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External Dynamics Dependent Human Gait
Adaptation using a Cable-Driven Exoskeleton

Sanjeevi Nakka and Vineet Vashista*, Member, IEEE

Abstract—The emergence of exoskeleton technology has en-
abled new opportunities for gait rehabilitation, but effective
methods to restore healthy gait patterns with exoskeletons are
not yet clearly understood. Early research in robot-based gait
rehabilitation offered little improvement over current standards
of physical care and emphasized the need for a deeper under-
standing of the complex interaction between humans and the
robot, i.e., physical human-robot interaction (pHRI). Studies
reported varied lower limb responses for a similar interven-
tion with different exoskeletons, implying that the exoskeleton’s
external dynamics affect musculoskeletal adaptation outcomes.
Accordingly, the current study aims at showcasing the external
dynamics dependent gait adaptation using a Cable-Driven Leg
Exoskeleton (CDLE). A swing phase gait intervention using three
different CDLE cable-routing configurations that impose varied
dynamics at human anatomical joints is studied. Twenty-four
healthy participants, eight for each CDLE configuration, were
tested. Results showed varied gait adaptation among the three
groups such that the subjects used either predominantly their
hip joint, knee joint, or a combination of both joints implying
selective joint strategy adaptations for different external dynam-
ics conditions for the same intervention. The results of this study
can provide insights into the optimal design of leg exoskeleton-
based rehabilitation paradigms for effective gait rehabilitation.

I. INTRODUCTION

Neurological disorders and aging compromise human mo-
bility and induce impaired gait patterns, which manifest as
abnormal gait kinematics. Asymmetric interleg kinematics,
reduced stride length, and reduced walking speeds are some
commonly observed gait abnormalities in patients with neu-
rological disorders [1]-[3]. Because impaired and restricted
mobility negatively affects health and quality of life, develop-
ing interventions to recover or maintain healthy gait patterns
is desirable.

Advances in exoskeleton technology enabled new oppor-
tunities for gait rehabilitation [4]-[6]. The emergence of lab-
based and portable robotic exoskeletons facilitated the delivery
of the desired gait interventions both in the lab and outdoor
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walking environments.However, effective methods to restore
healthy gait patterns with exoskeletons are not yet clearly
understood [7]-[10].

Restoration of healthy gait patterns is non-trivial. Early re-
search in robot-based gait rehabilitation offered little improve-
ment over current standards of physical care [7], [8]. This was
likely due to the use of pre-programmed kinematics and high-
gain trajectory-tracking [11], which may have discouraged the
active engagement of patients in making movements and/or
suppressed the natural dynamics of walking [12], [13]. Most
previous designs for assistive and rehabilitation robots are
functional in delivering the required outputs and performing
desired tasks. Still, their effectiveness is questioned due to
insufficient knowledge about the perceived interaction between
humans and robots, i.e., physical human-robot interaction
(pHRI) [7]. This led to the evolution of a human-centric
approach to design. Consequently, to improve pHRI, several
major aspects are considered, such as anthropomorphic design,
alignment of joints, body fixations, quick donning and doffing,
and actuation control [7]-[9].

Studies reported adaptations in the human walking pattern
when external forces are applied using exoskeletons, implying
some adjustments by the human musculoskeletal system [4],
[7]-19]. Studies have also reported varied adaptation outcomes
when comparable interventions are applied [14]-[16]. In par-
ticular, these studies aim to alter a participant’s step height
during walking using exoskeletons with different structural and
control designs and mobility constraints. Thus, the adopted
protocol, imposed dynamics, and the control approach are
essential to a leg exoskeleton-based intervention paradigm.

The current work focuses on studying the effect of the
imposed dynamics on the intervention outcome. To achieve
this, a gait intervention was applied using an exoskeleton
with varied dynamics while maintaining a similar experi-
mental protocol and control. We developed a treadmill-based
Cable-Driven Leg Exoskeleton (CDLE) to achieve this. Due
to the cables’ unidirectional force application property, the
CDLE has redundantly actuated cables [18]. This facilitates
the implementation of the desired joint torque intervention
even when the system parameters, namely, the cable-routing
architecture and attachment locations, are varied. Thereby
enabling the imposition of diverse external dynamics on the
wearer’s anatomical joints.

A swing phase force intervention to increase the step height
during walking was implemented with three different imposed
dynamics conditions by CDLE in this work. Twenty-four
healthy participants were recruited for the study, eight for
each imposed dynamics condition. The objective is to study
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if altering imposed dynamics conditions for a similar gait
intervention affects the adaptation outcome. To check if such
imposition of distinct external dynamics at anatomical joints
promotes a particular joint, distal or proximal, strategy in
lower-limb during walking.

II. MATERIALS AND METHODS
A. CDLE Design

A Cable-Driven Leg Exoskeleton (CDLE) is developed for
implementing the force intervention during treadmill walking
as part of this work. Cables in a cable-driven system can
be connected to the lower limb thigh and shank segments,
anterior and posterior, to apply a pulling force on a segment
that may either assist or resist the limb movement. The use of
cables makes the CDLE lightweight and flexible, which does
not restrict natural limb motion. In the current study, CDLE
with four actuated cables is considered, Fig. 1(a). The modular
design of the system offers flexibility in changing the positions
of the actuators, pulleys, and cable anchor points to achieve
varied cable routing architectures as shown in Fig. 3 (cable
routing choices are presented in Section III). The components
of the CDLE that are to be donned by the participants are
divided into the Pelvis unit, Thigh unit, Shank unit, and Inertial
Measurement Unit (IMU), as shown in the Fig. 1(a).

The pelvis, thigh, and shank units comprise a flexible brace
made of polypropylene and are equipped with flexible Velcro
straps and anchor points to attach the cables. The anchor points
are facilitated by T-shaped components made of Delrin. The
cable is mounted on one end of the T shape, and the longer
portion is attached to the brace to distribute the force over the
unit. Further, additional 3D-printed components and pulleys
are affixed to the braces to facilitate the alteration of the
cable routing architecture. These units also have attachments
to mount the hip and knee joint encoder modules. The IMU
unit has a flexible velcro strap and is mounted on the lower
end of the shank (just above the ankle), as shown in Fig. 1(a).
This unit is used for detecting the heel strike and toe-off events
during walking and for computing the gait phase.

Four Brush-less DC motors (BLDC) (Model: 412821) with
gearbox (Model: 412821; reduction 12:1), and motor drivers
(EPOS 4 Compact 50/8 CANOpen) from Maxon (Sachseln,
Switzerland) are used to actuate four cables of the CDLE.
These motors are mounted on the Aluminium (Al) extrusion
frame. A cable reel of 50 mm diameter is connected to the
gearbox shaft through a rigid coupling. Further, Aluminium
pulleys are mounted on the extrusion frame to facilitate the
desired cable routing as shown in Fig. 1(a).

B. CDLE System Modelling

A cable is a unidirectional force application element, i.e., it
applies only a pulling force on a body. Thus, a cable-driven
system requires redundant actuation, i.e., at least m = (n + 1)
cables are required to control a n degrees of freedom (DOFs)
system [18]. Typically, cables in a cable-driven system are
modeled as a pure force at the attachment point to evaluate
the applied torque, 7, at the desired joint using Lagrange’s
method [18].
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Here, A, xm), referred to as the structure matrix, represents
the linear mapping between the cable tension values, T(,, 1),
and applied torques, 7(,,x1). The mapping A is a function of
system geometry and captures the effect of cable routing ar-
chitecture, cable attachment locations, and actuator positions.
For the CDLE cable routing architecture shown in Fig. 1(a),
the mapping A can be represented as in Eq. 2. The vector
notations presented in Eq. 2 can be inferred from Fig. 1(b),
and the detailed derivation for the mapping can be found in
[19]. Essentially, any changes in the cable routing architecture
imply changes in the vectors, 7 and l_: in Eq. 2, and subsequent
alterations in mapping A.

C. CDLE Intervention

In this study, the CDLE is used to apply a force perturbation
to the right leg during the swing phase of the gait cycle
aiming to increase the step height, 4, Fig. 1(b). To achieve
it, the CDLE is programmed to apply an upward pull at the
ankle equivalent to 10% of the participant’s body weight (BW)
during the swing phase. It implies, CDLE has to apply an
external joint torque across the hip and knee joints through
appropriate tension distribution across the cables during the
swing phase. Considering the sagittal plane lower-limb as a 2
DOF two-link serial manipulator, the joint torques, 744, and
Tknee, Needed to generate the desired upward pull at the ankle
can be calculated using the jacobian mapping presented as in
Eq. 3 [23]. Here, Iy and [} represent the length of the femur
and tibia. Further, 0, and 6 represent the sagittal plane hip
and knee joint angles. Subsequently, a quadratic programming
problem that solves for the cable tension distribution, 7, to
achieve the desired joint torques, 7q4es, is presented in Eq. 4.
Tonin and T;,4, denote the lower and upper limits on the cable
tension values and were considered as 15 N and 100 N.
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D. CDLE Control Architecture

Due to the inherent variability in human gait, the gait
cycle duration varies from one cycle to another. Subsequently,
human continuously adjusts the lower limb movements to
accommodate these changes. Thus, to apply the desired force
intervention, CDLE must adapt to the changes in walking
frequency and detect gait events. Thus, a closed-loop control
methodology is considered for the CDLE. Further, it is divided
into a high-level controller and a low-level controller to allow
for the subject-specific gait adaptation, Fig. 2. This closed-loop
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Fig. 1. (a) Schematic of the Cable-Driven Leg Exoskeleton (CDLE) setup highlighting all the components and attachments. Four motors are mounted on a
rigid frame, and cables are routed to the subject’s lower limb thigh and shank segments using pulleys. Load cells measure the cable tensions, and a spring is
placed in series between the motor and load cell. Encoders are used to measure hip and knee joint motions. An eight-camera motion capture system is used
to track human motion. (b) Schematic depicting the swing phase intervention using CDLE. Upon detection of the Toe Off (TO) event, the CDLE high-level

control generates the desired cable tension profile to increase the step height, A.
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Fig. 2. The control architecture of the CDLE is divided into two parts. The
high-level controller tracks the human gait phase and creates the desired
tension profile, T, necessary to apply desired intervention. The low-level
controller implements the 7T; values using a constant gain feedforward and
PID based feedback terms. A wire pull compensation is added to resolve the
cable slackening problem and improve the controller performance.

control runs on SbRIO - 9627, Real-Time (RT) target (National
Instruments Inc.), and communication between EPOS 4 (motor
controller) and sbRIO RT target is established on CANopen
protocol via NI-9881 Module.

High-Level Control: The main goal of the high-level con-
troller is to detect the gait phase during the experiment and
then generate the desired cable-tension profile, Ty. It operates
at a frequency of 200 Hz. The CDLE uses feedback from
an IMU unit attached to the shank to detect the swing and
stance phase of gait based on the heel-strike and toe-off events
through the gyroscope data of the IMU using a method similar
to the one reported in [20]. During the swing phase, the desired
cable tensions, 7T}, are generated per the desired intervention
Eq. 4. Further, in the stance phase, the T,; are commanded to
be at 15N to ensure that all the cables are in pretension for
the upcoming swing phase.

Low-Level Control: The low-level controller implements the
desired cable tension, Ty, at 1000 Hz. A force mode control
scheme is used to follow the desired tension values. An open

loop reference feed-forward (FF) term with a constant gain
for each motor-cable unit and a closed loop PID on the cable
tension feedback (FB) term are used, as shown in Fig. 2. The
total output defines the motors’ input signal (desired current)
to actuate the cables in CDLE to achieve the desired tension
and to apply the external forces on the lower limb. Since each
cable in a cable-driven system can only be operated in tension,
the controller needs to avoid issues of cable slackening as it
can lead to the cable coming off the pulleys. Accordingly, a
pull compensation term is implemented to adaptatively vary
the output of the PID for each motor as a function of the
motor velocity, v(z), and desired cable tension, T}, using the
method described in [21].

E. Imposed Dynamics Modelling

The dynamics imposed by a robot on the human muscu-
loskeletal system can be modelled as a combination of the
robot’s inertia, damping, and stiffness elements. In the context
of CDLE, considering that only flexible cables are attached to
the lower limb, and the device operation happens at normal
walking (low speed) conditions, the effects of inertial and
damping components on the dynamics are minimal. Thus,
the current work predominantly models the CDLE’s dynamics
through its stiffness characteristics. For a CDLE, external
torques are applied at the joints to allow joint motion. Thus, for
a quasi-static condition, a slight variation in the joint motion
can be related to the joint torque by the joint stiffness as in

Eq. 5.
dThip | _ | Knn Kyg| |don
ATknee Krw Krr| |doy
dr = Kydb (5)

Here, Ky is the multi-joint stiffness matrix which denotes
the relation between joint torques and angles. Elements K g
and K represent stiffness at the hip joint, and elements
Kip and Kgi represent stiffness at the knee joint. The
incremental cable displacement, dl, and the incremental ten-
sion in cables, dT’, are related by the diagonal cable stiffness
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Fig. 3. Three different CDLE cable routing configurations. (a) Configuration 1 (CI): All four cables are connected directly to the thigh and shank segments.
(b) Configuration 2 (C2): Two cables are routed through the thigh to connect to the anterior and posterior parts of the shank. The remaining two cables are
connected directly to the thigh. (c) Configuration 3 (C3) : Cable routing remains similar to C2, but an additional spring element is connected between the
thigh and shank segments. (d) Experimental protocol for the human experiment included baseline, training, and after effect sessions.

matrix, k. as dI' = k.dl. Now, differentiating Eq. 1 and
substituting d7, dT', and dl = —ATd6 in the obtained equation
results in the expression for Ky as in Eq. 6 [19]. Essentially,
any alterations in the cable routing architecture of CDLE
imply changes in A, which subsequently alters the multi-joint
stiffness, Ky, characteristics, i.e., transforming the nature of
imposed stiffness at anatomical hip and knee joints by CDLE.

_ |dA dA T
Ko = {MT mT} ~ Ak.A ©)

III. CDLE EXPERIMENT

To elaborate on the role of the imposed dynamics, we
studied human locomotor adaptation for the same external
force intervention using three different CDLE cable routing
configurations. Essentially, the objective of the intervention,
which is to increase the step height during the swing phase,
can be achieved by increasing hip joint flexion, knee joint
flexion or by the combination of both joints. Thus, the choice
of the configurations is specifically due to the nature of
the distinct dynamics they impose at the human anatomical
joints (explained in detail in Section III-B) to facilitate the
invocation of a particular joint strategy. Figure 3 presents a
representative picture showing participants donned with three
CDLE configurations.

In Configuration 1, CI1, the four cables of the CDLE are
directly connected to the anterior and posterior sides of the
thigh and shank units to administer the external forces, Fig.
3(a). In Configuration 2, C2, the cables connecting the anterior
and posterior sides of the shank unit are routed through
the thigh unit, and the remaining two cables are connected
directly to the thigh unit as shown in Fig. 3(b). Further, in
Configuration 3, C3, the cable routing remains similar to C2.
However, an additional passive spring is connected between
the anterior side of the thigh and shank units as shown in Fig.
3(c).

A. Experimental Protocol

Twenty-four healthy males in the age range 19-27 years

(mean age: 23.5 years) and mean weight 71.25 kg (SD: 7.5 kg),

participated in the experiment where eight subjects were tested
for each of the three CDLE configurations. Subjects were
informed about the experimental procedure and signed a writ-
ten consent form approved by the Institute Ethics Committee
of the Indian Institute of Technology Gandhinagar (Identifier
number: IEC/VV/2021/013) before participation. The exper-
iment involved three sessions in the order of Baseline (B),
Training (T), and After effect (A), refer Fig. 3(d). In all three
sessions, each participant walked on a treadmill at a constant
speed of 3 kmph. The experiment began with the B session,
which lasted for 3 minutes. A break of 5 min was given
before starting the training, T, session to engage the CDLE
and to compute the desired force profile. The T session lasted
5 minutes, where the CDLE applied the swing phase force
intervention on the participants’ right leg. Following the T
session, the cables were removed immediately. The participant
walked for another three minutes at the same treadmill speed
of 3 kmph as part of the After effect, A, session. Sixteen
reflective markers were attached to anatomical key points on
the lower limb according to the plug-in gait template in the
Motion Capture System’s Nexus software for acquiring gait
parameters. Data were recorded for all the sessions.

B. Imposed Stiffness

Figure 4(a-c) presents the average hip, knee, and coupling
stiffness imposed on human anatomical joints by the three
CDLE configurations. The data shown are the representative
data computed from one representative subject from each
group of the CDLE experimental session. The human lower
limb joint kinematics data, 6, and 6, cable tension data, 7,
cable stiffness values, k., and cable attachment parameters
were used to compute Ky using Eq. 5. Notably, the char-
acteristics of the imposed stiffness are distinct for the three
CDLE configurations. These differences are governed by the
changes in the structure matrix, A, in Eq. 5 across the CDLE
configurations as presented in [19], [22]. For the current study,
Eq. 2 presents the mapping A for the CDLE configuration
C2. While for CI, the second and third columns of A in Eq.
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Fig. 4. (a)-(c) A representative plot of the imposed joint stiffness (N-m/rad) at lower limb human anatomical joints by the three CDLE configurations. The
solid line represents the stiffness imposed by CDLE during the training session over one minute. The shaded area region represents the standard deviation. (d)
Ratio of imposed stiffness at hip and knee joints. (e) A representative plot showcasing the cable tension distribution of the three CDLE configurations across
the gait cycle to apply the required force intervention. The dotted line represents the desired cable tension, 7T}, and the solid line represents the averaged
cable tension, T, applied by CDLE during the session over one minute. The shaded area region represents the standard deviation of the Tt.

2 change to reflect the routing difference of cables 2 and 3.
Similarly, for C3, a term corresponding to the passive spring
gets added to A in Eq. 2. From Fig. 4(a), it is observed that
configuration C1 imposed a large stiffness at hip joint, Kpp,
than C2 and C3. Imposed coupling stiffness is more dominant
in CI and C3, than in C2, Fig. 4(b). Further, the imposed
stiffness at the knee joint, Kk, is very high for C3 and
nearly constant throughout the gait cycle for C2, refer Fig.
4(c). For C1, K varies significantly across the gait cycle.

Configuration 1 (C1): For CI, it is observed that the
stiffness imposed by CDLE at the hip joint, Ky, is larger
than the knee, Kx g, throughout the gait cycle, Figs. 4(a)
and (c). Figure 4(d) presents the ratio gi i, during the swing
phase. It is observed that imposed stiffness at the hip joint
is at least eight times larger than the knee during this phase.
Notably, C1 imposes a stiffness of magnitude between (1800 -
2600)N-m/rad at the hip joint and between (200 - 400)N-m/rad
at the knee joint. For the case of an external force intervention
during the swing phase, considering that C1 imposes dominant
stiffness at the hip joint, it is hypothesized that subjects will
prefer a distal joint strategy, i.e., using their knee joint to adapt
to the intervention.

Configuration 2 (C2): For C2, similar to CI, the stiffness
imposed by CDLE at the hip joint, Kz, is larger than knee,
Kk K, throughout gait cycle, Figs. 4(a) and (c). However, it
is to be noted that the magnitude of this imposed stiffness
is significantly smaller for C2 than CI. In particular, the
imposed stiffness magnitude is between (500 - 600)N-m/rad
at the hip joint and (280 - 300)N-m/rad at the knee joint.
Further, for C2, the ratio gz £ is smaller during swing phase
than CI, Fig. 4(d). Notably, this variation is comparable to
the musculoskeletal hip and knee joint stiffness ratio during
swing phase presented in [24]. For the case of an external
force intervention during the swing phase, considering that
C2 imposes the stiffness characteristics similar to the muscu-
loskeletal stiffness at anatomical joints, we hypothesize that
subjects will effectively use the combination of hip and knee
joints to adapt to the intervention.

Configuration 3 (C3): For C3, the stiffness imposed by
CDLE at knee, Kk, is dominant than hip, Ky g, through-

out the gait cycle, Figs. 4(a) and (c). The magnitude of
this imposed stiffness at the hip joint is between (500 -
620)N-m/rad. For C3, unlike CI and C2, the ratio gﬁi is
smaller than unity during swing phase, implying dominant
knee stiffness, Fig. 4(d). Notably, the cable-routing in C3
remained similar to C2, but addition of the passive spring in
C3 facilitated imposition of additional stiffness at knee joint
without affecting hip stiffness. Further, it can also be observed
that this ratio decreases as the swing phase progresses. For the
case of an external force intervention during the swing phase,
considering that C3 imposes dominant stiffness at the knee
Jjoint, we hypothesize that subjects will prefer a proximal joint
strategy, i.e., using their hip joint to adapt to the intervention.

C. Data Analysis

For data analysis, we used data from the third minute of the
B session, referred to as B3. The T session’s first, third, and
fifth-minute data are considered, referred to as T1, T2, and T3,
respectively. Further, two data sets of the A session, A15: first
15 gait cycles data, and A3: third minute data, are considered.
Gait parameters, namely step height, h, peak hip joint flexion,
and peak knee joint flexion were computed for each gait cycle
for the three CDLE configurations. Averaged data of these
parameters during B3, T1, T2, T3, A15, and A3 were analyzed
statistically for each CDLE configuration. Shapiro Wilk test
and Lilliefors test were used to test the normality condition.
A one-way analysis of variance with repeated measures of a
CDLE configuration was performed on these parameters. A
pairwise comparison among the sessions was conducted using
the Bonferroni test for the post hoc analysis. All statistical
analyses were performed using OriginPro software, and p-
values of < 0.05 were considered statistically significant.

IV. RESULTS

The intervention during the swing phase in the training
session resulted in noticeable changes in the participant’s hip
and knee joint kinematics when compared with their baseline
for all three CDLE configurations, Figs. 5, 6 and 7. Also,
noticeable changes were observed in the step height, 4, of the
perturbed leg during the training session, implying that the
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Fig. 5. (a) Step height (/) variations of the perturbed leg for different sessions
for Configuration 1 (CI). (b) and (c) Mean peak flexion of hip and knee joints
of the perturbed leg for different sessions during the swing phase. The data
presented here are averaged across all the participants of CI. with standard
error. Asterisks show the significant pairs from post-hoc test (*p < 0.05).

adopted hardware and control strategy was adequate to apply
the intended force intervention.

Figure 4(e) presents a representative plot of the tension
profile of all the cables across the gait cycle during the
training session of the three CDLE configurations. The shaded
region along the curve highlights the standard variation of the
cable tension over one minute. The intended force perturbation
tends to increase the step height, &, during the swing phase
of walking, implying the application of external joint torque
by CDLE to extend the hip and knee flexion. Cables 1 and
3, which connect to the anterior side of the thigh unit and
the posterior side of the shank unit, respectively, are mainly
involved, refer to Fig. 3. The other two cables, 2 and 4,
maintain a constant tension value to avoid cable slackening.
As the desired force at the ankle is a function of the subject’s
body weight, the cable tension profile varies from subject to
subject and between cable routing configurations.

Configuration 1 (C1): Figure 5(a) compares the variation
of the step height, s, across the experimental sessions. The
statistical analysis reported significant differences between
sessions in A. The post-hoc pairwise analysis reported that
h increased significantly during the first minute of the training
session, T1, compared to the baseline, B (B3-T1: p = 0.046).
However, no significant difference is observed between B3-T3,
implying & coming back to the baseline value. Interestingly,
h reduced further as the training progressed, TS5, which is
significant compared to B3, (B3-T5: p = 0.013). Also, a
significant difference is observed between T1-T5 (p = 0.009),
implying the variations in /& during the training session.
Further, with higher /4 value during AlS5, significant after-
effects are observed between B3-A15 (p =0.039) and T5-A15
(p =0.0012). However, h restored to the baseline value as the A
session progressed, as no significant difference was observed
between B3-A3.

Figure 5(b) shows the variation of the mean peak hip joint
flexion during the swing phase of the perturbed leg across the
experimental sessions. Hip joint flexion is larger initially in the
training session, T1, though not statistically significant, but its
values reduced as the training session progressed to result in a
significant difference between B3-T5 (p = 0.036), T1-T5 (p =
0.041), and T5-A15 (p = 0.0021). Further, no significant after-
effects are observed at the hip joint compared with B. Figure
5(c) shows the mean peak knee joint flexion variation during
the swing phase of the perturbed leg across the experimental
sessions. The knee joint flexion increased initially in the
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Fig. 6. (a) Step height () variations of the perturbed leg for different sessions
for Configuration 2 (C2). (b) and (c) Mean peak flexion of hip and knee joints
of the perturbed leg for different sessions during the swing phase. The data
presented here are averaged across all participants of C2 with standard error.
Asterisks show the significant pairs from post-hoc test (*p < 0.05).

®
e
o
N
- *
~
=]
*
*

N
(=]

N

o
w
o

Hip Flexion Peak (deg) &

Step Height, i (m)
o

Knee Flexion Peak (deg) &
o
o

(=)
N
o o

0 B3 T1 T3 T5 Al5 A3 B3 Tl T3 T5 Al5 A3 B3 Tl T3 T5 Al5 A3

Fig. 7. (a) Step height (/) variations of the perturbed leg for different sessions
for Configuration 3 (C3). (b) and (c) Mean peak flexion of hip and knee joints
of the perturbed leg for different sessions during the swing phase. The data
presented here are averaged across all participants of C3 with standard error.
Asterisks show the significant pairs from post-hoc test (*p < 0.05).

training session and reduced as the session progressed. The
increase in knee flexion peak during T1 is significant compared
to B3 (B3-T1: p = 0.041). This implies participants flexed the
knee joint more in response to the perturbation during T1. The
knee flexion reduced as the training progressed such that the
reduction is significant between B3-T5 (p = 0.04) and T1-T5 (p
= 0.02). Further, a significant difference is observed between
B3-Al15 (p = 0.034), where higher knee flexion is observed
during A15 implying after-effects.

Configuration 2 (C2): Figure 6(a) compares the variation
of the step height, s, across the experimental sessions. The
statistical analysis reported differences in step height, &, of
the perturbed leg between the sessions. The post-hoc pairwise
analysis reported an increase in & during the training session
compared to the baseline (B3-T1: p =0.036, B3-T3: p = 0.041,
B3-T5: p = 0.042). However, no significant differences are
observed between the data sets of the training session, i.e.,
T1, T3, and TS5, implying that the increase in & is retained
throughout the T session. Furthermore, a significant difference
is observed between B3-A15 (p = 0.03) with higher 4 for A15,
implying after-effects.

Figure 6(b) compares the variation of the perturbed leg’s
mean peak hip joint flexion across the experimental sessions.
A significant increase in hip joint flexion is observed during
the training session compared with baseline (B3-T1: p =
0.045, B3-T3: p = 0.028, B3-T5: p = 0.022). This increase is
retained throughout the training session (T1-T3, T3-T5, T1-
T5 not significant). Also, a significant after-effect with higher
hip flexion in Al5 is observed, B3-A15 (p=0.031). Further,
Fig. 6(c) compares the perturbed leg’s mean peak knee joint
flexion across the experimental sessions. A significant increase
is reported in the knee joint flexion during the training session
compared with baseline (B3-T1: p = 0.045, B3-T3: p = 0.041,
B3-T5: p = 0.04). Notably, this increase is retained during
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the training session (T1-T3, T3-T5, T1-TS not significant).
Further, a significant after-effect with higher knee flexion in
A1S5 is observed, B3-A15 (p=0.023).

Configuration 3 (C3): The statistical analysis reported
differences in the values of the step height, A, of the perturbed
leg between the sessions, Fig. 7(a). The pairwise post-hoc
analysis reported significance between B3-T1 (p = 0.0205)
and B3-T3 (p = 0.041), but no significance between B3-T5.
This implies that the step height increased during the initial
phase of the training session and returned to the baseline as the
training session progressed. A significant reduction is observed
during the training, T1-T5 (p = 0.02). A significant after-effect
is observed with larger & in A15 (B3-A15: p = 0.03).

Figure 7(b) compares the variation of the perturbed leg’s
mean peak hip joint flexion across the experimental sessions.
A significant increase in hip joint flexion is observed during
the training session compared with baseline (B3-T1l: p =
0.0423, B3-T3: p = 0.024, B3-T5: p = 0.026). This increase
is retained throughout the training session (T1-T3, T3-T5,
T1-T5 not significant). Significant after-effect with higher
hip flexion in Al15 is observed, B3-A15 (p=0.019). Further,
Fig. 7(c) compares the mean peak knee flexion across the
experimental sessions. A significant reduction in knee joint
flexion is observed throughout the training session compared
with baseline (B3-T1: p = 0.0416, B3-T3: p = 0.0391, B3-T5:
p = 0.0403). This reduction is retained throughout the training
session (T1-T3, T3-T5, T1-T5 not significant). Further, no
significant difference is observed between B3-Al15, implying
no after-effect at the knee joint.

V. DISCUSSION

In a robotic intervention paradigm, the use of a robotic
exoskeleton is aimed at either assisting or resisting the human
lower limb joint motion to emulate a desired gait as per
the intended intervention [25]-[27]. In general, a task space
approach is taken, where the joint torque values required for
a multi-link serial-chain model of a leg to execute a desired
trajectory in the task space are administered. To apply the
computed torque values on the human leg, external forces are
applied by the robotic system at the leg segments, such as the
thigh and shank. Notably, human lower limbs have redundant
DOFs and are redundantly actuated through muscles, i.e.,
redundant musculoskeletal system. Essentially, from a human
perspective, there exist multiple ways of actuating muscles to
achieve a particular task space performance. Thus, there can
be cases where the musculoskeletal system adjusts differently
than the intended aim of the applied intervention during a
physical human-robot interaction (pHRI) task. This makes
it critical to comprehend the aspect of pHRI in a robotic
intervention paradigm. Notably, several works [28]-[31], have
discussed the importance of the pHRI in promoting the desired
outcome of the intervention. In this context, the current study
has provided insights into how the external dynamics of a
robot can drive a subject to choose a particular joint strategy
in response to a specific gait intervention.

Three different CDLE architectures, which impose contrast-
ing external stiffness at anatomical joints but are programmed
to execute a similar intervention, are considered for this study.

The variation in the imposed stiffness is achieved by altering
the cable routing configurations along the human lower limb,
thigh, and shank segments. Specifically, we observed diverse
lower limb joint kinematic responses from the experimental re-
sults by the three subject groups for the same gait intervention.
For the case of CDLE Configuration 1, CI, which imposes
large stiffness at the hip than the knee joint, it is observed that
the subjects adopted the distal joint strategy, as hypothesized.
Specifically, subjects flexed their knee more when the applied
forces to increase the step height were applied. Further, the
desired goal of the intervention, i.e., to increase step height,
h, during the swing phase was not entirely achieved during
the training session. As CI imposed a large magnitude of
stiffness at the anatomical joints, reduced step height due to
reduced joints’ range of motion was observed as the training
progressed. This elaborates the importance of pHRI in an
intervention, as in this case, CDLE is administering forces to
increase h, but the resulting outcome is against the intended
intervention.

The results from the healthy human experiments with CDLE
Configuration 2, C2, showed that subjects preferred using both
the hip and knee joints, i.e., the combination of both joints,
in response to force intervention, as hypothesized. Further, the
step height, A, increased during the training session and was
maintained throughout the session, implying the fulfillment
of the desired intervention. Since the gait intervention was
the same for both CI and C2, the reason for the different
gait adaptation is due to the significant difference between
the imposed joint stiffness by CI and C2. Especially, unlike
C1, the range and trend of the C2 imposed stiffness was
comparable with the lower-limb musculoskeletal stiffness [24].
For the CDLE Configuration 3, C3, the subjects adopted an
entirely different musculoskeletal response. As C3 imposed
a significantly large stiffness at the knee joint than the hip,
it is observed that the subjects adopted the proximal joint
strategy as hypothesized. Specifically, subjects flexed their hip
more when the applied forces to increase the step height were
applied. Similar to the case of CI, the desired goal of the
intervention, i.e., to increase step height, 4, was not entirely
achieved during the training session of C3.

Overall, all three groups showed varied gait responses such
that the subjects used either predominantly their hip joint, knee
joint, or a combination of both joints for the same intervention.
The step height changes in the present study are in agreement
with the observations presented in [15], [16] but differed from
[14]. Notably, gait adaptation due to imposed joint stiffness
has been of interest in the literature [31]-[33]. Specifically, gait
adaptation due to changes in stiffness at the hip joint over a gait
cycle has been reported using a rigid hip exoskeleton in [31],
[32]. The effects of stiffness and damping on the ankle joint
have been studied in [33], [34]. For the case of a therapeutic
intervention, a trained therapist uses both his/her upper limbs
and skillfully alters his/her upper-limb joint stiffness, i.e.,
imposed dynamics, to generate the desired lower-limb motion
in the subject. On similar lines, in the presented study, we
altered the imposed stiffness by exoskeleton at a particular
joint and invoked a specific joint strategy in the subject.

This study showcased the importance of external dynamics
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in a robotic intervention in invoking different musculoskeletal
responses. The observed results demonstrated the CDLE’s
ability to alter pHRI to promote a particular joint strategy
and also highlighted the importance of the choice of cable
routing in a CDLE based intervention. The results derived
from this study also identify stiffness as an adequate parameter
to model the imposed dynamics and also were able to map
it to the outcome of the robotic intervention. Essentially,
the analysis of gait changes in robot-aided walking, when
compared to free natural walking, as addressed in the present
study, is expected to clarify and elaborate upon key aspects
of pHRI that serve as a building block for future robot
designs or optimized use of existing devices by incorporating
imposed dynamics understanding to promote subject-specific
interventions. Further, the presented results bear significance
as the exoskeletons are used for individuals with disabled
walking, and any unaccounted dynamics can lead to undesired
compensatory strategies by the individuals.

One of the limitations of the current study is smaller number
of participants. Further experiments with a diverse population
group are required to generalize the presented observations.
Notably, the current results serve as a basis for designing
such studies. Such understanding can eventually help in de-
signing subject-specific rehabilitation paradigms. However, as
the current paradigm was tested on healthy individuals, further
research is needed to ascertain how to alter imposed dynamics
to benefit elderly and neurologically affected populations.
Considering adaptation during walking, a study targeting step-
length perturbations will be of interest as literature [14] report
gait adaptation when step-length is altered. Even though the
current work reported successful implementation of cable
tension by the CDLE, the controller can be further improved
for proper pre-tensioning and tracking.
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