycle will be the VER desired limit cycle. To test this extreme condition, we applied the
VER controller to Indego exoskeleton without human subject. In this case, VER perfectly gen-
erates stable and synchronized desired limit cycles (V) across all controllable joints. This can-
not be achieved using other controllers like path and flow controllers. The more the user
contributes to the gait, considering their intended limit cycle being different than VER desired
limit cycle, the emerged gait limit cycle would be closer to the human intended limit cycle.
This was demonstrated in our experimental results.

2.4 VER limit cycle design

In most of the existing lower limb assistive exoskeletons, the ankle joint is passive [44] due to
the cost efficiency, applicability, and safety issues [22]. Lack of actuation at the ankle joint in
such exoskeletons results in walking pattern slightly different than natural walking [22]. In our
controller, to maximize the similarity of the resultant gait to natural walking, the knee and hip
limit cycles are designed similar but not identical to natural walking; see Fig 2a and 2d. This
figure also compares the designed limit-cycles with their respective natural trajectories. VER
requires feasible limit cycles (see section “VER mathematical foundation”), therefore, the knee
desired trajectory/limit cycle needs to be modified during the stance phase. Accordingly, we
removed the flexion behavior of the knee joint during the stance phase; hence, the controller
encourages the participants to straighten their leg during the stance. It is important to note
that modifying the desired motion profiles based on the exoskeleton and controller limitations
is a common procedure in the design of lower limb assistive exoskeletons [44].

The desired limit cycle is simply the closed trajectory of the desired position and its corre-
sponding velocity at each joint. The presented limit cycles are at the gait speed of 0.85m/s, and
to generate the desired limit cycles at 0.75m/s and 0.6m/s, the position is assumed to be the
same and the velocity is scaled by 0.875 and 0.75.

2.5 VER torque and power

VER applies torque and power to each joint according to the position-velocity (state) of the
joint in the phase plane; Fig 2e and 2f show the VER applied torques, and Fig 2g and 2h illus-
trate the distribution of VER power, respectively. The applied torque by VER attractor is

o = S(%)PAV, and its gradient varies by two main variables: (1) joint state w.r.t. the desired
limit cycle in sense of virtual energy (AV: AV > 0 and AV < 0) mean the joint state is inside
(lower than desired virtual energy) and outside (higher than desired virtual energy) of the
limit cycle and (2) the joint velocity (x). VER injects(dissipates) energy whenever the joint vir-
tual energy (V(x, x)) is lower(higher) than the desired level defined over the desired limit
cycle. Check Fig K in S1 Appendix for detailed information.

3 Experiment design

The experiments are designed to study the VER resultant gait’s coordination and naturalness
as two main concerns in lower limb rehabilitation. The experiments also compare the VER
performance with the path controller which is a well-known and effective controller in the
lower limb rehabilitation field and is tested on a large group of individuals with motor impair-
ments [22-24]. Accordingly, experiment 1 is design to study the VER resultant gait on a large
group of nine participants walking on the treadmill. In this experiment, we compare the
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Fig 2. Desired limit cycles and VER applied torque and power illustration. (a-b) compare the natural and designed trajectories at the knee and hip joints,
where the gray background indicates the stance phase [42]. (c-d) compare the natural and desired limit cycles at 0.85#/s [42]. (e-h) illustrate VER applied
torque and power w.r.t. the desired limit cycle. The color map shows the torque distribution w.r.t. the designed limit-cycles; yellow(dark blue) is positive
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https://doi.org/10.1371/journal.pone.0292334.9g002

performance of walking on treadmill with VER controller, passive condition (zero-torque exo-
skeleton), and natural walking (no exoskeleton). The treadmill speed is also selected near to
the walking speed suggested for individuals with motor impairments [22-28]. The experiment
2 is designed to compare the effect of VER controller and the phase-based path controller
(PBP), equipped with a robust gait phase estimator [40], on treadmill walking performance.
The PBP’s hip and knee reference trajectories were selected according to the experimental
(real) hip and knee trajectories shown in Fig 2a and 2b, respectively.

3.1 Experimental protocol

All participants were healthy with no known disability, and they provided written informed
consent prior to the experiments. The study protocols and procedures were approved by the
University of Waterloo, Clinical Research Ethics Committee (ORE 41794) and conformed
with the Declaration of Helsinki. Similar to other studies [25], the whole experiment is done at
speeds close to the preferable walking pace of individuals with motor impairments; i.e., 0.60/
5-0.85m/s. All participants attended two sessions: training and testing conducted on two conse-
cutive days. During training, participants become familiarized with the exoskeleton through
20 minutes of overground and treadmill walking. The overground training was at self-selected
pace while treadmill training involved speeds between 0.60m/s and 0.85m/s. The testing ses-
sions were different for each experiment.

3.1.1 Experiment 1. Nine participants (7 male and 2 female, age: 23.9+3.2 years, body
mass: 72.3£7.0 kg, height: 177+6.3 cm; meantstandard deviation) participated in Experiment
1. In this experiment, testing comprised four consecutive trials with ten-minute rests between

PLOS ONE | https://doi.org/10.1371/journal.pone.0292334  January 22, 2025 7120


https://doi.org/10.1371/journal.pone.0292334.g002
https://doi.org/10.1371/journal.pone.0292334

PLOS ONE

Regulating virtual energy generates coordinated human-exoskeleton locomotion

trials. Participants filled out questionnaires after each trial. The first three trials include walk-
ing on the treadmill with exoskeleton at three different speeds (0.60m/s, 0.75m/s, and 0.85m/s),
for five minutes each. During each five-minute segment, there are three conditions: (1) Passive
(Passive before) for two minutes, (2) Active VER for two minutes, and (3) Passive (Passive
post) for one minute; Passive refers to the case that the exoskeleton is on (it is recording angles)
but its applied torque is zero. The duration and order of phases at testing trials are designed to
provide a comparative analysis between different conditions while preventing muscle fatigue.
The last trial of testing sessions is treadmill walking without exoskeleton (Natural) with two
minutes intervals at each speed (0.6m/s, 0.75m/s, and 0.85m/s).

3.1.2 Experiment 2. Three participants (2 male and 1 female, age: 23.5+5.2 years, body
mass: 68.8+10.3 kg, height: 174+5.5 cm; meantstandard deviation) were participated in Exper-
iment 2. In this experiment, testing comprised two consecutive trials of walking on the tread-
mill with exoskeleton at 0.8m/s for two minutes rests between trials. During each trial, the
exoskeleton is controlled on one of the controllers (VER or PBO), and the order of controllers
are randomized for the participants.

3.2 Experimental setup

Fig 3 shows the experimental setup. The Indego explorer exoskeleton (Parker Hannifin, USA)
with active knee and hip and locked-passive ankle joints is used. The exoskeleton measures
joint positions, velocities, and motor torques at 200Hz.

After skin treatment, each participant is outfitted with 16 Trigno sEMG (Delsys, USA)
acquiring the muscle activities of Tibialis Anterior (TA), Soleus (SOL), Gastrocnemius Media-
lis (GAS), Vastus Medialis (VAS), Rectus Femoris (RF), Tensor Fascia (TF), Biceps Femoris
(BF), and Gluteus Maximus (GLU) of both legs at 2000Hz. Muscle activities were band passed
(25-500Hz), full-wave rectified and conditioned with a 100-sample moving average and nor-
malized with maximum voluntary contraction (MVC). The ‘muscle effort reduction’ quantifies
the decrease in muscle effort during Active condition compared to the Passive condition.
Here, the muscle effort is determined by summing the cubed normalized muscle activity for
each stride. The ‘average muscle effort reduction’ is the mean value of these individual ‘muscle
effort reductions’.

We use a split-belt instrumented treadmill (Bertec, USA), equipped with two 6 DoF force
plates that measure the ground reaction force (GRF) and Center of Pressure (CoP) of each foot
at 1000Hz. 16 reflective markers are placed according to the “PlugIn-Gait”. An optoelectronic
motion capture system containing eight Vero 2.2 cameras (Vicon, Motion System, UK) are
used for collecting kinematic data at 100Hz.

4 Experimental result
4.1 Experiment 1

The VER performance in generating natural coordinated walking was evaluated using a thor-
ough analysis of muscle activities, joint kinematics, limit cycles, toe clearance, and a question-
naire filled by the participants; ground reaction forces (GRF) were also recorded but presented
in S1 Appendix. The presented graphs in coming subsections are mainly for 0.85m/s and the
results for 0.6m/s and 0.75m/s are reported in Figs E-G in S1 Appendix; the results show no
significant difference across speeds.

4.1.1 Muscle activity. Fig 4 presents a representative participant’s muscle activities for
eight different muscles under four conditions; ‘Natural’, ‘Passive before’, ‘Active’, and ‘Passive
post’. Note that the results of right and left legs are similar, hence, only the EMG results of the
right leg are presented.
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Fig 3. The experimental setups. The experimental setups, including Indego explorer exoskeleton (Indego, Parker,
USA), 16 surface electromyography (sSEMG) Trigno sensors (Delsys, USA), split-belt instrumented treadmill (Bertec,
USA) equipped with two 6-degree of freedom (DoF) force plates, and optoelectronic motion capture system
containing eight Vero 2.2 cameras (Vicon, Motion System, UK) 16 reflective markers are placed according to the
“PlugIn-Gait” recommendation for lower body kinematic measurements.

https://doi.org/10.1371/journal.pone.0292334.g003

According to Fig 4, SOL, TA, and GAS activation patterns are similar to the normal walking
at 0.85m/s. Similar patterns can also be seen at 0.6m/s and 0.75m/s; see Figs A and B in S1
Appendix. However, BF and GLU activation patterns are different than those of natural walk-
ing; i.e., an extra peak occurs for BFE(GLU) during stance(swing) compared to natural walking.
According to the bar charts presented in Fig 4, with the exception of the activity of two muscles
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Muscle activity results for a typical participant at speed = 0.85m/s

Average Natural Passive (before) Active Passive (post)
0.2 1 1 1 1 {
Z 0.1 i ‘ ' 05 05 05 05 k
04 1 1 1 1
y "
002 0.5 0.5 05 05
»n },\-/\/\_J
0 0 0! 0 0
0.6 1 1 1 1
0 0.4
< 05 0.5 0.5 05
3 mlll A A N e
0 0 0 0 0
0.3 1 1 1 1
002} g
05 05 05 05
= o J.ll ]\/\_J\V b/ . . L,J
0 0 0 0
1 1 1 1
0.4 [ ]
L
T a3 0.5 05 AL S\ 08 0_5\\_/\’/\
0 0 0! 0! 0
0.6 1 1 1 1
EMJ..[ 05 N\ 0.5_/\_‘/\’\ 05 05-/\,/\\
0 0 0 0 0
1 1 1 1
04
- 0.5 05| PN __An 05 0.5 A//\\
N e
0 0 0 0 0
03 1 1 1 1
502 'I' 05 osj\/\\ 05 05//\/\\,\
O 0.1 ' ' 1A\ '
S Ocﬁo 100 0 50 100 o 0 100 o 0 100
@& a‘,\“@ &\4@ é§® 5 5

L sz? ‘?S’Qrz?

Fig 4. Muscle activation pattern comparison at 0.85m/s. Comparison between muscle activation patterns and average muscle activity for a representative
participant in four different conditions; Natural, Passive before, Active, and Passive post. For this representative participant, VER (Active condition) results
in average muscle effort reduction of 17.5% compared to Passive condition.

https://doi.org/10.1371/journal.pone.0292334.9004

(BF and GAS), the activity of the rest shows a significant reduction when the controller turns
on (Active) compared to the cases that the exoskeleton torque is zero (Passive). Among the six
muscles with average activity reduction, VAS and RF average activities are even lower than
walking without the exoskeleton; i.e., these muscles become silent when the controller turns
on. The similar patterns can also be seen with the other speeds and in most of the participants
(7 out of 9) so that VER achieves ‘average muscle effort reductions’ (refer to section “Experi-
mental setup” for the definition) of 14.4% * 4.0, 17.7% + 6.2, and 13.1% + 5.7 across all partici-
pants for 0.6m/s, 0.75m/s, and 0.85m/s speeds, respectively. The p-value for ‘average muscle
effort reductions’ at each speed is p = 0.0156 (two-sided Wilcoxon signed rank test), which is
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statistically significance with confidence interval of 95%. Note that although the variations
seen across some of the results are not the same, similar p-values were obtained in some cases;
this is due to the used non-parametric Wilcoxon signed rank test.
4.1.2 Kinematics. Fig 5a and 5h compare the desired trajectory and limit cycle with the
Natural, Passive, and Active conditions for a representative participant and also across all par-
ticipants at 0.85m/s. Fig 5i and 5j compare the Passive, Active, and Natural conditions in terms
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Fig 5. The kinematic comparison at 0.85m/s. (a,b,e,f) compare the Desired trajectory and limit cycle with Passive, Active, and Natural conditions at hip
and knee joints for a representative participant. (c,d,g,h) compare the correlation coefficient and RMS of deviations from the Desired and Natural
trajectories with Active and Passive conditions at hip and knee joints across all participants. (i) shows the toe clearance trajectory for a representative
participant, and (j) compares minimum toe clearance of Passive, Active, and Natural conditions across all participants. (k,]) compare Passive and Active
conditions in terms of hip(knee) maximum swing(stance) flexion(extension) across all participants; zero angle corresponds to a fully extended knee.

https://doi.org/10.1371/journal.pone.0292334.g005
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of toe clearance for a representative participant and across all participants at 0.85m/s. In addi-

tion, Fig 5k and 5] compare the hip maximum swing flexion and knee maximum stance exten-
sion for Passive and Active conditions. The results for other speeds are reported in Figs C and

D in S1 Appendix.

The exoskeleton mass, passive ankle joint, and its reduced degrees of freedom (constraining
user’s hip and knee to sagittal plane motion) all together contribute to the deviation of the par-
ticipant gait from the Natural. This is evident in reduced range of motion (ROM) at knee and
hip joints. Especially in the Passive condition, the knee joint does not extend fully during
stance and the hip joint cannot fully flex during swing. During the Active condition, regulating
the virtual energy at joints by VER results in trajectories more similar to the VER desired tra-
jectory, and participants experience an improved knee extension during stance (maximum
knee extension increased by 3.9 £ 4.7, 2.9 £ 5.1, and 4.1 + 4.9 deg with p-value of 0.0195,
0.2031, and 0.0195 for 0.6m/s, 0.75m/s and 0.85m/s speeds, respectively). VER also improved
the hip maximum flexion during swing (by 2.6 + 3.2, 2.5 + 2.8, and 1.7 * 3.6 deg with p-value
0f 0.0742, 0.0391, and 0.2031 for 0.6m/s, 0.75m/s and 0.85m/s speeds, respectively); see Fig 5k
and 51

The contribution of VER to the gait makes the hip and knee trajectories more similar to
both Desired and Natural trajectories. To study this similarity, we compare Passive and Active
with Desired and Natural trajectories in terms of correlation coefficient and RMS of error; see
Fig 5¢ and 5d for hip joint and Fig 5g and 5h for knee joint. Comparing Passive and Active
conditions, VER improves both indices at knee and hip joints, except for correlation coeffi-
cient at the knee joint when computed with respect to the Natural trajectory. This is due to the
modifications applied to the knee desired limit cycle to satisfy the “feasible limit cycle” condi-
tion of the VER controller; please see section “VER limit cycle design” and Def. 1 in section
“VER mathematical foundation” for more details. Although the presented results show the
quality of the VER control performance to move the joint movements towards the Desired
limit cycle, still the participant can experience a sufficient level of gait variability in Active con-
dition indicating the user voluntary contribution to the gait.

Interestingly, the resultant limit cycles and trajectories in knee and hip fall between the Nat-
ural and Designed limit cycles and trajectories; this is analytically studied in section “Human
resultant limit cycle” and discussed in section “Human contribution factor” that raises an
interesting hypothesis that “human central nervous system may employ the same strategy as
VER to control the lower limbs and generate stable limit cycles resulting in cyclic gait”. As
another consequence of the VER, the minimum toe clearance is increased for most of partici-
pants (8 out of 9) compared to Passive condition, which is due to improved knee extension
and hip flexion; see Fig 5j. Particularly in the selected representative participant the toe clear-
ance is increased by 13.6mm compared to Passive condition; see Fig 5i. Toe clearance is exag-
gerated in walking with the Indego exoskeleton (Passive and Active) compared to Natural
condition. Indego has a passive ankle that limits the ankle ROM, hence the foot lifts off the
ground faster than Normal and the toe maintains a higher distance w.r.t. the ground; see Fig 5i
as a typical result.

4.1.3 Human contribution factor. Our experimental results (see Fig 5) revealed that the
emerged gait limit cycles, in pink, fall between the Desired VER limit cycle (V,), in black, and
those (W), in cyan, obtained during Natural condition (without exoskeleton). The VER forms
a stable limit cycle that is a linear combination of the human intended limit cycle and the VER
desired limit cycle (V= (1 — )V, + BW, where 0 < 8 < 1); see section “Human resultant limit
cycle” for an analytical derivation based on the assumption of human controller is VER-like.
To test if the experimentally obtained limit cycles support this hypothesis, we solved linear
regression problems to obtain f for each participant at each joint. At 0.85m/s, we obtained
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for different participants with the following R* values.

B, = (0.41,0.66,0.57,0.62,0.76,0.41,0.64,0.50, 0.52)
B =(0.21,0.07,0.71,0.83,0.77,1.29,0.86,0.68,1.02)
R =0.93+0.03 R~ =0.91+0.06

hip knee

The obtained high R* and the 0 < 8 < 1 at hip joint (also the case at other speeds) confirm that
the emerged limit cycles at hip is a linear combination of the two limit cycles as predicted
above. At knee joint, although two participants seem to overcompensate for VER desired limit
cycle (indicated by the obtained values higher than one), the majority (7 out of 9) of partici-
pants showed 0 < 8 < 1 with large Rs corroborating to resultant interpolated limit cycles.

Obtained 0 < f < 1 (using kinematic data in section “Kinematics”) supported with average
muscle activity reduction compared to Passive case (reported in section “Muscle activity”)
indicates that VER established a proper coordination between the human and exoskeleton.
This allows participants to contribute to gait control with the exoskeleton. Even though this
evidence does not prove that our central nervous system controls our lower limb during loco-
motion by regulating similar virtual energy term, it demonstrates the plausibility of this mathe-
matical model for human gait control, warranting exploration in future research endeavors.
This mathematical model can be compared in the future to the existing human gait control
frameworks, for instance, those based on joint variable mechanical impedance [45-48], neuro-
muscular spinal reflexes [49], muscle synergy [50], and inverse optimal control [51].

4.1.4 Control performance. Fig 6a and 6b compare the Passive and Active virtual ener-
gies at hip and knee joints alongside their respective Desired profiles (i.e., radius of the limit
cycle squared, against the limit cycle phase). The data pertains to a representative participant
walking at a speed of 0.85m/s; the gray backgrounds indicate the stance phase.

As can be seen, Active condition regulates the virtual energy of the human-exoskeleton sys-
tem closer to the desired virtual energy (black solid line). Particularly, hip virtual energy from
limit cycle phase of —180deg to —60deg (corresponding to 0% to 40% gait cycle) and from
30deg to 180deg (corresponding to 60% to 100% of gait cycle) matches the desired virtual
energy. Knee virtual energy got better regulated from limit cycle phase of ~90deg to 20deg (cor-
responding to 50% to 70% gait cycle) and from 150deg to 180deg (corresponding to 87% to
95% of gait cycle). Similar patterns can be seen at other speeds; see Figs H and I'in S1 Appen-
dix. Moreover, Fig 6¢c and 6d compare the virtual energy of Desired with Active and Passive
conditions at hip and knee joints across the participants at 0.85m/s. The overall results show a
statistically significant improvement at hip joint in terms of correlation coefficient and RMS
comparing Passive and Active conditions with Desired profile. Although the VER regulates
the virtual energy of hip and knee joints towards their Desired profiles, it does not enforce it
strictly, allowing the participant to maintain a desirable degree of gait variability. Note that this
natural gait variability does not associate with any increased risk of fall [52], and could contrib-
ute to an improved ability to recover perturbations, as it is in line with uncontrolled manifold
theory [53].

4.1.5 Questionnaire results. A questionnaire is used to evaluate the subjective perception
of safety, comfort, stability, effort and time to exhaustion/fatigue; for more details see S1
Appendix. Fig 6e and 6f compare our questionnaire results for Passive and Active conditions
at 0.6m/s and 0.85m/s; the questionnaire results for 0.75m/s are reported in Fig J in S1 Appen-
dix. In this graph, a score of 10 for safety, comfort, and stability means equivalent to the Natu-
ral condition and zero is the minimum possible score. For effort, score of zero means that
participant walks with almost no effort and 10 means maximum possible effort. Finally, for the
fatigue, we asked how long the participant can walk until feeling exhausted and its values are
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Fig 6. VER control performance at 0.85m/s. (a,b) describe virtual energy against the limit cycle phase where the gray backgrounds indicate the stance
phase. (a,b) compare the desired virtual energy with virtual energy in two different conditions (Passive and Active) at hip and knee joints for a
representative participant. (c,d) compare Pearson correlation coefficient and RMS of deviation from the desired virtual energy in two different conditions
(Passive and Active) for hip and knee joints across all participants. (e,f) The questionnaire results for all participants at 0.6mm/s and 0.85m/s. The box plots
compare Passive with Active condition in terms of comfort, safety, stability, effort, and time to fatigue. The vertical axes for time to fatigue is in right side of
the plots.

https://doi.org/10.1371/journal.pone.0292334.g006

shown in the most right box plots. According to the questionnaire scores, VER can improve all
of the scores compared to Passive condition towards the Natural walking condition at all tested
speeds; i.e., participants perceived a significant improvement in most of indices. While their
medians have increased, safety score improvement was not statistically significant. The
improvement of scores when VER is active is more pronounced at 0.85m/s which is closer to
the participants natural walking speed.

4.2 Experiment 2

The VER performance was compared with PBP in terms of muscle activity reduction and joint
kinematics at 0.8m/s, and the results are illustrated in Fig 7. All participants acknowledged the
satisfactory performance of both controllers, in terms of motion naturalness, comfort, time to
fatigues, stability, and safety compared to Passive condition. Besides, they preferred the VER
over the PBP controller for walking on treadmill at 0.8m/s. Fig 7a shows the muscle effort
reduction for each muscle and participant in VER compared to PBP case, where the average
muscle effort reduction for Participant 1, Participant 2, and Participant 3 are 13.9%, 15.1%,
and 7.0%, respectively. Based on Fig 7a, VER leads to muscle effort reduction in VAS, BF, and
GLU for all participants. It should also be noted that due to Indego passive ankle joint, muscle
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Fig 7. Comparison between VER and PBP controllers at 0.8m/s. (a) illustrates the muscle effort reduction (of eight different muscles) due to VER
compared to the PBP case for three different participants; the positive values indicate VER-resultant relative muscle effort reduction. (b-e) compare the
participants knee and hip joint kinematic when using VER and PBP controllers.

https://doi.org/10.1371/journal.pone.0292334.9007

efforts of ankle mono-articular muscles (i.e., SOL and TA) mostly depend on the participant
interaction with exoskeleton rather than the controllers performance. In total, an average mus-
cle effort reduction of 12.0%+5.0% (average + sem) across all participants was obtained with
VER, which is statistically significant with confidence level of 95% (two-sided Wilcoxon signed
rank test p = 0.0299).

According to Fig 7b and 7c, comparing the resultant knee trajectories of VER and PBP with
their reference trajectories indicates a proper control performance for both VER and PBP con-
trollers at the knee joint. However, the knee resultant trajectory during the stance phase for
VER and PBP are different which is due to the modification of knee trajectory in VER during
stance phase to make it a feasible limit cycle; see section “VER limit cycle design”. It can also
be seen that Participant 3 has a higher knee flexion during the stance phase for both controllers
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compared to other participants which might be due to the different gait patterns of the Partici-
pant 3 during stance. Besides the stance phase, the VER provides a higher knee flexion during
the swing phase which leads to a higher (about 9mm) toe clearance. Fig 7d and 7e show both
controllers have a proper and similar tracking performance for the hip joint during stance and
swing phases.

To sum up, (1) PBP and VER exhibit a similar kinematic and control performance, (2) sub-
jective feedback of the participants favored VER over PBP, and (3) VER resulted in a signifi-
cant average muscle effort reduction compared to PBP controller. These results demonstrate
the superiority of VER as a time-independent controller compared to PBP (phase-based path
controller enhanced robust gait phase estimator [40]) as a state of the art method.

5 Conclusion

In this paper, we implemented the VER, a new controller to resolve the gait coordination issue
in lower limb rehabilitation, on an assistive limb exoskeleton and extensively tested it on nine
able-bodied participants walking at three different speeds close to walking speed in impaired
individuals. We analyzed the VER performance in terms of gait coordination and motion nat-
uralness using muscle activity, motion kinematics, controller command, and questionnaires
results. To investigate the advantages of the VER over the existing gait assistance controllers,
the VER is also compared with a well-known and effective controller (for individuals with
motor impairments) in the field; i.e., the path controller. Finally, we proved that the VER con-
vergences to an intermediate limit cycle between the human intended and exoskeleton desired
limit cycles. And, accordingly, a new metric is proposed to measure the VER contribution to
the gait.

The results demonstrate that VER regulates the virtual energy at each joint towards the
desired pattern resulting in a natural gait pattern with appropriate variability. The resulting
natural variability in gait can be attributed to the correction of the sum of squared of joint
angle and velocity by VER, rather than imposing constraints or correct each of these terms sep-
arately. The ease of maintaining a coordinated gait with VER controller was demonstrated by
the decreased activities of most muscles when compared to walking with Passive condition;
i.e., zero-torque exoskeleton. Besides, the total muscular efforts in VER controlled condition
have reduced compared to Passive condition by 14.4% + 4.0, 17.7% £ 6.2, and 13.1% + 5.7 at
0.6m/s, 0.75m/s, and 0.85m/s, respectively. Nevertheless, the ‘average muscle effort reduction’
can be attributed more to exoskeleton dynamic compensation rather than coordination effect.
The utilized exoskeleton has no active ankle joint resulting in an inability to compensate for a
significant portion of dynamics. Moreover, observing no significant change in ‘average muscle
effort’ compared to the Natural condition rejects this argument.

Passive walking alters the gait kinematics due to extra mass and inertia of the exoskeleton.
VER however improves the reduced knee extension by 3.9 +4.7,2.9 £ 5.1, and 4.1 £ 4.9 deg
and hip flexion by 2.6 + 3.2, 2.5 + 2.8, and 1.7 + 3.6 deg at 0.6m/s, 0.75m/s, and 0.85m/s, respec-
tively. This increased ROM extends the usability of VER-controlled exoskeleton as a suitable
tool for lower limb rehabilitation of individuals with residual motor functions, maintaining
large ROM and volitional contribution of the users. VER also increases the minimum toe
clearance of participants compared to both passive and natural (without) walking conditions.
This latter could have a positive effect on the perceived stability of gait as portrayed in the
questionnaire results.

The questionnaire results on perceived high comfort and stability, and low effort and
fatigue also corroborate to the fact that such time-invariant controller can resolve the human-
robot coordination problem. All participants found walking with exoskeleton during ‘Passive
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post’ more difficult than ‘Passive before’ indicating the participant reliance on VER (shaped
through user adaptation to VER) for walking. Comparison of the muscles’ activation patterns,
‘Passive before’ and ‘Passive post’, showed no sign of fatigue or change in overall muscle activa-
tion patterns, which refutes the possibility of muscular fatigue being a factor in the difficulty
perceived in ‘Passive post’ versus ‘Passive before’ condition.

As VER injects joint-level dynamics, compatible with dynamics of user’s gait, no need for
adaptation was perceived by the users. Conversely, a new gait dynamics emerges from the
interaction of VER with the user as manifested by the resultant limit cycles falling in between
the VER limit cycles and those intended by the user. Comparing the VER and PBP controllers
showed that total muscular efforts in VER controlled condition have reduced compared to
phase-based path controller by 13.9%, 15.1%, and 7.0% for three different participants at 0.8/
s, respectively. In addition, compared to PBP controller, VER leads to a higher toe clearance
(9mm), which provides a higher level of stability.

In conclusion, considering the participants feedback, having a similar muscle activation
pattern compared to the Natural condition, and having a significantly lower ‘average muscle
effort’ compared to the Passive condition and phase-based path controller indicate the VER
coordinated behavior with participants’ gait. These may attribute to a reduced human-exoskel-
eton physical conflict achieved by VER. While all the tests are done on able-bodied partici-
pants, we acknowledge that the selected speeds are lower than adult normal walking speed.
This was done to ensure the effectiveness of VER in those speeds, with a future goal in mind to
test VER on those speeds on participants with incomplete spinal cord injury. Additionally, in
our future study, we aim to present a metric to measure human-exoskeleton coordination and
evaluate the effectiveness of assistive controller, and test VER at different speeds and walking
conditions.
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