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Haptic Transparency and Interaction Force Control
for a Lower Limb Exoskeleton
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Abstract—Controlling the interaction forces between a human
and an exoskeleton is crucial for providing transparency or ad-
justing assistance or resistance levels. However, it is an open prob-
lem to control the interaction forces of lower limb exoskeletons
designed for unrestricted overground walking. For these types of
exoskeletons, it is challenging to implement force/torque sensors
at every contact between the user and the exoskeleton for direct
force measurement. Moreover, it is important to compensate for
the exoskeleton’s whole-body gravitational and dynamical forces,
especially for heavy lower limb exoskeletons. Previous works either
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simplified the dynamic model by treating the legs as independent
double pendulums, or they did not close the loop with interaction
force feedback. The proposed whole-exoskeleton closed-loop com-
pensation (WECC) method calculates the interaction torques dur-
ing the complete gait cycle by using whole-body dynamics and joint
torque measurements on a hip-knee exoskeleton. Furthermore, it
uses a constrained optimization scheme to track desired interaction
torques in a closed loop while considering physical and safety
constraints. We evaluated the haptic transparency and dynamic
interaction torque tracking of WECC control on three subjects.
We also compared the performance of WECC with a controller
based on a simplified dynamic model and a passive version of the
exoskeleton. The WECC controller results in a consistently low
absolute interaction torque error during the whole gait cycle for
both zero and nonzero desired interaction torques. In contrast, the
simplified controller yields poor performance in tracking desired
interaction torques during the stance phase.

Index Terms—Assistive robots, exoskeletons, interaction force
control, physical human-robot interaction, rehabilitation robots.

I. INTRODUCTION

OWER limb exoskeletons are used to assist impaired in-

dividuals in their daily life and as a tool for physical reha-
bilitation in clinical settings [1], [2]. They are also increasingly
used to augment the abilities of healthy individuals [3]. In each of
these applications, the exoskeleton must be capable of regulating
the interaction forces and torques between the user and the
exoskeleton, both for the safety of the user and the effectiveness
of the control mode.

As an example, the transparent control mode attempts to zero
the interaction forces between the user and the exoskeleton.
Transparency is useful for comparison when evaluating new
rehabilitation control strategies [4] and for allowing users to
move freely when wearing assistive devices [5]. Other control
modes, used in rehabilitation, include “assist as needed” (AAN)
and resistive control for robot-aided gait therapy [6]. With AAN,
the robot provides only as much assistance force as needed to
complete a given task [7]. In resistive and error-augmentation
methods, force is applied to make the task more challenging,
which accelerates relearning of motor tasks [4], [8].

An important part of controlling interaction forces is com-
pensating the weight of the lower limb exoskeleton. How the
weight of the exoskeleton is transferred to the ground or the
user depends on its design. There are three main categories of
design.
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1) Grounded Trunk: The trunk of the exoskeleton is fixed
relative to a treadmill structure [9], [10], [11]. Due to the
grounded trunk, only the masses of the individual leg links
are felt by the user, and these masses can be compensated
with active control.

2) Floating-Base (trunk) Without Feet: These exoskeletons
are designed for unrestricted overground walking and do
not contact the ground [12], [13], [14]. Partial gravity
compensation can be achieved for the swing leg, but it
is not possible for the exoskeleton to completely carry its
own weight since there is no contact with the ground. Such
exoskeletons are designed to be as light as possible, which
limits their maximum assistance/resistance and battery
life.

3) Floating-Base With Feet: These exoskeletons are designed
for unrestricted overground walking and have feet that
contact the ground [15], [16], [17], [18], [19], [20], [21].
The weight of the exoskeleton can be transferred to the
ground through the exoskeleton’s foot contact. While this
allows for stronger actuators and larger batteries, it comes
at the cost of more complicated controllers for accurate
interaction force control.

In this article, we focus on floating-base lower limb ex-
oskeletons with feet, for which controlling interaction forces
remains an open problem [17], [22]. Accurate interaction force
control will enable natural implementations of AAN, resistive,
and error-augmentation methods in overground walking therapy
using rehabilitation exoskeletons. Floating-base exoskeletons
with feet also allow the possibility of larger assistive forces and
longer battery life.

Due to the high torque requirements of floating-base exoskele-
tons with feet, high reduction ratios are used, which results in
high friction and apparent inertia of motor rotors [23]. Also,
these exoskeletons are heavy due to powerful actuators and large
batteries. Therefore, itis essential to compensate for these factors
to accurately control the interaction forces and torques between
the user and the exoskeleton.

Another challenge is measuring the interaction torques be-
tween the human and the exoskeleton. Grounded exoskeletons
typically have a small number of contacts with the user, and
interaction forces can be directly measured by force sensors
implemented at the contacts [10], [24], [25]. In contrast, floating-
base exoskeletons have broadly distributed contacts with the
user, including at the trunk and foot. This makes it challenging
to implement force/torque sensors at all contacts. Therefore, it is
required to indirectly estimate the interaction forces and torques
through other sensory information.

In this article, we present a novel method to estimate and
control user-exoskeleton interaction torques during the complete
gait cycle of a floating-base hip-knee exoskeleton with feet.
The controller, which is based on constrained optimization,
outperforms the state of the art in achieving transparency (zero
impedance) and nonzero impedances in the user-exoskeleton
interaction behavior.

The context of the contribution of this article is established
by the related work below.

1843

A. Related Work

Previous studies on controlling interaction forces with
floating-base lower limb exoskeletons with feet can be divided
into three main categories.

1) Whole-Body Dynamics Compensation With No Interac-
tion Force Feedback: A lower limb exoskeleton can be mod-
eled as a floating-base system considering all links and joints
together, similar to a bipedal robot [26], [27]. Vantilt et al. [16]
implemented a whole-body floating-base model while consid-
ering external contact constraints, such as ground contact or
contact with a stool. They estimated the contact forces based on a
complementary energy method [28]. However, this method does
not allow the calculation of interaction torques at the nonstatic
contact points between the human and exoskeleton. Camardella
et al. [15] also modeled the full-body dynamics based on the
user-dependent continuous interpolation between left and right
stance dynamics. These studies compensated for the gravita-
tional and Coriolis torques calculated using the whole-body
model. However, modeling errors were not corrected with in-
teraction force feedback, and desired interaction torques were
used only as a feedforward term.

2) Simplified Double Pendulum Model With Interaction
Force Feedback: Andrade et al. [17], [18], and Tu et al. [19]
employed a simpler, nonwhole-body model of the exoskeleton to
help estimate interaction torques. In this simplified model, each
leg is modeled as an independent double pendulum 2R robot.
When the leg is in swing and stance, the hip and ankle joints are
assumed to be pinned, respectively. This model is used to calcu-
late the feedforward compensation torques, which are subtracted
from the joint torque measurements to estimate the interaction
torques between the human and exoskeleton. Interaction torque
estimation is used as the input of a proportional-derivative (PD)
or admittance controller.

Since the backpack is not modeled and the legs are modeled
independently, the dynamic compensation torques and interac-
tion torque estimates are not accurate for the stance leg. With
this approach, the stance leg carries only its own weight instead
of the weight of the entire exoskeleton. While this might be
acceptable for light or grounded exoskeletons, it is not accurate
for exoskeletons designed for overground walking that provide
a high level of support and long battery life.

3) User-Dependent or User-Instrumented Approaches: Sin-
ce physical parameters and walking gaits vary from user to user,
some interaction force controllers require additional sensors to
be affixed to the user and/or custom tuned for each user.

Sharifi et al. [20] implemented a neural network scheme to
learn the whole-body dynamics of the exoskeleton together with
the user. While this method does not require additional sensors to
measure the joint torques, the main drawback is user-dependent
learned dynamics, and a training phase is required for each user.
Kazerooni et al. [21] implemented a hybrid controller where the
exoskeleton’s stance leg follows the joint positions of the user
to provide haptic transparency. The joint positions of the user’s
leg are measured by inclinometers attached to it. Moreover, the
proposed method is for haptic transparency only; if the desired
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TABLE I
SELECTED FEATURES OF THE INTERACTION FORCE/TORQUE CONTROL STUDIES

Ref Model Interaction force User Instrumentation Physical/safety
clerence ode feedback dependent on user limit implementation
Camardella et al.,
2021 [15] ‘Whole-body No Yes No No
Vantilt et al.,
2019 [16] Whole-body No No No No
Andrade et al., Independent PD
2019-21[17], [18] double pendulums controller No No No
Tu et al., Independent Admittance
2020 [19] double pendulums controller No No No
Sharifi et al., ‘Whole-body
2021 [20] (learnt by NN) No Yes No No
Kazerooni et al., 3-link for swing Sensitivity No (transparency)
no model for stance . : Yes No
2006 [21] L Amplification Yes (non-zero reference)
(position control)
Our proposed Whole-body Admittance No No Yes

method (WECC) controller

Note that this article focuses on floating-base lower limb exoskeletons with feet. Therefore, this table does not include studies with grounded exoskeletons and

floating-base lower limb exoskeletons without feet.

interaction force is nonzero, a model of the user-dependent
interaction properties are needed.

4) Summary: Selected features of interaction force/torque
control studies on floating-base lower limb exoskeletons that
contact the ground are presented in Table I. These studies can be
categorized into three main groups. First, there are studies where
the whole-body dynamics of the exoskeleton are compensated
with no interaction force feedback [15], [16], [20]. Second, some
studies modeled the exoskeleton as two independent legs with
no consideration of the backpack [17], [18], [19]. These studies
implemented PD or admittance controllers based on the inter-
action force/torque error. Third, there are methods that require
additional instrumentation on the user [21] or user-dependent
learning for model or gait state estimation [15], [20]. None
of these proposed control strategies implement optimization
methods to enforce physical or safety limits to avoid actuator
saturation or to constrain the motion to satisfy safety conditions.
To the best of the authors’ knowledge, there is no study that
calculates interaction forces with full-body dynamics during the
whole gait cycle and uses this estimation in a closed-loop control
for a floating-base lower limb exoskeleton that is in contact with
the ground.

B. Contributions

In this article, we propose a novel subject-independent method
to calculate interaction forces during both single and double
stance configurations based on a whole-body dynamic model.
Moreover, we propose constrained optimization combined with
a virtual model controller to achieve desired interaction torques
while considering physical and safety constraints. We call the
proposed method whole-exoskeleton closed-loop compensation
(WECC) because whole-body dynamics of the exoskeleton is
compensated and considered in the closed-loop controller.

We evaluated the transparency and spring-damper haptic-
rendering performance of our proposed WECC controller on
treadmill walking. We compared the performance of the WECC
controller to a control approach based on a simplified dynamic
model of the exoskeleton (the “simplified” condition), where
the legs are modeled as double pendulums independent of one
another and the backpack is ignored [17], [18], [19], [23]. For

transparency evaluations, we also tested the performance of a
passive version of the exoskeleton with disassembled drives
(the “no-drive” condition). We observed that the transparency
of the swing leg was similar under the three conditions (WECC,
simplified, and no-drive), but our proposed WECC method out-
performed the simplified controller and the no-drive condition
for the stance leg. In nonzero impedance haptic rendering,
the WECC and simplified controllers performed similarly for
the swing leg, but our WECC controller tracked the desired
interaction torques better for the stance leg.

The core contributions of this article are as follows.

1) A continuous whole-body forward dynamical model for
the whole gait cycle is developed based on the ratios of
the vertical ground reaction forces (GRF) at the feet.

2) A novel method to estimate the interaction forces during
both single and double stance configurations is proposed.

3) A constrained-optimization-based virtual mass controller
is implemented that considers the underactuation of the
exoskeleton and its physical/safety constraints to control
the interaction torques.

4) The transparency and haptic rendering performance of our
proposed WECC controller is compared with a state-of-
the-art controller based on a simplified dynamic model.

II. SYSTEM DESCRIPTION AND MODELING
A. Lower Limb Exoskeleton: ExoMotus-X2

A four-degrees-of-freedom (DOF) lower limb exoskeleton
(ExoMotus-X2, Fourier Intelligence, Singapore), shown in
Fig. 1, was adapted and used as a platform to test the proposed
interaction torque controller. This exoskeleton has four total
active DOF at the hip and knee joints, and passively allows
motion at the ankle joints. Each active joint is driven by a Maxon
EC60 100 W motor with a 1:122.5 reduction ratio obtained
via harmonic gearing and a belt. Copley Accelnet ACK-055-06
motor drivers are used to control the motors. A peak torque of
80 Nm and a peak velocity of 3.2 rad/s can be obtained at each
joint.

Due to the high friction caused by the large reduction ratio,
it is not feasible to estimate the joint torques by only measuring
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Fig. 1. ExoMotus-X2 lower limb exoskeleton, featuring a close-up view of the
strain gauge implementation (left) and a user wearing the exoskeleton (right).

the current through the motors. Therefore, we modified the
ExoMotus-X2 exoskeleton to add joint torque sensors at each
driven joint. Each torque sensor consists of a full Wheatstone
bridge with four strain gauges on the limb just distal to the joint,
similar to the method presented by Claros et al. [29]. These cus-
tom joint torque sensors provide measurements with a resolution
of 0.3 Nm and 0.1 Nm at the hip and knee joints, respectively.
The strain gauges were calibrated by immobilizing the joints
and hanging known weights at known locations whereas the
exoskeleton was suspended by backpack attachment points. A
close-up view of the strain gauge is shown in Fig. 1.

An inertial measurement unit (IMU) (Tech-IMU V4 by Tech-
naid S.L.) is mounted on the backpack to measure the orientation
and angular velocity of that link. Using the encoder measure-
ments from each motor and orientation estimation of the back-
pack, the orientation of each link in the sagittal plane with respect
to the gravity vector is estimated. In addition, eight 3-DOF force
plates (9047B, Kistler) under a custom instrumented split-belt
treadmill are used to measure GRF at each foot.! Furthermore,
to have a tighter connection with the upper body, an additional
trunk brace was adopted from another lower limb exoskeleton
(Exo-H3, Technaid S.L.).

Communication with motors and onboard sensors is estab-
lished over a controller area network (CAN) bus using the

IThe external footplates provide ground truth, but the controller uses only
relative GRF rather than absolute GRF, and estimates of these relative forces
may be provided by sensors on the exoskeleton itself. This is discussed further
in Sections III and VI.
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Fig. 2.  State machine structure of the gait states. The variables Fj and F; are
the left foot and right foot vertical force readings, respectively. The threshold
force that triggers state change is represented by Fjin. This threshold can be
an absolute force value or a ratio of the total vertical forces. When this state
machine is used in real-time control, states are not allowed to change more than
once every 150 ms for robustness to noise. During walking, the focus of this
article, the flight state never occurs.

CANOpen communication protocol. To minimize communica-
tion delay and allow real-time visualization and tuning capabil-
ities, an external PC is connected to the exoskeleton by a tether.
Analog force plate readings are acquired with an Arduino Mega
board connected to the same PC. The controllers and applica-
tions are implemented on an open-source software stack called
CANOpen robot controller (CORC) [30] based on ROS and
C++. High-level controller commands and sensor measurements
are updated at 333 Hz, whereas the low-level current controller
of the motors runs at 15 kHz.

B. Dynamic Model

Our proposed WECC control method is based on a whole-
body model where we incorporate the sagittal plane dynamics
of every link of the exoskeleton, including the backpack.

1) Whole-Body Dynamics: The exoskeleton is modeled as a
floating-base five-link mechanism with four active joints. The
dynamics of the human user are not modeled but are incorporated
into the exoskeleton dynamics as a source of external torque at
each joint. For each gait state, the constraints on the system and
the equations of motion are modified accordingly. These gait
states are no ground contact (flight), contact by a single foot
(single stance), and contact by two feet (double stance). Fig. 2
presents the gait state machine.

a) Single Stance: In single stance, the ankle of the stance leg
is assumed to be hinged to the ground. With this assumption,
the exoskeleton has five DOF. The generalized coordinates and
equations of motion are

M;(q)d+bi(q,q) + 9i(q) = S Tjoint + Tine, 1 € {Is, 15}
(D
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© (d)

Fig. 3. Different gait states and representation of the generalized coordi-
nates. Whole-body model representations are shown in subfigures (a), (b), and
(c). Subfigure (d) corresponds to the stance and swing phases of the simplified
model. (a) Single stance. (b) Double stance. (c) Flight. (d) Simplified.

where q = [0y, 01, 02,05,04]" are the generalized coordinates
corresponding to the backpack, hip, and knee angles, as
shown in Fig. 3(a). The matrix and vectors M; € R>*® b; €
R®, and gi € R5, are the mass matrix, Coriolis and centrifu-
gal torques, and gravitational torques, respectively, during left
stance (7 = Is) and right stance (i = rs). The vector Tjoint € R*
corresponds to joint torques, and S = [04x1, [4x4] is a selection
matrix of actuated joints. The interaction torques applied to the
exoskeleton by the user are given by the vector T, € R®.

b) Double Stance: This state can be expressed as an extension
of the single stance model where one ankle is assumed to be
hinged on the ground and external forces are applied on the
other ankle

Ml(q)q =+ bz(Qv q) + gZ(q) = STTjoint + Tine + .];r:[‘j7
(i,5) € {(Is,1), (rs,1)} 2

where J; and I'; correspond to the contact Jacobian of the left
(y =1) orright (§ = r) ankle and the external forces at that point,
respectively. Multiplying (2) by the transpose of the constraint
matrix H € R°*3, where JH = 0, results in the following
equation of motion:

H"(M;(q)q +bi(q,q) +9i(q) — Tin) = H' S Tioim,
i€ {Is,rs}. 3)

The two position constraints on the other ankle represented in the
constraint matrix H map the 5-D (2) onto the 3-D controllable

IEEE TRANSACTIONS ON ROBOTICS, VOL. 40, 2024

space. Any three of the five coordinates may be chosen as
the generalized coordinates.” Since there are only three DOF,
the system is overactuated during double stance; there exists a
1-D null space of internal “cocontraction” torques that have no
impact on motion. Overactuation in double stance complicates
the estimation of interaction torques, as discussed in Section III,
and may cause a discontinuity in the equations of motion and
the dynamic compensation torques during transitions between
single and double stance.

To sidestep these issues, we approximate double stance as a
transition from left stance to right stance or vice versa

Mds(q)q + bds(qa q) + gds(q) = STTjoim + Tint 4)

where
My = aMs+ (1 — o) M ®)
bas = abis + (1 — a)bys (6)
gas = agis + (1 — a)grs. @)

The variable «v in (5)—(7) corresponds to the interpolation factor
from left-stance dynamics to right-stance dynamics. These in-
terpolated dynamics are particular solutions to the equations of
motion (3), as proven in Appendix D. The interpolation factor o
is calculated based on the ratio of the left vertical ground reaction
force to the sum of both vertical GRF

__ Hy
0= Y
By + Fry

where I}, and I}, are left and right vertical GRF, respectively.
The rationale for defining the v based on the ratios of the vertical
GREF is presented in Appendix D. Interpolating the equation
of motion from left-stance dynamics to right-stance dynamics
allows smooth continuous modeling of the whole gait cycle
that is consistent with the weight transition of the exoskeleton
during walking. The difference of this method from the work of
Camardella et al. [15] is that their kinematic-based gait segmen-
tation is user-dependent and requires a training procedure.

c) Flight: In the flight state, the only external forces on the
exoskeleton are due to interaction with the user. While this state
does not occur during walking, we use this state’s equation of
motion for exoskeleton parameter estimation, as described in
Section II-C. The equation of motion in generalized coordinates
is

®)

. . fl
Mﬁy(qﬂy)qﬂy + bﬁy(qﬂyv qﬂy) + gﬂy(qﬂy) = S—ﬂryTjoint + Tin};
)

where gy = [0, Yo, o, 01, 02, 03, 84] is a vector of generalized
coordinates corresponding to the linear and angular positions
of the backpack and the hip and knee joint angles, as shown in
Fig. 3(c). The variable M, € R™*7 is the mass matrix, bgy €
R is a vector of Coriolis and centrifugal forces, and ghy € R7a

vector of gravitational forces. The variable Sgy = [04x3, Lixa]

. . . .. il .
is a selection matrix of actuated joints, and 7, € R is a vector

of interaction forces and torques applied to the exoskeleton by
the user.

Interested readers may refer to [31] for the details of the constraint matrix
H and (2) and (3).
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TABLE IT
ESTIMATED MASSES AND INERTIAS (ABOUT AXES THROUGH THE COM AND
PERPENDICULAR TO THE SAGITTAL PLANE) OF LINKS AND MOTOR ROTORS OF
THE EXOMOTUS-X2 EXOSKELETON

Link m [kg] L [kgm?]
Backpack 10.3 0.201

Upper thigh 0.7 0.002197
Lower thigh 2.14 0.005901
Upper shank 0.64 0.002346
Lower shank 0.47 0.0007941

Foot 1.25 0.004441

Rotor (apparent) - 1.24610* x 122.5% = 1.87

2) Simplified Dynamics: The dynamics described above are
used in our proposed WECC controller. A simpler model,
described here, considers each leg of the exoskeleton as an
independent double pendulum and excludes the backpack [14],
[19], [23], [24], [25], [32]. We use this model for comparison to
our approach. The hip joint is considered grounded for a swing
leg, and the ankle joint is considered fixed to the ground for a
stance leg, as shown in Fig. 3(d).

The equation of motion can be written

M;(q)q + bi(q,q) + 9i(q) = Tjoint + Tini, @ € {st,sw}
(10

where g = [0, 0] are the hip and knee joint positions, respec-
tively. The variables M; € R?*2, b, € R?, and g; € R?arethe
mass matrix, Coriolis and centrifugal torques, and gravitational
torques, respectively, during stance (¢ = st) and swing (¢ = sw)
of a single leg.

C. Parameter Estimation

Inertial parameters such as mass, mass moment of inertia, and
center of mass (CoM) locations of each link were estimated from
the computer aided drawing (CAD) model of the ExoMotus-X2
exoskeleton. Dynamic terms such as M, b, and g are defined
as a function of these parameters, adjustable link lengths, and
instantaneous joint states. Their values are calculated at every
time instant. Some of these parameters are presented in Table II.
Note that the largest inertias come from the apparent rotor inertia,
which is proportional to the square of the reduction ratio (RR =
122.5).

The high gear ratios also result in significant friction at
each joint. Friction at the joints is modeled as viscous friction
combined with Coulomb friction as a function of joint speed

T friction = Co © Signé +c1© 6 (11)

where 6 is the vector of joint velocities and cg and ¢y are the
vectors of Coulomb and viscous coefficients, respectively. The
symbol ® indicates elementwise Hadamard product.

To conduct the parameter estimation experiments, the ex-
oskeleton was suspended by backpack attachment points. Chirp
motor torque commands with increasing frequency up to 3 Hz
at different amplitudes were simultaneously given to the hip and
knee joints of a single leg

Tmotor = A sin(67t?/T) (12)

1847

TABLE IIT
ESTIMATED FRICTION PARAMETERS OF THE EXOMOTUS-X2 EXOSKELETON
AND R? OF THE FIT

Joint co [Nm] ¢1[Nms] RZ
Left hip 5.01 4358 0.96
Right hip 3.26 4.67 0.94
Left knee 430 3.25 0.96
Right knee 4.45 5.16 0.96

where A; € {7.5,10,12.5,15} Nm and 7' = 60 s for each am-

plitude. Joint positions were measured during the experiments.
The joint torques, Tjoint, in (1), (2), and (9) are the sum of motor

torques, Tmotor, and friction compensation torques, Tfriction

13)

Tjoint = T motor ~+ Tfriction -

As there was no contact with the ground at this configuration,
the equation of motion of the flight state was used to estimate
the frictional parameters. Equation (9) is rewritten to include
viscous and Coulomb friction constants by substituting Tjein; in
(13) into (9)

Mﬂy (Qﬂy)QHy + bﬂy (Qﬂy7 QHy) + gay (QHy)

= Sgy(‘rm(,tor + co Osignb + ¢1 © ) + i (14)

Recorded backpack and joint angular positions, joint angular
velocities, joint angular accelerations, and CAD-based inertial
parameters were used to calculate Mgy, bgy, and ggy at each
time instant. Joint accelerations were calculated by taking the
derivative of the joint velocities numerically by the nine-point
difference method [33]. Then, in MATLAB, accelerations were
low-pass filtered with a cutoff frequency of 10 Hz, while also
incorporating delay compensation. Since the exoskeleton was
hung from the backpack at a fixed location, & and ¢ were neg-
ligible. Also, as there was no user in the exoskeleton, rotational
components of T, were zero. The coefficients cg and ¢y were
solved using the recorded data by least-square minimization on
(14). Estimated friction parameters for each joint and the R?
value of the fit are presented in Table III.

III. INTERACTION TORQUE CONTROLLER
A. Interaction Torque Estimation

Estimating the interaction torques between the human and
exoskeleton plays a significant role in the transparency and
haptic rendering capabilities of the robot. Placing force/torque
sensors at every contact point between the human and exoskele-
ton would theoretically be ideal for measuring the interaction.
However, due to the distributed contacts between the human
and the exoskeleton and practical challenges of this approach,
we chose to estimate the interaction torques through joint torque
measurements. Joint torques were measured using our custom
joint-torque sensors mentioned in Section II-A.

Because the ExoMotus-X2 exoskeleton was designed for in-
dividuals with sensorimotor impairments and, therefore, limited
walking ability, we estimated the interaction torque during single
and double stance only, excluding the flight state.

1) Single Stance Interaction Torque Estimation: We estimate
the interaction torque during single stance by subtracting the
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gravitational and Coriolis forces from the joint torque readings
5)

As shown in Table II, the largest contributors to the inertial
terms are the apparent rotor inertias due to the high reduction
ratios. However, since the strain gauges are placed at the link
(i.e., after the motor), the torque measurements are not affected
by the apparent rotor inertia. In addition, because the links
have relatively low inertia and the walking speed during the
experiment is not high, the effects of inertial forces are signif-
icantly smaller compared with gravitational forces. Therefore,
acceleration-dependent inertial components are neglected in the
interaction torque estimation.

It is worth noting that Ty, € R5, which includes the inter-
action torque at the backpack joint in addition to the four leg
joints.

2) Double Stance Interaction Torque Estimation: Interaction
torque estimation can be expressed by extending the left and
right stance model with the additional external contact force at
the right and left foot, respectively,

Tine = =8 Tiom + bi(q, q) + gi(q), i€ {Is,rs}.

Tine = =S Tijoim + bis(q, @) + gi5(q) — J, Fy (16)

Tine = =S Tijoimt + bis(q, @) + gus(q@) — J' K (17)

where J; is the ankle Jacobian and Fj is the external force
applied on the left (¢ = 1) and right (¢ = r) foot. Combining (16)
and (17) results in ten equations with rank seven. Nine unknowns
in these equations are the 5-D interaction torque vector Ty, and
the 2-D contact forces at the left (F}) and right (F;) feet. Since
there are seven independent equations and nine unknowns, it is
not possible to uniquely solve for the interaction torque vector
without additional information.

Ratios of the vertical GRF and the direction of the GRF in the
sagittal plane are used to resolve the redundancy. In this study,
we used external force plates to measure these terms, but they can
also be obtained by wearable sensors, or sensors instrumented
onto the exoskeleton, as explained in Section VI-C.

The vertical GRF ratio « is introduced in (8) and is also used
for the equations of motion during double stance. The direction
of the force can be expressed as the ratio of the horizontal and
vertical forces

_ Fix
By

¥ (18)

Equations (8) and (16)—(18) are converted to a system of linear
equations as K& = m, where

J! O5x2 I5x5
K — |Usx2 Jl Isys
[0, 1] [0, —a/(1=a)] 01xs5
[Ov O] [17 _’Y] O1><5

£: [Ex Fr,y Fi,x Fi,y Ti—lzt]—r

_STTjoint + bls(qv q) + gls(q)
*STTjoint + brs(q7 q) + grs(Q)
0
0

19)
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TABLE IV
VIRTUAL MASS VALUES FOR EACH LINK USED DURING THE
EXPERIMENTATION
Link Gait State Virtual Mass [kgmz]

Backpack  Single Stance 2
Backpack  Double Stance 3.5

Thigh Single Stance 0.7

Thigh Double Stance 1.2

Shank Single Stance 0.5

Shank Double Stance 0.87

and solved for the interaction torques.

3) Simplified Interaction Torque Estimation: With the sim-
plified double pendulum model, interaction torques at the hip
and knee joints can be estimated by subtracting the dynamic
effects from the joint torque measurements

Tint = Tjoint + 0i(q, @) + gi(q), i € {st,sw}. (20)
It is important to note that with the simplified method, Ti, € R?
does not include the interaction torque at the backpack. More-
over, because the backpack link is not incorporated into the dy-
namic model, the backpack’s weight is not subtracted, resulting
in inaccurate interaction torque estimation for exoskeletons with
heavy backpacks.

B. Control

1) Virtual Mass Controller: To control the interaction
torques between the human and the exoskeleton, we imple-
mented a virtual mass controller [34], |35] to simulate a desired
mass or inertia, with no damping, of each generalized coordinate
of the exoskeleton. This can be achieved by setting the desired
generalized acceleration to

" = M (Tine — i) 2

where 75, is the desired interaction torque, e.g., zero for trans-
parency or nonzero for other desired impedances.

Under the assumptions of perfect control of the generalized
accelerations and accurate interaction torque estimation with
little delay, this equation shows that the interaction torque error
is proportional to the chosen virtual mass matrix M and joint
accelerations. Therefore, lowering M i results in better inter-
action torque tracking. Obviously, M i cannot be decreased
below a certain limit due to the actuation limits, modeling errors,
and communication delays. Moreover, the limit on the virtual
mass also depends on the interaction properties between the
human and exoskeleton. While the damping due to the soft
tissues of the user makes the system more stable, a very stiff
connection would increase the minimum allowable virtual mass
for a stable response.

We used a diagonal M i and tuned the virtual mass param-
eter for each generalized coordinate independently. The tuning
process was done on a pilot user (a nonparticipant) by reducing
each virtual mass as much as possible before compromising the
stability of the control. The parameters were then verified with
two other pilot users. This process resulted in different virtual
mass parameters for single stance and double stance, as shown
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Fig. 4. Schematic of the interaction force controller.
in Table IV. The virtual inertia of the backpack is relatively large  respectively,
to allow better control performance at the leg segments.

2) Constrained Optimization: While the desired accelera- D = [04x5, Taxals f o = Tmax
tion ¢* in (21) is a 5-D vector, the exoskeleton has only four 10 1 £ _ )5
actuated joints. Therefore, it is not possible to perfectly track the raw = 025, ~lascals £ = Tnax (25)
desired generalized accelerations calculated by the virtual mass D 0 ]I ¢ _ Prax
controller. Moreover, the maximum torque, power, and velocity Pibx 045, Taxal, Pl = 4
of the motors bring additional limitations. To track the desired P
generalized acceleration as accurately as possible under physical Dp- = [0axs5, —Laxa], £p- = | ‘f‘"“x (26)

max max q

and safety constraints, we use real-time constrained optimization
with OSQP library [36] to solve for x = [§', T o) € R?,
where T ot 18 @ vector of torque commands sent to the motor

drivers

min [ /()]
st. Ax=Db
Dx < f. (22)

The objective function || f(x)|| is the 2-norm of the difference
between the actual and desired generalized accelerations

f(x) = [Isx5, Os5xa]x — §G". (23)

The equality constraint ensures that optimized variables sat-
isfy the equation of motion of the corresponding gait state under
physical limits

A = Agoy = [M;, -S|
b =bgom = [~b; — gi + Tint + S Thiction] (24

where i € {ls, rs, ds}. Inequality constraints arise from physical
and safety constraints on motor torque, power, and velocity. Mo-
tor torque and power constraints are presented in (25) and (26),

where Thax = 80 Nm and P = 100 W are the maximum
allowable torque and power of the motors, respectively, and the
superscripts + and — are used to indicate the maximum and
minimum limits, respectively.

The joint velocity constraint is converted to an acceleration
constraint, such that the joint speed at the next time step will not
exceed maximum limits

q X q
D+ = [0ax1, Laxa, Oaxa], £+ = maT
. + .

Dij’ = [04x1, —Laxa, Osxal, fif = % @7

where ¢, = 3.0 rad/s and At = 0.003 s is the control loop
period. Individual D matrices and f vectors in (25)—(27) are
vertically stacked to obtain the overall D matrix and f vector in
(22). The controller is illustrated in Fig. 4.

Because we have only a single objective function for this
task, a constrained optimization suffices. In the case of multiple
objectives with different priorities, a hierarchical optimization
framework could be applied [37], [38]. This allows optimization
of lower-priority tasks using freedoms in the design vector that
do not affect the objective functions of higher-priority tasks.
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IV. EXPERIMENTAL VALIDATION

Three healthy subjects (one male, two female, 71.6 £+ 12.9 kg,
174 £ 1.7 cm, 29 + 2.6 years) participated in this study to test the
proposed interaction torque controller. The link lengths of the
exoskeletons were adjusted for each participant so that they were
comfortable and their joints were aligned with the exoskeleton’s.
The adjusted link lengths were also entered into software for
automatic modification of the dependent parameters such as M,
b, and g. None of the subjects had used a lower limb exoskeleton
before this study. At the beginning of the experiment, subjects
were allowed about two minutes of walking with the exoskeleton
on a treadmill for familiarization. Subjects were asked to always
hold the hand-rails on the sides of the treadmill for safety and
to balance in the frontal plane.

We tested the haptic rendering capabilities for zero desired
interaction torque under three conditions and nonzero desired
interaction torques under two different conditions. In addition to
the proposed controller (WECC), the following two conditions
were tested:

1) No-Drive: A passive exoskeleton with disassembled drives
was used. This allowed us to have a baseline condition where
the main sources of friction and inertia (apparent rotor inertia)
are eliminated. Subjects still felt the weight of the exoskeleton,
however.

2) Simplified: The exoskeleton legs are modeled and con-
trolled as independent double pendulums. Equations (10)
and (20) were used to estimate the interaction torques and follow
desired accelerations, respectively. The details of this controller
are presented in Appendix A.

The institutional review board of Northwestern University
approved this study (STU00212684), and all procedures were
in accordance with the Declaration of Helsinki.

A. Evaluation of Transparency

Haptic transparency was tested for our proposed WECC
method, the double-pendulum-based simplified controller, and
the passive no-drive condition. For the WECC and simplified
controller, zero desired interaction torque was commanded for
each generalized coordinate. Each condition was tested for three
trials of around 65 s walking on a treadmill with a speed of
1.1 km/h. The first five seconds of data were discarded to
focus on steady-state walking. A relatively slow speed was
selected due to the usual walking training speeds in physical
rehabilitation settings for individuals with stroke or incomplete
spinal cord injury and the joint velocity limits of 3.2 rad/s of the
ExoMotus-X2 exoskeleton. Trials of the WECC and simplified
controllers were performed in a randomized order for each sub-
ject. All trials of the passive no-drive condition were performed
consecutively for practical reasons, as this condition requires a
different exoskeleton with disassembled drives. A metronome
was played at 40 bpm, and subjects were asked to synchronize
their heel strikes with the beats of the metronome to have similar
step lengths between subjects and trials.

Human-exoskeleton interaction torques and muscle activity
were used to assess transparency performance.

IEEE TRANSACTIONS ON ROBOTICS, VOL. 40, 2024

TABLE V
VIRTUAL STIFFNESS AND DAMPING VALUES USED FOR HAPTIC RENDERING
EVALUATION
Joint  Leg Phase | k; [Nm/rad] ¢; [Nms/rad] ¢;* [degrees]
Hip Stance 50 10 25
Hip Swing 30 6 25
Knee Stance 30 6 —45
Knee Swing 25 5 —45

B. Evaluation of Haptic Rendering

We tested the interaction torque rendering capabilities of the
WECC controller and the simplified controller when the desired
interaction torques are generated by virtual springs and dampers
at the joints

T = K(qg—¢q")+Cq (28)

where g* is the neutral position vector of the virtual springs and
K € R%* and C € R%*® are diagonal stiffness and damping
matrices, respectively. A constant ¢; was used at each joint %,
and the desired interaction torque at the backpack was set to
zero by assigning Ky and Cj to zero. The constant neutral
angles were chosen, such that the desired interaction torques
have a similar magnitude in both directions. Since the motion
of a leg during stance is slower and has a smaller range, larger
stiffness and damping constants were used for stance phases than
for swing phases. The magnitudes of the stiffness and damping
were chosen during pilot trials, such that the rendered torque
is significant but does not prevent the user from walking at the
requested speed. The diagonal values of the stiffness (k;) and
damping (c;) matrices, as well as g*, are presented in Table V.
To avoid discontinuities in the desired interaction torque during
stance to swing transitions, the desired interaction torque was
low-pass filtered with a cutoff frequency of 5 Hz.

C. Data Recording and Analysis

Joint positions, velocities, and interaction torques were
recorded during all trials. The exoskeleton without drives is
instrumented with IMUs (Tech-IMU V4, Technaid, Spain) at
each link to measure joint motions, which are used in inter-
action torque calculation. Because IMUs were placed on the
exoskeleton and not on the user, they were not affected by
possible human-robot joint misalignment. All exoskeleton data
were collected at 333 Hz.

Nine bipolar electromyography (EMG) electrodes (MA400
EMG Systems, Motion Lab Systems, USA) were placed on the
belly of the following muscles for the evaluation of transparency
experiments: rectus femoris (RF), vastus lateralis (VL), vas-
tus medialis (VM), biceps femoris (BF), semitendinosus (ST),
medial gastrocnemius (MG), lateral gastrocnemius (LG), and
soleus (SOL). The electrodes were placed only on the left leg and
notremoved between trials. EMG data were recorded at 1500 Hz.
The raw EMG signals were first bandpass filtered between 20
and 500 Hz with a sixth-order Butterworth filter. Then, a notch
filter between 59 and 61 Hz was applied to reduce noise due
to power line interference. Finally, the signals were low-pass
filtered at 10 Hz after full-wave rectification. Processed EMG
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Interaction torques between the human and exoskeleton during transparency trials. The figures on the top row show the interaction torques versus

normalized gait duration for a representative subject. The data includes every step of both legs, and the shaded area represents =+ standard deviation. On the bottom
row, the box and whisker plots of the mean absolute interaction torques during the stance phase, swing phase, and the whole gait cycle are presented. Mean absolute
values of the corresponding phase at each step of both legs of all three subjects are used as a data point after removing the intersubject variability in box and whisker

plots (N & 320). *** indicates p < 0.001 from Tukey’s HSD test.

signals were normalized with respect to the mean of the no-drive
condition for each subject independently. For one subject, RF
recordings were not successfully collected due to sensor failure.

Exoskeleton-based measurements and processed EMG read-
ings were windowed between the heel strikes of the correspond-
ing leg. Windowed data from the same joint on both legs and
three subjects were lumped together for each condition. The
mean absolute value of the whole cycle and only stance or
swing phases for each gait cycle were used as sample points and
visualized in the corresponding box plots in the Results section.

To test the difference in means between each condition for
each measure (i.e., interaction torque, muscle activity), we used
two-way ANOVA analyses with condition and subject as fixed
effects, as well as the interaction between these variables. Post-
hoc comparisons were made using Tukey’s honestly significant
difference (HSD) test for transparency experiments comparing
the three conditions. A p-value of 0.05 was used to accept or
reject null hypotheses. Though the effects of intersubject vari-
ability were included in the ANOVA analyses, we only present
the ANOVA results and posthoc comparisons for the condition,
as the focus of this article is controller development. To ensure
consistency with ANOVA analyses and prevent the mixing of
inter and intrasubject variability, we removed the intersubject
variability from the data presented in the box plots and tables in
the following section. This is achieved by demeaning the data of

TABLE VI
MEAN AND (STANDARD DEVIATION) OF THE INTERACTION TORQUES BETWEEN
THE HUMAN AND EXOSKELETON AT THE HIP AND KNEE JOINTS DURING
TRANSPARENCY EXPERIMENTS

. No-drive Simplified WECC s
Joint/Phase (1) (c2) (c3) p Tukey’s HSD
Hip/Stance | 0.13 (0.03) 0.16 (0.03) 0.08 (0.01) | <0.001 ¢3 < c1 < c2
Hip/Swing | 0.11 (0.02) 0.06 (0.01) 0.07 (0.01) | <0.001 c2 < c3 < 1

Hip/WC 0.13 (0.02) 0.14 (0.02) 0.08 (0.01) | <0.001 c3 < c1 < c2
Knee/Stance | 0.25 (0.02) 0.14 (0.03) 0.07 (0.01) | <0.001 ¢3 < c2 < 1
Knee/Swing | 0.001 (0.01) 0.07 (0.01) 0.07 (0.01) | <0.001 ¢1 < c3 < c2
Knee/WC | 0.19 (0.02) 0.12 (0.02) 0.07 (0.01) | <0.001 c3 < c2 < c1

All values are expressed in Nm/kg. p-values for the effect of condition in the two-way
ANOVA and significant posthoc comparisons are presented in the right columns.
WC:Whole Cycle.

each condition/subject pair and subsequently adding the overall
mean of each condition, including three subjects.

V. RESULTS
A. Transparency

Participants were able to follow the metronome, and there was
no significant difference between the step time at different condi-
tions (no-drive: 1.49 4 0.06 s, simplified: 1.51 4+ 0.06 s, WECC:
1.50 £ 0.06 s). Interaction torques during the transparency trials,
normalized by the body mass of each subject (units of Nm/kg),
are presented in Fig. 5 and Table VI. Below we describe the
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filtered EMG data averaged over the whole cycle at each step of all subjects are used after removing the intersubject variability as a data point in bar plots (N ~ 160).
*,** and *** indicate p < 0.05, 0.01, and 0.001, respectively, from Tukey’s HSD test.

interaction torques during a leg’s swing phase, its stance phase
(both single stance and double stance unless otherwise noted),
and its entire cycle.

The performance of the proposed WECC controller was con-
sistent throughout the whole gait cycle with a mean absolute
interaction torque around 0.07 £ 0.02 Nm/kg both at the hip and
knee joints during both stance and swing phases. The simplified
controller resulted in a similar mean absolute interaction torque
during the swing phase (difference of mean absolute interaction
torques A < 0.01 Nm/kg) but significantly higher mean absolute
interaction torque of 0.16 and 0.14 Nm/kg at the hip and knee
joints, respectively, during the stance phase. During the stance
phase, higher interaction torques were observed for the no-drive
condition than for WECC at both the hip (A > 0.06 Nm/kg, p <
0.001) and knee (A > 0.17 Nm/kg, p < 0.001) joints. During
the swing phase, the no-drive condition resulted in significantly
higher interaction torques at the hip joint (A > 0.05 Nm/kg,
p < 0.001) and similar interaction torques at the knee joint
(A = 0.01 Nm/kg) compared with the proposed WECC method.
Average transparency performance during the whole cycle was
best for the WECC controller, with mean absolute interaction
torques of 0.076 + 0.011 Nm/kg and 0.071 4 0.011 Nm/kg at
the hip and knee joints, respectively. The simplified controller
achieved better mean absolute interaction torque than the no-
drive condition at the knee joint (A ~ 0.07 Nm/kg) averaged
over the whole gait cycle. At the hip joint, both performances
were similar with a mean interaction torque difference around
0.01 Nm/kg.

Fig. 6 and Table VII show the muscle activity of the various
muscles during the transparency trials. It is seen that muscles
responsible for hip flexion (RF) and knee extension (RF, VL, and
VM) had the lowest activation with the WECC controller and
highest with the passive no-drive condition. On the other hand,
our controller resulted in the most activity, and the no-drive con-
dition resulted in the least activity, for the muscles responsible

TABLE VII
MEAN AND (STANDARD DEVIATION) OF MUSCLE ACTIVITIES DURING
TRANSPARENCY EXPERIMENTS, NORMALIZED WITH RESPECT TO THE MEAN
OF THE NO-DRIVE CONDITION

No-drive Simplified =~ WECC s
Mosel e (e) (¢ | P TokeysTSD
RF 1 (0.19) 0.83 (0.14) 0.77 (0.14) | <0.001 ¢3 < c2 < c1
VL | 1(0.19) 0.64 (0.15) 0.59 (0.09) | <0.001 ¢c3 < c2 <c1
VM | 1(0.21) 0.59 (0.14) 0.56 (0.09) | <0.001 ¢c1 > c2,c3
BF | 1(0.19) 1.32(0.29) 1.94 (0.36) | <0.001 ¢; < e < c3
ST | 1(0.28) 1.57 (0.37) 2.51 (0.41) | <0.001 ¢1 < ¢ < 3
TA | 1(0.23) 097 (0.20) 1.06 (0.15)| <0.001 ¢3 > e1,ca
LG 1 (0.18) 1.56 (0.31) 1.91 (0.33) | <0.001 ¢1 < c2 < c3
MG | 1(0.20) 1.58 (0.28) 1.95 (0.33) | <0.001 c¢1 < c2 < c3
SOL | 1(0.17) 0.76 (0.15) 0.72 (0.09) | <0.001 c3 < c2 < c1

p-values for the effect of condition in the two-way ANOVA and significant post-hoc
comparisons are presented in the right columns.

for hip extension and knee flexion (BF and ST). Furthermore, the
SOL muscle, responsible for ankle plantar flexion, was used the
least with the WECC controller and the most under the no-drive
condition. In contrast, LG and MG muscles, responsible for
knee flexion and ankle plantar flexion, had the highest activation
with the WECC controller and the lowest under the no-drive
condition.

B. Haptic Rendering

Properties of the rendered virtual spring-damper elements
shown in Table V resulted in the desired interaction torques
presented in Fig. 7. The figure includes data from the joints of
both legs and three subjects. Desired interaction torques vary in
the range 15 Nm during the gait cycle for all subjects. There
was no significant difference between the step times at different
conditions (Simplified: 1.32 £ 0.13 s, WECC: 1.31 + 0.13 ).
The demonstration of the haptic rendering performance of the
WECC control is also presented in this video.*

3Video is available online at https://tinyurl.com/ExoHapticRendering
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Fig.7. Desired interaction torque due to the rendered spring damper elements.

TABLE VIIT
MEAN AND (STANDARD DEVIATION) OF THE INTERACTION TORQUE ERROR
BETWEEN THE HUMAN AND EXOSKELETON AT HIP AND KNEE JOINTS DURING
HAPTIC RENDERING EXPERIMENTS

Simplified
(c2)
0.12 (0.02)
0.04 (0.01)
0.10 (0.02)
0.21 (0.02)

WECC
(c3) P
0.05 (0.01) | <0.001

0.04 (0.01) | 0.49
0.05 (0.01) | <0.001
0.05 (0.01) | <0.001

Knee/Swing | 0.04 (0.01) 0.05(0.01) | <0.001

Knee/WC | 0.17 (0.02) 0.05 (0.01) | <0.001

All values are expressed in Nm/kg. p-values for the effect
of condition in the two-way ANOVA are presented in the
right column. WC:Whole Cycle.

Joint/Phase

Hip/Stance
Hip/Swing
Hip/WC
Knee/Stance

The rendering performance of our proposed WECC controller
and the simplified controller are shown in Fig. 8 and Table VIII.
Similar to the performance of transparency trials, our controller’s
interaction torque tracking error was consistent throughout the
whole cycle. On the other hand, the simplified controller resulted
in a large peak of interaction torque errors on both joints near
the end of the single stance state.

The WECC controller resulted in a normalized mean absolute
interaction torque error of 0.049 £+ 0.008 Nm/kg and 0.039 +
0.008 Nm/kg at the hip joint during the stance and swing phases,
respectively. The simplified controller resulted in a similar mean
absolute error during the swing phase both at the hip and knee
joints (A < 0.01 Nm/kg). On the other hand, the average ab-
solute interaction torque error was significantly larger during
the stance phase both at the hip (A > 0.07 Nm/kg, p < 0.05)
and knee (A > 0.16 Nm/kg, p < 0.05) joints. Averaged over
the whole cycle, the WECC controller resulted in an error of
0.050 £ 0.006 Nm/kg for both hip and knee joints. The errors of
the simplified controller were significantly larger both at the hip
(A > 0.05Nm/kg, p < 0.05) and knee joints (A > 0.12 Nm/kg,
p < 0.05).

VI. DISCUSSION

A. Interaction Torque Tracking

The simplified controller and the proposed WECC controller
performed similarly during the swing phase for both joints
in the transparency and haptic rendering trials, as shown in
Figs. 5 and 8. Since the swing leg is not affected by the weight
of the backpack and the other leg, the two-link simplified
model is sufficient and results in accurate interaction torque
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estimation and motor torque calculation for the swing leg. On
the other hand, the simplified controller failed to render the
desired interaction torques for the stance leg. This is because
the model does not consider whole-body dynamics, resulting
in incorrect interaction torque estimation for the stance leg. For
the simplified controller, subjects feel additional torques on their
joints due to the uncompensated weight of the exoskeleton. The
calculation of dynamical parameters and the differences between
the two approaches are presented in Appendixes B and C. As
the proposed WECC controller uses whole-body dynamics and
considers physical limitations, the interaction torque tracking
performance was consistent throughout the entire gait cycle.

The most transparent performance at the knee joint was ob-
tained during the swing phase of the no-drive condition. This
is because the weight of the shank is insignificant, and there is
low friction and no apparent rotor inertia. Because of the larger
inertia, the no-drive condition results in more interaction torque
at the hip joint compared with the active controllers, where
the weight of the leg is compensated. The highest amount of
interaction torque was observed for the stance leg under the
no-drive condition, as the stance leg of the subject needs to
overcome the torques due to the weight of the exoskeleton’s
stance leg, swing leg, and backpack.

The proposed method uses the exoskeleton model to esti-
mate interaction torque and control acceleration to track the
desired interaction torque. Considering the model-based dynam-
ics based on the gait state results in consistent performance
throughout the whole gait cycle. This model-based approach
depends on an accurate dynamic model. Thanks to CAD tools,
this is not difficult to obtain. Accurate friction modeling is
more challenging. Performance can be improved by 1) using
a more accurate friction model and 2) estimating joint accel-
erations in real time and implementing an inner acceleration
control loop to compensate modeling errors. Estimating real-
time accelerations also allows considering the neglected inertial
terms in interaction torque estimation. In our postexperiment
analyses, we observed that the mean absolute values of the ne-
glected inertial torques were around 14% of the total dynamical
forces.

B. Muscle Activity

The muscles responsible for hip flexion (RF) and knee exten-
sion (RF, VL, and VM) were activated the least with the pro-
posed WECC controller and the most with the passive no-drive
condition during the transparency trials. This is mainly due to
the accurate compensation of the exoskeleton dynamics for the
WECC controller.

The opposite trend was observed for the muscles responsible
for hip extension and knee flexion (BF and ST). These muscles
were activated more with the WECC controller than for the
no-drive and simplified conditions. This is expected for BF and
ST, remembering that the transparency goal for WECC is zero
interaction torque, not assist. The uncompensated weight of the
exoskeleton in the no-drive and simplified conditions results
in significant hip-extension torque assist during early double
stance, as shown in Fig. 9, by the large positive power flow from
the exoskeleton to the user.
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The gastrocnemius muscles (LG and MG), which cause ankle
plantar flexion and knee flexion, were activated most with the
WECC controller and least with the no-drive condition. On the
other hand, an opposite trend was observed for the SOL muscle,
which causes only ankle plantar flexion. High interaction torques
in the knee flexion direction (positive direction in Fig. 5) for the
simplified and no-drive conditions leads to less gastrocnemius
activity in these conditions. This explains the different trend
between gastrocnemius and SOL muscles.

C. Overground Walking

The proposed method requires the ratios of the vertical GRF
and the direction of GRF in the sagittal plane. While we used
external force plates under the treadmill, these terms can also be
obtained using wearable sensors or sensors instrumented onto
the exoskeleton. For example, the ratio of the vertical forces
can be measured with simple and cost-effective force sensitive
resistor (FSR) sensors or pressure pads.

It is relatively harder to measure the horizontal GRF because
instrumented insoles usually provide only vertical forces. One
can implement force sensors that provide two-directional force
measurements [39] or indirectly estimate the anterior-posterior
force assuming the foot does not slip on the ground [40] or using
a model and estimated accelerations [41]. Because accelerations
and decelerations are small for slow gait speeds, it is also possi-
ble to assume horizontal GRF to be near zero. The effect of this
assumption on the interaction torque estimation was tested on
the collected experimental data from all subjects during WECC
conditions. Fig. 10 shows that the interaction torque estimates
are changed little by this assumption.

The supplementary video includes preliminary overground
tests with FSR pads implemented at the bottom of the feet while
assuming horizontal forces to be near zero. The user in the video
climbs over a small step and walks forward and backward. We
also conducted a pilot test where a user walked a distance of
4.5 m four times with each controller (WECC and simplified) in
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haptic transparent mode, while holding onto parallel bars. We
observed similar trends between this overground walking test
and the treadmill experiments. Mean absolute interaction torque
results are presented in Fig. 11. In the stance phase, the WECC
controller resulted in a 35% and 65% decrease in mean absolute
interaction torque at the hip and knee joints, respectively, com-
pared with the simplified controller. The performance of the two
controllers was similar in the swing phase (difference less than
1% and 5.5% for hip and knee, respectively).

VII. CONCLUSION

We have presented the WECC controller to measure and
control the interaction torques between a user and a float-
ing base hip-knee exoskeleton that contacts the ground. The
WECC controller calculates the interaction torques using joint
torque measurements and gait state information. The desired
joint interaction torques are achieved by using a virtual mass
controller together with a constrained optimization scheme that
considers the whole-exoskeleton dynamics, physical limits, and
safety constraints. The performance of the WECC controller was
compared in terms of transparency and spring-damper haptic
rendering with a commonly-used simplified double-pendulum
model where the legs are modeled independent of one another.
WECC control resulted in consistent interaction torque tracking
during the whole gait cycle for both zero and nonzero desired
interaction torques, whereas the simplified controller failed to
track desired interaction torques during the stance phase.

Future improvements to WECC control could include explicit
modeling of joint limits in the dynamic model, particularly
because the knee joint gets close to the physical limit during
the gait cycle. This will improve the accuracy of the forward
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Fig. 12.  Hip and knee joint positions for simplified and WECC controller
during transparency (solid line) and haptic rendering experiments (dashed line)
for a representative subject.

model and, therefore, the tracking of the optimized acceler-
ations. Moreover, an inner acceleration loop to compensate
for the modeling inaccuracies, using additional IMUs or rein-
forcement learning-based strategies [42] for online optimization
of system parameters, may be options to improve the current
results.

A limitation when comparing interaction torques between
different controllers arises from the challenge of obtaining
ground-truth data. Reflected interaction torques are influenced
by forces at each contact point, necessitating the installation
of force/torque (F/T) sensors at every contact point for the
measurement of these interaction torques. Because this is prac-
tically challenging, we used the whole-body dynamics of the
exoskeleton to estimate the interaction torques as accurately
as possible while comparing different controller performances.
More accurate comparisons could be possible with an experi-
mental setup where the contact points are kept at a minimum
and all are sensorized.

The WECC controller can potentially be used to adjust the
interaction torques to assist a user in overground walking, to
resist for training in a clinical setting, or to provide haptic
transparency on lower limb exoskeletons with feet. Commercial
versions of this type of exoskeleton are usually heavy, have high
friction, and do not have force-torque sensors. Consequently,
they have been utilized primarily for position control rather than
accurate interaction force control. The proposed WECC control
overcomes these limitations and is especially beneficial for
heavy lower limb exoskeletons where the whole-body dynamics
need to be compensated. In future studies, this infrastructure will
be used to investigate the effects of dyadic haptic interaction on
performance and learning for complex multiDOF lower limb
motions [43], [44], [45].

APPENDIX A
SIMPLIFIED CONTROLLER

For the simplified controller, the legs are modeled as two-link
chains independent of each other. This model is used to estimate
interaction torques as in 20. Since an optimization scheme
considering physical limits is not implemented in the related
works in Table I, we do not use one for the simplified controller.
Instead, 10 is used as the forward model to track the desired
acceleration commands sent by the virtual mass controller. The
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same controller gains for thigh and shank presented in Table IV
are used. The simplified interaction torque estimation is used
in the control loop; however, the presented interaction torque
results are calculated using the whole-body model to compare
the results between conditions. The overall control structure is
presented in Fig. 13. The control structure runs independently
for each leg.

APPENDIX B
CALCULATION OF THE DYNAMIC PARAMETERS

The mass matrix M, Coriolis vector b, and gravitational
vector g are calculated during single stance in both WECC and
the simplified model as

M; = Z Jg T ma JE + IR 0, J8 (29)
neN;
b= J2Tm s+ Je O, (30)
neN;
gi=— Y Jyi'myg @)
neN;

where 7 € {ls, rs, st, and sw}. The subscripts ¢ = Is and i = 1s
correspond to left stance and right stance for the whole-body
model, and ¢ = st, © = sw correspond to the state of a single
leg being stance or swing for the simplified model as explained
in Section II-B. The index n corresponds to the links of the ex-
oskeleton in the following order: Backpack (n = 1), stance thigh

Schematic of the interaction force controller used in the simplified condition.

(n = 2), stance shank and foot (n = 3), swing thigh (n = 4),
and swing shank and foot (n = 5). For the whole-body model,
all links are considered; therefore, N\, = N = {1,2,3,4,5}.
On the other hand, the simplified model considers the legs sepa-
rately; therefore, Ny = {2,3} and N, = {4, 5}. The mass and
mass moment of inertia at the CoM of each link are represented
by m,, and ®,,, respectively. The translational and rotational
Jacobian of the CoM of each link are shown by Jg ; and J ;,
respectively. It is important to note that these Jacobians are
calculated depending on the model and gait state (i.e., ¢). For
the whole-body model, Jg |, € R**® and Jp ., € R
For the simplified model, J% ., € R**?and J§ ., € R2
The variable J7 ; is the vertical component of the translational
Jacobian.

APPENDIX C
DIFFERENCE BETWEEN INTERACTION TORQUE ESTIMATION
USING SIMPLIFIED AND WECC MODELS

Due to the weight of the ExoMotus-X2 exoskeleton, gravita-
tional torques g have the largest contribution to the interaction
torque. Therefore, the difference of g between the whole-body
and simplified model is investigated in this section.

The respective subsets of the whole-body Jacobians of the
stance and swing CoMs are equal to the simplified stance and
swing Jacobians

Jyi2:3]=Jdy  Vne{23}, i€ {lsrs}
Jyid:5l=Jdy  Vne {45}, i€ {ls s} (32)
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where the notation [a:b] denotes the subset of elements from
index a (inclusive) to index b (inclusive).

Using (31) and (32), the difference between the gravitational
torques on the swing leg in the whole-body model and the
simplified swing model is

gi[4:5] —gaw = > —Jyid:5mug, ic{lss} (33)
nel,2,3
The state of the swing leg or backpack does not affect the
CoM positions on the stance leg with respect to the stance ankle.
Therefore

JZ’1[4 : 5] = 01x2 Vn € {1,2,3},i € {Is,1s}. (34)
This leads to
> —Jui[4: 5lmeg =0
nel,2,3
= gi[4: 5] = gsw, @ € {ls,rs} (35)

which shows the gravitational torques of the swing leg for the
whole-body model are equivalent to the gravitational torques of
the simplified swing model.

On the other hand, using (31) and (32), the difference between
the gravitational torques on the stance leg in the whole-body
model and the simplified stance model is

gi[2:3] — gy = Z —Jy;l2: 3] 'mng i€ {ls,rs} (36)

nel,4,5

which shows the simplified stance gravitational torque has an
error proportional to the weight of the backpack and swing legs.
For heavy exoskeletons, such as the ExoMotus-X2, this error
results in significant inaccuracy in interaction torque estimation.

APPENDIX D
DOUBLE STANCE EQUATION OF MOTION

Equation (3) can be written as an extension of both left stance
dyanmics (¢ = 1s) or right stance dynamics (¢ = rs). Therefore

H X, =H'"X, (37)
where X € {Mq,b, g}. Multiplying (5)~(7) by H " on the left
H X4 =H'"(aX)+(1-a)Xy)
=H aX +H X, — H aX
—a(H Xy, — H' X, )+ H' X

=H'X,.,=H'"X|. (38)

Therefore, the approximated dynamics of (5)—(7) satisfy the
equation of motion (3).

The interpolation factor, «, is chosen based on the torques
needed to carry the weight of the exoskeleton during the double
stance. Let g, = gny[3 : 7]and J;,, 2 J; ,[3 : 7). Indexes from
3 to 7 correspond to the generalized coordinates during single
and double stance (i.e., 0g__4). The variable J; , is the vertical
(y) component of the left (¢ = 1) or right (¢ = r) ankle Jacobian
in flight state.

1857

The gravity vector during left and right stance can be ex-
pressed by the sum of the gravity vector during the flight state
and the reflected joint torques due to the force on the stance
foot

gis = f)ﬁy - JLymexog

AT

Grs = gﬂy - ']r7ymCXOg (39)

where mexog is the total weight of the exoskeleton.

Similarly, the gravity vector during double stance is equal to
the sum of the flight gravity vector and the reflected joint torques
due to the vertical GRF on both legs

. AT AT
gds = Gay — Jl,y-Fl,y - Jr,yFr.,y
= agis + (1 - a)grs~ (40)

Substituting (39) into (40)

) AT AT

9ay — Jl,yFLy - Jr,yFryy

N AT N AT N
= QgGqy _aJLymexog“"gﬂy - Jr,ymexog — QGqy
+ o, Mesog. 41)

Rearranging and simplifying (41) leads to
AT AT AT AT
amexog(‘]r,y - Jl,y) = Jr,y(mexog - Fr,y) - J],yFl,y~ (42)
Assuming vertical acceleration is not significant, i.e., Mexog =
F., + F;, results in

AT AT AT AT
« (FLZ/ + Ff,y) (Jr,y - Jl,y) = Fl,y (Jr,y - Jl,y)

Fiy

sa=—""—.
By + Fry

(43)

APPENDIX E
SUPPLEMENTARY KINEMATIC DATA

Fig. 12 shows the joint positions observed during the trans-
parency and haptic rendering conditions. In both conditions,
similar joint trajectories were observed. However, during the
haptic rendering trials, a significantly smaller range of motion
was observed. This can be explained by the rendered torques
due to the virtual spring and damper elements.
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