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Abstract—As an important movement of the daily living activi-
ties, sit-to-stand (STS) movement is usually a difficult task facing
elderly and dependent people. In this article, a novel impedance
modulation strategy of a lower limb exoskeleton is proposed to
provide appropriate power and balance assistance during STS
movements while preserving the wearer’s control priority. The
impedance modulation control strategy ensures adaptation of the
mechanical impedance of the human-exoskeleton system towards
a desired one requiring less wearer’s effect while reinforcing the
wearer’s balance control ability during STS movements. A human
joint torque observer is designed to estimate the joint torques
developed by the wearer using joint position kinematics instead of
electromyography (EMG) or force sensors; a time-varying desired
impedance model is proposed according to the wearer’s lower
limb motion ability. A virtual environmental force is designed
for the balance reinforcement control. Stability and robustness of
the proposed method are theoretically analyzed. Simulations were
implemented to illustrate the characteristics and performance of
the proposed approach. Experiments with four healthy subjects
were carried out to evaluate the effectiveness of the proposed
method and show satisfactory results in terms of appropriate
power assist and balance reinforcement.

Index Terms—Sit-to-stand movement, exoskeleton, impedance
control, balance reinforcement.

I. INTRODUCTION

IT-to-stand (STS), the capacity to rise from a chair to a

standing position without loss of balance, is a fundamental
prerequisite to almost all simple ambulatory activities of daily
living (ADLs). It is far more demanding than movements
such as walking, in particular as the body ages [1]. STS
demands a complex skill set involving synchronization of
trunk and lower limb movement, muscle strength, and control
of centre of mass (CoM) for equilibrium and stability [2]. It
requires whole body movements, large joint torques and high
core strength. Difficulty in STS is a massive issue clinically
for a large segment of the population, severely impacting
autonomy of this population and increasing risk of fall injuries.
Groups at high risk include the elderly, patients suffering from
musculoskeletal disorders, arthritis, or neurological conditions
such as stroke or Parkinson’s Disease. Factors that impact STS
movement, or result in failed STS (e.g., “sitback” and “step”)
include balance control, coordination impairment, and lower
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limb muscle weakness [3]. In particular, age-related changes
in muscle and joint forces have been demonstrated during
STS [4] and performing STS demands up to 97% of available
muscle strength in the elderly [S]. Stroke patients have also
been shown to take significantly longer to execute simple STS
movements, entailing greater risk of falls and poorer capacity
to function [6]. Beyond direct risks of injury and functional
impairment, compensation in upper limb muscles and joints in
patients with difficulty in STS augments lower limb atrophy
and declines remaining body strength, “leading to increased
vulnerability, dependence, and risk of institutionalisation” [4].
The importance of STS for mobility and its role in increased
risk of social isolation have led to a range of rehabilitation
therapies in practice [7]; however, challenges remain to exploit
the further potential for assistive technology for clinical use
in this arena.

Research on powered lower limb exoskeletons to assist in-
dividuals suffering from neurological injuries and/or muscular
weakness during daily-life activities has proliferated in recent
years [8]-[10], yet the complex dynamics of human-centered
STS has not been fully addressed, much less resolved or
translated clinically today [10]. Assistive strategies for STS
movements can be broadly divided into two main categories,
based on the patient’s conditions: 1) patients generating zero
or negligible lower limb muscular force (e.g. patients with
complete spinal cord injury or severe muscle atrophy) for
whom the exoskeleton must provide all required torques (e.g.,
[11]-[13]); and 2) patients with the capacity to provide partial
muscular efforts (e.g. elderly or stroke patients), for whom the
exoskeleton complements the wearers’ strength to complete
a successful STS movement (e.g., [14]-[16]). Motivation for
the first category principally lies in increased functionality for
immobile patients where the exoskeleton is used to generate
more power without requiring coordination with lower limb
muscle movements. Need for the second category lies in the
combination of augmenting mobility, lowering risk of injury
and, potentially, supporting rehabilitation. In this case, the
exoskeleton must coordinate its activity with wearer’s muscle
action. The majority of the elderly with difficulty in STS show
serious risk of falls from loss of control [3] and sustained
damage due to compensation [4]. However, patients under the
second condition also have the potential of rehabilitation if
exoskeleton control can synergise action with muscle activity.
In this investigation, we focus on the second category of
assistive strategies. Specifically, we introduce an architecture
for STS movement support using a powered exoskeleton
for wearers suffering from partial impairment of lower limb
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muscular capacity.

An intuitive method for the control of exoskeletons assisting
STS movements is to track a pre-designed reference such
as joint position [11], [12], [17] and joint velocity [16].
Such methods are popularly used to assist individuals with
complete paraplegia. Meanwhile, balance control is essential
for those patients, in which the wearer’s CoM is generally
used to assess the STS balance and guide the design of the
reference trajectory, e.g., [12], [17]. The primary purpose of
these methods is to assist the wearer to accomplish a successful
STS movement without considering the wearer’s voluntary
capabilities. Therefore, reference tracking based algorithms
largely ignore the control ability of the wearer with partial
motor ability to achieve STS movements.

To effectively assist individuals with partial motor ability,
an important control challenge for lower limb exoskeletons
assisting STS movements lies in the ability to estimate the
wearer’s motion intention in real-time. In this perspective,
different approaches have been developed in the literature,
ranging from phase-based algorithms to multisensory-based
sophisticated ones [18], [14], [19], [20]. A common method is
to divide the STS movement into several sub-phases, and then,
detect the transitions between the phases using threshold-based
methods [21] or machine-learning-based algorithms [18], [22].
Reference-based impedance/admittance control methods are,
however, still employed for each phase, e.g., [18], [21]. To
obtain a continuous estimation of the wearer’s motion inten-
tion, the joint torque generated by the wearer is generally used
as a representative metric [14], [23]. Estimation of human joint
torques is commonly done using electromyography (EMG)
[14], [19] and force/torque sensors [20]. However, the two
aforementioned methods face some limitations when used
in the context of daily living activities. EMG sensors are
usually sensitive to many factors, such as electrodes placement
and neighbouring muscles signals, which result in a cumber-
some one-use calibration for ensuring an accurate EMG-based
model. Torque/force sensors with compact design are generally
costly [24]. Recently, a small body of work has explored
model-based control methods for assisting STS movements
[15], [25]. Liu et al. [25] used a simplified two-degree-of-
freedom (2DoF) model to estimate the limped knee joint
torque of the wearer and a knee-joint exoskeleton. Vantilt et
al. [15] proposed a modelling method of a full lower limb
exoskeleton to estimate its ankle, knee and hip joint torques
during STS movements. In both works, a Kalman filter is used
to estimate the joint angular velocities and accelerations for
an inverse dynamic model.

Most of the existing control strategies for assisting elderly
and patients with partial motor ability, focus on reducing
the required muscular strengths of the wearer during normal-
pattern STS movements [14], [15], [18], [19], [25]. For ex-
ample, in [18], it has been shown that the muscle activities
of the quadriceps of twelve healthy subjects can be reduced
with the assistance of a knee-joint exoskeleton. In addition,
some works further enhanced the wearer’s joint stiffness with
exoskeleton’s assistance [14], [25]. In [15], authors developed
a model-based control method of a full-lower limb exoskeleton
to fully compensate for the exoskeleton dynamics including

both gravity and inertia. Although lack of coordination/balance
control represents a significant limiting factor impacting the
STS movements with respect to wearers with partial motor
ability [3], [7], [26], [27], this factor was rarely taken into
account in the developed assistive strategies targeting this
population [28]. Studies have revealed that abnormal STS
strategies are commonly used by elderly and patients suffering
from muscle weaknesses or musculoskeletal disorders [3], [7],
[29]. For example, post-stroke patients may not be able to
sufficiently shift their CoMs forward before seat-off, while
they complete the knee joint extension when the hips are
still extending [7]. Hence, only augmenting the wearer’s joint
torque/stiffness using a voluntary-motion assistive method
might be insufficient for such population to ensure a successful
STS due to their abnormal STS strategies caused by poor
coordination between joints/muscles.

In this article, a novel impedance modulation control strat-
egy of a lower limb exoskeleton is proposed for assisting
wearers with partial motor ability during STS movements. The
proposed strategy is aimed to reduce the required wearer’s
effort for performing a successful STS movement while
avoiding two typical failed STS movements resulting from
lack of balance/coordination, i.e., sitback and step. This is
achieved by modulating the mechanical impedance of the
human-exoskeleton system toward a desired one with lower
impedance for wearer’s effort reduction and higher virtual
external impedance for balance reinforcement. Through partial
compensation of the human-exoskeleton system impedance,
including inertia and gravity, the required wearer’s joint
torques for performing a successful STS movement can be
reduced while preserving the wearer’s control priority. Mean-
while, a virtual quasi-stiffness force is added to the wearer’s
upper body to ensure the wearer’s CoM placement within a
correct support base. This can enhance the wearer’s balance
ability to cope with abnormal STS movements and to avoid
STS failures.

The contributions of the paper can be summarized as
follows. Firstly, a desired impedance model is designed to
ensure both power assistance and balance reinforcement. The
desired impedance model is adapted with wearer’s posture
and the STS speed such that an appropriate power and
balance assistance by taking into account the wearer’s lower-
limb muscular ability and his/her STS strategies. Secondly,
an impedance modulation structure is proposed to adapt the
mechanical impedance of the human-exoskeleton system into
the desired one. Apart from the desired impedance model, the
impedance modulation structure includes two other parts: a
human joint torque observer (HITO) and a sliding mode-based
controller (SMC). A nonlinear disturbance observer [30] is
used as the HJTO to estimate the wearer’s joint torques, which
can accurately estimate the wearer’s joint torques without
using extra sensors, such as EMG sensors [31]. Thirdly, the
robustness of the impedance modulation control strategy with
respect to modelling uncertainties is theoretically analyzed.
Lastly, the effectiveness of the proposed method is evaluated
via simulations and experiments with four healthy subjects
during four types of STS movements such as medium-speed,
low-speed, sitback-like and step-like. The EMG signals of the
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TABLE I: Modeling Symbols

Notation Description

Masses of the wearer’s shank, thigh and HAT
Masses of the exoskeleton shank, thigh and HAT
Lengths of the wearer’s shank, thigh and HAT
The coefficients of distribution of gravity for the
wearer’s shank, thigh and HAT respectively

The coefficients of distribution of gravity for the
exoskeleton shank, thigh and HAT respectively
Inertias of the wearer’s shank, thigh and HAT
Inertias of exoskeleton shank, thigh and HAT
Torques developed by the wearer at the ankle,
knee and hip joints, respectively

Torques generated by the exoskeleton at the
knee and hip joints, respectively

Mp1, Mp2, Mp3
Mel, Me2, Me3
ly, l2, I3
kn1, kna, kn3

kela k€27 ke3
Iny, Ino, Ins
Iela 1527 163

Th,a> Th,k> Th,h

Te,ks Te,h

related muscles are measured and show significant reduction
when using the proposed method. To the best of our knowl-
edge, this is the first method that can achieve both power
assistance and balance reinforcement using a unified control
structure to support the voluntary capabilities of individuals
with partial motor ability during STS movements.

This article is an extended version of our previous con-
ference publication [32] that further includes 1) balance re-
inforcement control; 2) an improved impedance reduction
ratio function, which ensures appropriate power and balance
assistance based on the wearer’s STS posture and speed;
3) detailed analysis of the HITO performance with respect
to a conventional inverse dynamic model based method; 4)
introducing an accurate parametric identification method; 5)
theoretical analysis of the robustness with respect to mod-
elling uncertainties; 6) detailed and extensive validation of the
proposed approach via both simulations and experiments with
four healthy subjects.

The rest of this article is organized as follows. Section II de-
scribes the human exoskeleton system during STS movements.
In Section III, a desired impedance model is proposed. Section
IV presents the detailed design of the impedance modulation
control strategy as well as a parametric identification method.
The associated theoretical analyses of stability and robustness
are given as well. In Section V, the proposed method is
evaluated via simulations and experiments, and Section VI
concludes the article.

II. SYSTEM MODELING

A schematic view of a subject wearing a lower-limb ex-
oskeleton and performing STS transfer task is shown in Fig. 1.
During the STS movement, the human body in the sagittal
plane can be modeled using a triple inverted pendulum [33],
[34]. The whole body includes three segments: shank-foot,
thigh and HAT (Head-Arm-Torso). Correspondingly, a lower
limb exoskeleton consisting of shank, thigh and torso seg-
ments, can also be modeled as a triple inverted pendulum. For
the sake of simplicity, the exoskeleton’s and subject’s ankle,
knee and hip joints movements are assumed synchronous
(i.e., the connection between the exoskeleton and the subject
is rigid) during STS movements. Meanwhile, only the STS
movements during which the subject stands up from a chair
without hand assistance are taken into account in this study.

Th,ksTe,k

Th,a

Fig. 1: Schematic view of a subject wearing an exoskeleton
and achieving the STS movement in the sagittal plane. The
exoskeleton is represented by the gray rounded rectangles.

Given that, a 3-DoF model of the human-exoskeleton is used
as shown in Fig. 1. The exoskeleton, attached to the human
body, is represented by the grey rounded rectangles. The
physical parameters of each segment are listed in Table I.
Using the Euler-Lagrange formalism [35], the dynamic model
of the human-exoskeleton system is described by:

M(q)i+C(a.9)4+Gl@) =U+JpF, (1)
where q = [q1 q2 ¢3]” represents the state vector of the ankle,
knee and hip joint angles. M (q), C(q,q) and G(q) denote
the inertia matrix, the Coriolis and centrifugal matrix, the
gravitational vector, respectively. The seat force is modeled as
an external force, F', that acts on the hip joint of the human-
exoskeleton. Jp is the Jacobian matrix. The input torque
vector U is given as follows:

Th,a 0
U=U;,+U.,=R Th,k + Te,k . 2)
Th,h Te,h

U, denotes the vector of torques generated by the wearer at the
ankle, knee and hip joints. U, represents the vector of torques
exerted by the exoskeleton at the knee and hip joints level.
Note that both ankle joints of the exoskeleton are passive.
The transformation matrix R is given as follows:

R=(Jg"", 3)

where Jg represents the transformation matrix from the
joint space (6., Ok, 0) to the defined joint angle space
(g1, q2, q3) (see Fig. 1). Definitions of the matrices Jg, and
Jr are given in Appendix A.

The main role of the seat force F' is compensating for
wearer’s gravity in the sitting position. In this study, the seat
force is supposed to fully compensate for the torques acting
at the knee and ankle joints level by the body gravity in the
sitting position (i.e., the wearer’s knee and ankle joints are
free (17, = Th,k = 0) in the sitting position). Meanwhile, this
force should fade to zero when the position of the hip joint is
higher than a certain height (i.e., seat-off point). In practice,
however, the seat-off point is difficult to be detected using only
joint angle information as the chair heights may change. On
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the other hand, it is shown that the maximum vertical ground
reaction force (GRF) time matches well the “seat-off” time
[3]. Hence, the model of the seat force is designed as follows:

F:[FSIFS(]:BFFS7 (4)

with
Br =1—Farr/FarPmas

where S is a positive ratio (8r € [0 1]). Fgrr denotes the
measured vertical GRF, while Fgrp maq, represents the max-
imum vertical GRF. F; is the force that can fully compensate
for the torques at the wearer’s ankle and knee joints level
induced by the body gravity, and is calculated as follows:

F,=(HR'J})"'"HR 'G(q), (5)

where H is a constant matrix used to extract the ankle and
knee joint torques from the torque vector U. The definition of
the matrix H is given in Appendix A.

III. DESIRED IMPEDANCE MODULATION

In this study, we aim to address two main problems affecting
the STS movement of the elderly and patients suffering
from neurological disorders: lower limb muscle weakness and
insufficient balance control ability. To this end, an impedance
modulation method is proposed through two steps: impedance
compensation and balance control reinforcement.

1) Impedance Compensation: To ensure a successful STS
movement, significant lower limb joint torques are required
[36], [37] (normalized peak flexion/extension torque over
bodyweight and body height: hip joint 0.45 Nm/kg/m and knee
joint 0.58 Nm/kg/m [37]), which makes the STS movement
a challenging task for individuals with lower limb muscular
weakness. With the support of an exoskeleton, an efficient
method for reducing the required human joint torques during
STS movements is to partially compensate for the gravity
and inertia (i.e., impedance) of the human-exoskeleton system.
In other words, a desired impedance lower than the original
one of the wearer’s body is expected to reduce the required
wearer’s effort. A major advantage of this method is that the
STS movement is still dominated by the wearer while the
exoskeleton provides appropriate assistance according to the
wearer’s muscular torques. Moreover, the desired impedance
model can be designed based on the wearer’s lower limb
motor ability, which is usually assessed using the well-known
five-times-sit-to-stand (FTSTS) test [38]. Researches in the
literature show that an elderly with relatively longer standing-
up time is usually associated with an increasing factor of
disability, morbidity and fall risk [38]. According to the
human-exoskeleton model (1), a wearer’s lower-limb motor
ability based impedance compensation model is proposed as
follows:

A1 (M (q)Gr+C(q,4)Gr) +A2G(q) = R+ X I F, (6)
with
A1 = Ao =diag(1, Ak, An), Ak, A € (0, 1], @)

where the vectors g, and g, denote the generated reference
joint accelerations and velocities, respectively. 7, represents

09

08— ———— == — — — — — —

A Ak

0.7

0.6

6 8‘5 7‘ 7‘5 é 8‘5 é 9‘5 10
Py + Py
Fig. 2: One example of the function of \;, and A\ (8).

the estimated wearer’s joint torques vector. A, and A rep-
resent the assistive ratios at the hip and knee joints level,
respectively. In this study, same assistive ratios are used at
the hip and knee joints, i.e., A\, = Ai, and are expressed as
follows:

A = Ak = Ao tanh(sg(pg +pv) +1) + 6k, (8)
with
pr = g(hnear — hin) )

Pv = Ry tanh(sv(vmam - Uth)) + Ky (10)

where §;, and A\ are two constants determining the middle
and range of ratios A\p and \g, respectively. hpgar denotes
the vertical linear position and of the CoM of the wearer’s
HAT. v,,4, represents the maximum vertical linear velocity
of the CoM of the wearer’s HAT over the period from the
start of the STS to the current sample. g is the gravitational
acceleration. hyp, is the upper bound of hpgy a7 (in standing
posture). x, is a constant and vy, is a threshold, which can
be selected based on healthy people’s STS speeds. s and s,
are two sensitivity coefficients. An example of the function
(8) is illustrated in Fig. 2. When the wearer stands up with
a relatively low speed which is the case he/she lacks motor
ability, the desired impedance keeps low until the wearer’s
posture is approaching the standing posture, i.e., hpgar is
close to h;,. Meanwhile, large standing up speeds also induce
a quick increase in the parameters A\, and Ag. In this study, it
is assumed that limited/no assistance is needed for individuals
who are able to stand up from a chair with a normal or even
fast speed [38].

2) Balance Reinforcement Control: Since the human-
exoskeleton model is close to a 3-DoF inverse pendulum
model (see Fig. 1) during the STS movement, balance control
is also of great importance to ensure a successful STS move-
ment. Apart from reducing the wearer’s effort, an efficient
coordination among the lower limb joint motions is highly
required. Given that, a virtual stiffness force is introduced at
the wearer’s HAT level to reinforce his/her balance control
ability (see Fig. 3). The proposed virtual stiffness force, F,,,
is assumed to be always normal to the wearer’s HAT and acts
at its CoM:

*Flmaac tanh(f(sl(AX'COI\/I - xcl))a if XCo]L[ < Tel

Fv = O; if ZTep < XCOM < Teo
_FZmaz tanh(KSZ(XCoIW - xc2))7 if XCOM > T2

(11)
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Fig. 3: Principle diagram of the virtual stiffness force (VSF).
(a) VSF directions, (b) an example curve of the VSF (with
Flmaw = F2maw and Ksl = K52)~

where Flq: and Fbp,g, represent the maximum virtual
stiffness forces, and K and Ko are the sensitive gains.
Xconm denotes the horizontal position of the CoM of the
human-exoskeleton system in the sagittal plane. x.; and x.2
respectively represent the virtual left and right margins of the
Xcom, with £ <0 < xeo.

The virtual stiffness force (11) is used to guarantee that the
horizontal projection of the CoM of the human-exoskeleton
system, Xcons, locates in a given range (i.e., [To1 Ze2]) with
respect to the foot position (i.e., the origin) as shown in Fig. 3.
If va1 < Xcoomr < X, the virtual stiffness force is zero
and the wearer can freely adjust his/her posture, otherwise, a
significant stiffness force is introduced at the wearer’s HAT
level to prevent loss of balance (see Fig. 3).

By combining the virtual stiffness force and the impedance
compensation (i.e., (6)), the desired impedance model can be
expressed as follows:

A (M(q)G-+C(q,9)dr) +X2G(q) = R(73+7,) + X J L F
(12)
with

S Forr(1—Ap)
Y FgrFmaz(1 — 0k — Ako)

where T, represents the virtual torque caused by the virtual

stiffness force (11), ||7|| < &,. &, is a positive constant. The
virtual torque T, is also defined as a function of the ground
reaction force Frp and the assistive ratio \j,. Note that the
virtual torque is considered to be zero when the wearer sits on
a chair, i.e., Fgrr = 0, or when the assistive ratio \;, = 1.

[0 0 Flskns]”  (13)

IV. IMPEDANCE MODULATION CONTROL FOR
MULTI-JOINT MOVEMENTS

To ensure that the human-exoskeleton system (1) behaves
according to the desired impedance model (12), an impedance
modulation control structure is proposed as shown in Fig.4.
The impedance modulation model consists of three parts: a
nonlinear HITO, a SMC-based controller as well as a desired
admittance model (i.e., the inverse desired impedance model).
The principle of this structure is as follows: the HJTO is

Wearer’s torque (Up,)

q.4
U, |Human-Exo >

Desired U,
Admittance [€ HITO

y

Model

s
+

<
O«

Fig. 4: Impedance modulation structure. (Uy: estimated
wearer’s torques; U.,: assistive torques; g,: desired joint an-
gles).

used to estimate the wearer’s joint torques (Uj) and the
SMC-based controller is used to track the reference motion
trajectory (q,) generated by the desired impedance model.
The original human exoskeleton model can be adapted to
the desired impedance model with respect to the estimated
wearer’s torques (U, if the following conditions are satisfied:
1) the HJITO can accurately estimate the wearer’s joint torque
(.e., Uh = Uy); 2) the SMC-based controller shows a high
tracking accuracy (i.e., ¢ = @q,-). In the following subsections,
we present the design of the impedance modulation control
structure (see Fig.4) as well as its characteristics, performance
and robustness with respect to modeling uncertainties.

A. Human Joint Torque Observer (HJTO)

The HIJTO is developed using the disturbance observer
technique [39], [30], i.e., the wearer’s joint torques Uj, are
considered as external disturbances for the human-exoskeleton
system. Correspondingly, the dynamic model (1), can be trans-
formed into a nominal model with an additional disturbance
term, Uy:

M(q)G+C(q,9)q + G(q) = (U + JiF) + Up.  (14)
The HJTO is designed as follows:
~ —U.—JiF —pl(q,9)), (15)
Uh =z+ p(p7 q)7

where U}, denotes the estimated joint torques vector generated
by the human. z is an auxiliary variable used to avoid the
acceleration measurement. The observer gain matrix L(q, q)
and the vector p(q, q) satisfy:
p(g.q)=X"q
Let us define the disturbance tracking error as U, =
U}, — Uy, From (14) - (16), the error dynamics of the tracking

disturbance can be obtained as follows:
Un =U, — L(q,4)Un. (17)

The following proposition addresses the tracking perfor-
mance of HITO (15) for system (14).
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Proposition 1. Consider the human-exoskeleton system sub-
jects to the disturbances Uy, (i.e., the wearer’s joint torques).
The HITO is given in (15) with the observer gain matrix
L(q,q) and auxiliary vector p(qg,q) defined in (16). The
matrix X is invertible and there exists a positive definite and
symmetric matrix I, such that [30] :

X+ XT-XT"TM(@)X >T, (18)

1)  If the rates of change of the wearer’s joint torques are
negligible (i.e., Uj, ~ 0), the tracking errors of the
wearer’s joint torques, U, converge exponentially to
zero for any U, € R".

2)  If the rates of change of the wearer’s joint torques
are bounded (i.e., |Uy| < ¢), the tracking errors of
the wearer’s joint torques, U}, are globally uniformly
ultimately bounded.

Proof: Detailed proof is refereed to [30]. O
In practice, the matrix X can be chosen as a diagonal matrix
for simplicity. A possible analytical solution of X suggested

in [30] is given by
X '=

1
5@ +2B,01)1, 19)

where I represents the identity matrix. [, is the minimum
convergence rate of the human joint tracking error. ( and o4
are two constants that satisfy the following conditions:

| M(q) ||< o1, | M(q),||<¢ (20)

During the STS movement, the velocities of the wearer’s
joint torques are bounded (i.e. |Uy|| < ¢). As pointed out
in [30], the tracking errors converge with an e§p0nential rate,
22]2?2’ to a ball with a radius of %,0 <n <l
T" represents a positive value. One can notice that there is a
trade-off between the accuracy of the estimated wearer’s joint
torques and the noise amplification when using the HJTO. In
this study, the convergence rate (3, is designed based on the
main frequency range (0.5-0.05 Hz) of STS movements.

Remark 1. To estimate wearer’s joint torques, a common
model-based method is to first use a Kalman filter to estimate
joint velocities/accelerations, and then, use them as inputs
of an inverse dynamic model, e.g., [15], [40]. Generally, a
constant acceleration model is used within the Kalman filter,
and the joint velocities and accelerations are assumed to
be subject to noises with given covariances. The advantage
of this method lies in its ability to reduce the influence
of the measurement noises while ensuring a relatively low
phase lag. However, the aforementioned Kalman filter fails to
guarantee the phase consistency of the estimated joint angle,
velocity and acceleration. Unlike the torque control based
method used in [15], a SMC-based position controller (see
Section IV-B) is used in this study to ensure an accurate
achievement of the desired impedance (12). Phase differences
among the estimated joint angle, velocity and acceleration
may cause unexpected assistive torques (see Section V-Cl1).
Given that, the nonlinear disturbance observer (15) is used.
Traditional nonlinear disturbance observers usually assume
that the change rate of the disturbance is zero or slow [39].
However, the change rates of the wearer’s joint torques, which

are considered as disturbances to the human-exoskeleton sys-
tem (16), can be relatively large during STS movements and
its dynamics could not be neglected. The designed HITO, (15)
and (19), can effectively estimate the fast-varying wearer’s
joint torques [30].

B. Design of the Sliding Mode based Controller (SMC)

In order to ensure an accurate tracking of the reference
motion intention, g,, computed using the desired impedance
model (12), an SMC-based controller with feed-forward com-
pensation is used.

Let us define:

s=ciet+é e=q-—q; (21)

where s represents a virtual error vector. ¢; is a positive
constant.
The multi-joint SMC-based controller is designed as fol-
lows:
Ue = —c1(M(q)é + C(q,q)e) + (1 — \)(M
+C(q,@)dr) + (1 - X\2)(G(q) = Ji F)
— ogsat(s) — Ags,

(q)dr
(22)

where o is a positive constant. sat(-) denotes a saturation
function (sat(-) € [—1, 1]). Note that ankle joints are only
controlled by the wearer (see (2)) thus, the desired ankle
joint angle corresponds to the current ankle joint angles (i.e.,
gr1] = qp)» e = 0 and Uy, 1) = 0).

The stability of the proposed controller (22) is addressed

using the following proposition.

Proposition 2. The exoskeleton controller is given by (22),
and e[ =0, o5 > M + €,. The virtual tracking error,
s, converges exponentlally to zero for all s(0) € R®. Note
that 7, is zero when the horizontal position of the CoM of the
human-exoskeleton system, Xc,s, is in the range [T Zc2).

Proof: The proof is given in Appendix B. |

C. Robustness with Respect to Modeling Uncertainties

Considering the modeling uncertainties, the real human-

exoskeleton system model can be represented as follows:
M*(q)§+C*(q,4)4+G"*(q) = U = UcAUp+Ji F, (23)

where the parameter matrices satisfy:

M*(q) = M(q) + AM(q), (24)
C*(q q) = C(q,q) + AC(q,q), (25)
G*(q) = G(q) + AG(q). (26)

For both the identified and real human-exoskeleton systems, it
is reasonable to assume that the parameter matrices have the
following properties:

Property 1. The inertia matrices are symmetric and positive
definite, i.e. we have:

M (q)¢ =¢"(M
§"M(q)¢ =¢" (M

“(@)"€>0

27
(@))7€ > 0, &7

Vq,§ € R".
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Property 2. The matrices iM*(q) — C*(q,q) and

%M (q) — C(q, q) are all skew-symmetric and can be shown
that:
T 1. * * .
& (GM"(a) - C"(g,4))E =0
1. (28)

Property 3. Assume that the gravitational potential functions
of the real and identified human-exoskeleton systems are
P(q) > 0 and Pg(q) > 0. Thus, the gravitational terms
in the corresponding models satisfy:

oPg(q) _ 0Pgp(q)
“oq G(q) = “oq

Property 4. The elastic potential function of the virtual
stiffness torque is assumed as Py (q). Therefore, we have:

Py (q)
dq
Lemma 1. The modeling uncertainty terms AM(q),

AC(q,q) and AG(q) also have the similar properties, i.e.
we have:

G"(q) = (29)

RTv(q) = (30)

¢TAM(q)¢ = €T (AM(g))"€ >0, Vg€ R" (31
1 .
¢'(;AM(q) —AC(g,4)¢ =0, Vg, g¢€ " (32)
_ 9Px(9) — Pr(9))
AG(q) = q (33)
Proof: Lemma 1 can be easily obtained from (24) to (26).
O

Note that the real system model (23) can be rewritten as
follows:

M(q)§+C(q,4)§+ G(q) =U =U. + Uy, + JF

. (34)
+ Td(qa q, q)a
where the lumped disturbance is given by:
Ti(q,4,q) = —AM(q)¢ — AC(q.q)q — AG(q). (35)

Actually, the lumped disturbance Ty(q,q, ) cannot be
excluded in the estimated wearer’s torques ﬁh, because we use
the nominal system parameters in the nonlinear disturbance
observer (15). Thus, we have the following approximation in
the steady state of trajectory tracking control:

Uh - Uh + Td(q7 q= q)a

where Uy, is the generalized torques vector obtained from the
actual wearer’s muscle strength. Therefore, the real desired
impedance model can be written as follows:

A (M(q)gr + C(q,q)q-) + X2G(q) =

(36)

Uy, + R7,(q)
+Td(q7 ‘L q)
(37

The scaling matrices A; and A, are related to the desired
robotic assistance and satisfy:

[Aiflo <1 IAgfloe < 1. (38)

From (37), we can observe that even there is no human joint
torques Uy}, the reference trajectory g, might be unstable due

to the lumped disturbance. To guarantee the safety of wearer,
the stability of reference trajectory g, should be robust to
model uncertainties. The following theorem gives the sufficient
condition of this robustness.

Proposition 3. For Vq, € R", if the following inequalities:

M M(g,)+AM(q,) >0,
(A2 = I)Pg(qr) + Pg(gr) + Pv(gqr) >0
— @ro is stable with AoG(gro) +

(39)

hold, then the equilibrium g,
AG(qTO) + RTv (qTO) =0.
Proof: The proof is given in Appendix C. ]

D. Parametric Identification of Human-Exoskeleton System

The robustness analysis detailed in Section IV-C shows that
an accurate wearer-exoskeleton system model can enable not
only a desired assistance but also a large assistive ratio (see
(39)). In our previous work [41], an identification method was
proposed to identify a human-exoskeleton system composed
of 20-DoF and 11 rigid segments. In this study, a simplified
3-DoF model (1) is considered to reproduce STS movements.
The exoskeleton is not actuated at the ankle joint and cannot
therefore support its own weight. Consequently, to identify
its inertial parameters, two experiments are conducted. In the
first experiment, the wearer’s dynamics is identified when the
human is not wearing the exoskeleton, while the second one
is conducted to identify the dynamics of the entire human-
exoskeleton system.

To identify the human-exoskeleton system, (1) is further
rewritten linearly relatively to the inertial parameters using
the so-called regressor matrice W [41]:

Wy 0}

Wy Wi (40)

Wé = [ ®=J'F;,,

w
where W g corresponds to the collected data when the wearer
is not wearing the exoskeleton and W g corresponds to those
when the subject is wearing the exoskeleton. ® = [®7 . . .
&7 is the (18 x 1) vector of inertial parameters of both
human and human-exoskeleton systems to identify. For each
link ¢, three inertial parameters are expressed in the joint frame
P, = [Mi MX; Izi], where M, is the mass, M X; the first
moment of inertia along the link, and I,; the segment inertia
with respect to the corresponding joint. Fy,, = [Fy My] r
denotes the external vertical force Fy and moment M. J,, is
the Jacobian matrix that maps the external force and moment
to the root-link (i.e., the feet).

Since W is not a full column rank matrix, a least-squares
based approach to solve (40) would give an infinity of solu-
tions. Fortunately, (40) can be rewritten using the so-called
base parameters (BP) as defined in [42] to obtain a full
column rank regressor. Thus, the vector ®; is the minimal
set of identifiable inertial parameters required to describe the
dynamics of the system. The computation of these parameters
consists in finding a subset W}, of W that is a full column
rank matrix [43]. For n samples of time, the identification
problem can be formulated as follows:

W,®,=F (41)
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A vector @7 of identified BP can be obtained using a weighted
Moore-Penrose pseudo-inverse matrix to get the least-squares
solution of equation (41) [44]. However, if the objective is to
estimate the joint torques of both the wearer and the exoskele-
ton, the whole set of inertial parameters ® is necessary. In
the present study, a constrained quadratic programming (QP)
approach developed by our group [33], is used; this approach
is formulated in Appendix D.

V. SIMULATIONS AND EXPERIMENTS
A. Experimental Setup

The experiments are implemented using the Angeleg ex-
oskeleton, developed by SG Mechatronics, Korea (see Fig. 5).
This exoskeleton consists of four parts: exoskeletal frames,
series elastic actuators (SEAs), sensors, and a controller back-
pack with a battery inside. The total weight of the exoskeleton
is 13 Kg. Each leg of the Angeleg exoskeleton has 7 DoFs
including 3 DoFs at the hip and ankle joints level (i.e.,
adduction/abduction, flexion/extension, and rotation) and 1
DoF at the knee joint level (i.e., flexion/extension). The hip and
knee joint flexion/extension movements are powered by four
SEA actuators [45] while the remaining DoFs are passive. The
output torque of each actuator can be measured using a spring-
embedded gear in the SEA and the maximum output torque
of each SEA is 18Nm. A PID with feedforward controller
[46] is used as the low-level torque controller to ensure high-
precision assistive torques for performing STS movements
(magnitude response: -0.07—-0.88dB during 0.1—1Hz). The
maximum joint speed of each SEA is 66.4 rpm. Each hip/knee
joint is equipped with a 13-bit encoder (AVAGO Technologies,
USA) measuring the associated joint angle. The ankle joint
angle is measured using an IMU sensor (Xsens, Netherlands)
attached to the left leg shank of the exoskeleton. The measured
joint angles are lowpass filtered at 2Hz using a 2nd-order
Butterworth filter.

An air-pressure based insole sensor is placed in each shoe
to measure the GRF, Fgrp [47]. The maximum vertical GRF,
FGaRrRF maz, in (4) is measured during a simple calibration pro-
cess, in which the wearer is asked to stay in a static standing
posture for 5 seconds while wearing the exoskeleton. Then, the
FGRF,max is set as 0-875FGRF,stcmdinga where FGRF,standing
is the average measured GRF using the air-pressure based
insoles. The ratio of 0.875 is used to take into account the
measurement changes with the horizontal movement of the
CoM, ensuring thus the chair’s support is zero after the “seat-
off” event. In comparison to the GRF measured using a 9N
accurate Wii Balance Board (WIIBB, Nintendo), the accuracy
of the calibrated GRF, Fgrr € [0 FoRrFmasz|, measured
using the air-pressure based insoles is 25.2N. This accuracy
is sufficient to ensure an effective detection of the changing
profile of the GRF (i.e., ) around the seat-off period.

A NI"™ Single-Board RIO is used to synchronize the
sensor data and control the SEA actuators. The control law
is deployed using LabVIEW and runs at 1 KHz.

B. Human-Exoskeleton Parameters

Four healthy male subjects (age: 27 + 5 years old; height:
175.8 £ 5.7 cm; weight: 66.8 + 5.4 Kg) participated in the

Fig. 5: Parametric identification: a subject is performing a
squat-like motions while wearing the exoskeleton; a stereopho-
togrammetric system and a Wii balance board are used to
collect kinematics and dynamometrics data, respectively.

experiments. Each subject was informed of the experimental
protocols approved by Henri-Mondor Hospital, France, and
gave his consent before participating in the experiments.

Kinematics and dynamometrics data were measured using
a stereophotogrammetric system (Optitrack, Flex 13) and a
WIIBB, respectively. A set of six retro-reflective markers were
placed on the subjects to fit the model presented in Fig. 5
and to estimate the corresponding joint angles. Joint velocities
and accelerations were obtained using centred differences.
The WIIBB allows measuring the external force Fy and the
moment My along the vertical and lateral axes, respectively.
Note that the WIIBB has been proven accurate enough to
perform dynamics identification of a planar model of human
[33]. All measured data were low-pass filtered at 5 Hz using
a zero-phase Sth-order Butterworth filter.

The identification process was done in two steps. First,
the subject was asked to perform some exciting motions
without wearing the exoskeleton and then to perform the
similar motions while wearing the exoskeleton. The retained
exciting motions of two minutes duration approximately were
shown to the subject. These motions were continuous and
composed of 10 squats performed at different velocities, 10
oscillations of the hip/trunk and 10 oscillations of the ankle.
These motions were considered as exciting since the condition
number of the base parameter regressor matrix was relatively
low (cond(Wy) = 36).

The identified inertial parameters for each subject and for
the exoskeleton are given in Table II. Fig. 6 shows an excellent
fitting of the external vertical force Fy and the moment
along the lateral axis My as measured by the WIIBB and
as estimated using the identified dynamics model. Moreover,
the estimated results using an anthropometric table (AT) [48]
are also shown in Fig. 6. It can be seen that the Fy and
My estimated using the identified parameter values are more
accurate than those estimated using the AT. The average RMS
differences of the identified Fy and M  using the proposed
method are respectively 0.26 4+ 0.09 N/kg and 0.15 £ 0.08
Nm/kg (across all subjects), with respect to those measured
using the WIIBB. Such differences show that the inertial
parameters are well identified. The average RMS errors of the
estimated Fy and My using the AT are 0.39£0.11 N/kg and
0.28 £ 0.06 Nm/kg, respectively. Note that the motions that
were requested to the subjects have been chosen to be feasible
by the targeted patients. Moreover, if some parameters cannot
be well excited, values identified using the AT method can be
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TABLE II: Identified system’s parameters

Parameters Exoskeleton Subject A Subject B Subject C Subject D Units
Mei, hi 2.80, 4.18,4.97 7.57, 1558, 41.52  7.10, 14.52, 38.92 852, 18.07, 46.71  7.28, 15.43, 39.89  (kg)
MXf‘h 0.78, 1.50, 0.70  1.42, 3.98, 15.81 1.37, 3.86, 14.46 1.76, 491, 16.49 1.44, 4.14, 1550 (kg -m)
Ize;h 0.22,0.62, 0.50  0.76, 1.19, 7.24 0.78, 1.19, 6.39 1.03, 1.61, 9.67 0.52, 1.28, 8.57 (kg - m?)

MX§ = meilikes, MXP = mpilikpi, 15 = Mei (Like:)? + ILeis I = mps(Likni)? + Tni, i€ {1,2,3}
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Fig. 6: Comparison of the external vertical forces (Fy) and
lateral moments of force Mz measured by the WIIBB (ME)
and estimated using the identified dynamic (ID) model and an
anthropometric table (AT) [48] (across ten-time motions with
Subject A). Gray zone shows the standard deviation. (a) squat
motions, (b) oscillations of the hip/trunk, (c) oscillations of
the ankle.

retained and the assistive ratios A; and A, need to be adjusted
to satisfy the stability condition (39).

It should be noted that the parameters for the exoskeleton
were only identified once with one subject. Since the lengths of
the shanks and thighs of the exoskeleton were slightly adjusted
(£ 0.03m) for other subjects, the identified values of the first
moments of inertia M/ X and the inertia I of these links were
also adjusted by assuming the mass of the increase/decrease
part of each link is zero. Since the masses of the shanks and
thighs of the exoskeleton are low (see Table II), the modelling
error caused using such a simplified method is very limited.

C. Simulation Study

To evaluate the effectiveness and robustness of the proposed
impedance reduction control strategy, simulation studies were
performed. Since the wearer’s effort is taken into account
during the STS movement, a simplified controller composed
of an inverse-dynamic-model based feedforward part and a
feedback proportional-derivative (PD) part is used to simu-
late the wearer’s role [49]-[51]. Although a more complex
human central-nervous-system like controller also includes
other functions such as adaptive and stabilization abilities
[49], a simplified controller can efficiently demonstrate the
characteristics of the wearer’s role and lead to intuitive insights
into the performance of proposed impedance control strategy.

y[m]
y[m]

d 0 4 L
0 0.5 05 0 05 -05 0 0.5
x[m] x [m] x[m]

x [m]

Fig. 7: Normal reference trajectory of the STS movement in
simulation.

In addition, an alternative simplified method is used to
directly detect the seat-off time rather than using the GRF
(see eq.(4)), as follows:

Br =1, if Ahpip > Hp (42)
2
51: _ (Ahh,zzp) , if Ahhip < Hﬁ

B

where hy;, represents the increased vertical position of the
hip joint, while Hjg denotes a threshold after which the seat
force completely converges to zero.

During the following simulations, the identified parameter
values with the Subject A and the exoskeleton are used to
build the human exoskeleton model (1) (see Table II). The PD
parameter values are set as K, = 4000 and Ky = 300. The
parameter values related to the sliding mode-based controller
(22) and the HJITO (15) are set as follows: ¢; = 4, o5 = 10,
As = 150, o1 = 50, B, = 6, { = 60. In the simulation,
we assume that the exoskeleton is able to fully support the
required torques for performing STS movements.

1) Performance of Impedance Reduction: Firstly, the
human-exoskeleton system is controlled using the PD and
feedforwad controller (i.e., simulating the wearer) to track a
normal STS reference trajectory which is designed based on
healthy individuals’ STS movements. Fig.7 shows the start,
middle and end postures of human body according to the
reference trajectory. The projected horizon position of the
CoM (X¢onr) is assumed to be located at —0.04 — 0.12
m in front of the ankle joint during the STS movement.
Hence, the virtual left and right margins of the X¢ops in
equation (11) are set as —0.04 m and 0.12 m, respectively. To
assess the impedance reduction of the proposed method, three
simulations are performed with different STS periods (i.e., 3s,
5s, and 7s). According to the FTSTS test results [38], if the
subject is able to perform a successful STS motion in 3s, this
means no external assistance is needed. Otherwise, longer STS
times means weaker lower limb muscular ability. Given that,
the parameter values related to the assistive ratios are chosen
as 0p = 0.8, Ao = 0.2, hyy, = 1.211, 8, = 1, vy, = 0.245,
sy = 4 and s, = 19.6. The parameter values related to
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Fig. 8: Simulation results: STS movements with three different
speeds (3s, 5s and 7s). q1, g2 and g3 represent the ankle, knee
and hip joint angles, respectively. X, denotes the projected
horizontal position of the CoM of the human-exoskeleton
system. Fy is the virtual force, and 7,3) is the virtual torque
at the hip joint level. Sr is the GRF ratio.

the virtual force are chosen as Fi,0z = Fomaer = 120 and
K 1 = K4 = 20. Moreover, the wearer (the PD with feedfor-
ward controller) is assumed to be able to perform successful
STS movements with the three different STS speeds.

Fig. 8 shows the normalized measured joint angles. During
the three groups of STS movements, the wearer’s joint trajec-
tories are almost the same. The seat forces are set to converge
to zero in the first 30% of each STS movement (see Fig.8).
The measured X5 locates at 0.01 — 0.066 m in front of
the ankle joint after the GRF ratio g starts to increase to 1.
From Fig.8 (F, and ), the generated virtual torque 7,3 is
relatively low (< 1 Nm) and are also similar with the three
groups of STS movements. However, significant differences
in the wearer’s torques (the output torques of the PD and
feedforward controller) and the exoskeleton torques can be
observed among the STS movements with the three speeds
(see Fig.9). During the normal-speed STS movement (in 3s),
the exoskeleton provides the wearer with only a short-time
assistance at the beginning of the movement, while importance
assistance is provided by the exoskeleton during the 7s STS
movement to reduce the required human effort. In general, for
performing the same STS movement with different speeds,
the average ratios between the exoskeleton torques and the
wearer’s torques at the hip and knee joints level show both
clearly increase with the STS times (see Fig. 9). In other
words, the required torques for the wearer for achieving STS
movements can be reduced to a desired level (see A\j, and Ay in
Fig. 9) according to the wearer’s lower limb muscular ability.

In addition, the simulation results show that the tracking
error for each joint using the designed SMC based controller
can be limited to a very small range (||e;|| < 0.002 rad, i €
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Fig. 9: Simulation results: performance of the impedance
reduction during STS movements with three different speeds.
a) STS in 3s, (b) STS in 5s, (¢) STS in 7s. 75, and 7. show
the human (PD and feedforward controller) joint torque and
the assistive torque, respectively. A\, and \j are the assistive
ratios.

1,2, 3) (see Fig. 10). The estimation errors of the wearer’s knee
and hip joint torques during the normal-speed STS movement
is relatively large but still limited into 4+ 20 Nm, while they
can be significantly reduced during the 5s and 7s STSs (the
root-mean-square (RMS) of 7, and 73 are respectively: 0.62
Nm and 1.21 Nm (5s), and 0.3 Nm and 0.67 Nm (7s)) (see
Fig. 10). Note that a balance between the estimation accuracy
and the noise reduction has been taken into account in the
simulation.

Furthermore, a simulation study is carried out to compare
the performances of the proposed HITO and a commonly used
method based on the inverse dynamic model and a Kalman
filter. Joint angle trajectories measured with one subject during
a STS movement are used as reference trajectories as shown
in Fig.11. To estimate the joint torques, three methods are
used: the inverse dynamic model with a zero-phase 2nd-order
lowpass Butterworth filter, the inverse dynamic model with
a Kalman filter and the designed HJTO with a 2nd-order
lowpass Butterworth filter. For the first one, the measured joint
angles are filtered using a zero-phase lowpass Butterworth
filter at 2Hz. The joint velocities (accelerations) are calculated
by numeric derivations of the joint angles (velocities). Then,
the ankle, knee and hip joint torques are estimated using the
inverse dynamic model. For the second one, a Kalman filter
with a constant acceleration model [40] is used to estimate
the joint angles, velocities and accelerations. Similarly, three
joint torques are estimated using the inverse dynamic model.
The covariances of the process and observation noises of three
joints are set to be same and fine-tuned to ensure accurate
estimation of the joint torques. For the last one, a lowpass
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Fig. 10: Simulation results: tracking performance of the SMC-
based controller and the estimation accuracy of the HITO. (a)
STS in 3s, (b) STS in 5s, (¢) STS in 7s. eq, ey and ez show
the tracking errors of the ankle, knee and hip joint angles,
respectively. 71, 7o and 73 denote estimation errors of the
ankle, knee and hip joint torques, respectively.
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Fig. 11: Joint angles processed using three methods: a zero-
phase lowpass Butterworth filter (Zero-Phase), a lowpass But-
terworth filter (Butter) and a Kalman filter (Kalman).

Butterworth filter with a cutoff frequency of 2Hz is used to
filter the measured joint angles. Then, the HJTO is used to
estimate the three joint torques.

Fig. 12 shows the estimated joint torques using the three
above-mentioned methods. Assuming that the joint torques
estimated using the inverse dynamic model with the zero-
phase lowpass filter are the real joint torques, one can notice
that both the Kalman filter-based method and the HITO one
are able to ensure accurate joint torque estimations, while
the Kalman filter-based one can further reduce the phase
delay. However, when using the Kalman filter-based method in
the proposed impedance reduction structure (see Fig. 4), the
generated assistive torques may show significant differences
from the wearer’s joint torques (see Fig. 12(b)), while similar
joint torque patterns can be guaranteed using the HITO.

2) Robustness to System Modeling Uncertainties: To verify
the robustness property shown in Section IV-C, a given mod-
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Fig. 12: Simulation results. (a) estimated joint torques us-
ing three methods: the inverse dynamic model with a zero-
phase lowpass Butterworth filter (Inverse), the inverse dynamic
model with a Kalman filter (Kal-Inv) and the HITO with a
lowpass Butterworth filter, (b) generated assistive joint torques
based on the HJITO and the inverse dynamic model with a
Kalman filter.

elling uncertainty (M = 1.5M*, C = 1.5C*, G = 1.5G*) is
introduced in the human-exoskeleton model. The time-varying
assistive ratio (8) is similar to the one used in Section V-Cl1,
except for the values of the parameters d; and Ay, which
are given in the following. In addition, smaller PD gains
(K, = 4000 and K; = 120) are used to simulate the
performance of the wearer under stable and unstable states.

Comparison simulations were respectively performed under
the following five conditions: (a) Constant assistive ratios,
An = A = 0.8; (b) Constant assistive ratios, A\, = A\, = 0.65;
(c) Designed time-varying assistive ratios with d; = 0.825,
Ao = 0.175; (d) Designed time-varying assistive ratios with
0 = 0.75, Ao = 0.25; (e) Designed time-varying assistive
ratios with d; = 0.65, Ao = 0.35.

Fig. 13 shows the simulation results. According to the
stability condition (39), the assistive torques 7. should be
stable under the first four conditions. However, chatterings
can be observed in both the assistive torques 7. and the
human torques 75, when the wearer’s posture is close to the
standing posture under the condition (b). This is due to the fact
that the large reduction of the desired impedance, particularly
the desired inertia, makes the designed PD gains no longer
suitable, i.e., the PD gains should be re-tuned. According to
equation (37), the real desired impedance under the conditions
(a) and (b) are only 46.7% and 29.2% of the nominal ones,
respectively. Although human has the capability of stabilizing
a stable/unstable system by optimizing joint impedance [49]-
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knee and hip joints, respectively.

[51], it is difficult for the wearer to cope with the large chat-
tering during standing posture (see Section V-D3), especially
for individuals with muscular weaknesses. On the other hand,
the chattering effect can be effectively compensated using the
proposed time-varying assistive ratio function (condition (c)),
which ensures increasing in the assistive ratio when the wearer
is close to the standing posture (see Fig. 13(c)). The proposed
function ensures, at the same time, significant assistance to
the wearer during the main power-demanding part of the STS
movement. Furthermore, it can be seen that a further smaller
assistive ratio can be used with the designed time-varying
ratio function to gain higher assistance without causing the
chattering problem (see Fig. 13(d)). Under the condition (e),
the closed-loop human-exoskeleton becomes unstable at the
beginning of the STS since the stability condition (39) cannot
be satisfied. In addition, a transient large vertical velocity of
the wearer’s HAT CoM v, is caused due to the chattering
effect and the assistive ratios increase to 1.

D. Experimental evaluation

1) Assistive performance during four types of STS strate-
gies: The main goal of the proposed method is to reduce
the required wearer’s effect for achieving a successful STS

movement. The torque assistive performance of the proposed
method was investigated in detail during four types of STS
strategies, including normal STS strategies with two different
speeds (low speed (in 15s) and medium speed (in 8s)) and
two abnormal STS strategies which may cause sitback and
step, respectively. Low- and medium-speed STS movements
are commonly observed in the populations with lower-limb
muscular weakness [38]. In addition, sitback and step, which
are the two typical modes of most STS failures observed in
the elderly, both result from muscular weakness and/or lack
of balance control and motion coordination [3]. Note that
performing a STS movement in an abnormal way, i.e., sitback-
like or step-like movements, may require even larger human
joint torques at one or two specific joint levels, which further
increases the risk of STS failures.

Four healthy subjects participated in the experiments under
two conditions: ”in exoskeleton with assistance (WA)” and
”in exoskeleton without assistance (WOA)”. For each type
of STS strategies, each subject was asked to separately and
alternatively carry out three groups of FTSTSs under two
conditions, with a 5-minute rest in-between. Meanwhile, at
least 20-minute break was taken between the achievements
of the different types of STS motions, and a 15-second rest
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Fig. 14: Experimental results with one subject (on average, across five STS movements) during four types of STS strategies
such as low-speed, medium-speed, sitback-like and step-like. The wearer’s kinematic and kinetic data and the outputs of each
part of the proposed method are presented. g3 and g2 show the hip and knee joint angles, respectively. 73, 5, and 73, are the
estimated human hip and knee joint torques, respectively. 7. ;, and 7., are the assistive hip and knee joint torques, respectively.
Ap and A are the assistive ratios. Xcops denotes the horizontal position of the CoM of the human-exoskeleton system. 7,3
is the virtual torque, and S the GRF ratio. Gray zone shows the standard deviation.

was imposed between two continuous STS motions during
one group of FTSTSs. To mimic the state of people with
lower-limb muscular weakness, one subject (Subject A) was
also asked to run on a treadmill with a speed of 9Km/h
for 10 minutes, and then to perform the STS movements
with significant lower-limb muscular fatigue. In other words,
Subject A did twice experiments under two different states:
without and with muscular fatigue. Here, Subject A* indicates
Subject A in the state of lower-limb muscular fatigue.

To perform STS movements at the given speeds, a timer
was used as a sound reference to help the subjects controlling
their speeds. Note that the stand-to-sit movements were not
assisted. During the medium-speed STS motions, the subject
was asked to stand up from a chair slowly at the early power-
demanding phase, and then, extend the hips and knees with
a normal speed (see Fig. 14(b)). During the sitback-like STS
movements, each subject was asked to sit on a chair while
keeping the torso in the vertical direction, and then, standing
up directly without a prior forward bending of the torso (see

Fig. 14(c)). In this case, significant human knee torques are
required to shift the CoM of the human-exoskeleton forward.
During the step-like STS movements, each subject was asked
to first flex the hip joint to around 60 degrees during sitting
position, and then, standing up without extending the hip joints
until the knee joints were sufficiently extended. In this case,
the Xcons of the human-exoskeleton is then over 0.1 m in
front of the ankle joint (see Fig. 14(d)), and the subject is
close to loose the balance.

Due to the limitation of the maximum output torques of
the exoskeleton actuators, the range of assistive ratio (8), i.e.,
[6x — ko, Ox + Akol), was designed for each subject to take
full advantage of the exoskeleton assistance, as follows: [0.75
1] (Subjects A and A*), [0.85 1] (Subject B), [0.76 1] (Subject
C), [0.78 1] (Subject D). In addition, the margins (x.1, Z.1)
of virtual torques were also slightly adjusted for each subject
according to their heights as follows: (-0.04 0.12) for Subjects
A, A*, B and D) and (-0.02 0.1) for Subject C. The value of
the HITO parameter o; was set for each subject based on the
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TABLE III: Experimental Parameter Settings

Eq.s Parameters Values

®), (10) sk, Sv, Vtn, Ko 4, 19.6, 0245, 1
(11) Ksly KSQ, Flma:m F2maz 20, 30, 60, 120
19) Bo, € 50, 6

(22) Ci, Os, As 4, 10, 120

condition (20): 25, 30, 22 and 30 (Subjects A, B, C and D,
respectively). The values of the remaining parameters related
to the proposed impedance modulation method are given in
Table III.

To assess the assistive effectiveness of the proposed method,
five EMG sensors (Delsys, USA) were used to record the
related muscles’ activities. EMG signals corresponding to the
activities of the vastus lateralis (VL) and biceps femoris (BF)
muscles of each leg and the erector spinae muscle (ES) in the
lumbar region are compared to show the assistive effects of
the proposed method at the knee and hip (torso) joints level
under the two designed conditions. The EMG signals were
sampled at 150 Hz. The raw EMG signals were processed as
follows: highpass filtered at 10Hz using a zero-phase fourth-
order Butterworth filter; rectified; low pass filtered at 4Hz
using a zero-phase fourth-order Butterworth filter.

For each type of STS strategies, experimental results ob-
tained during five representative STS movements under each
condition are selected. Student’s t-test is used to ensure there
is no difference in the STS time between the selected STS
movements under the two conditions. Here, the STS time is
defined as the period from the beginning of the knee joint
extension to the end of the STS movement, in which the VL,
BF and ES muscles are mainly activated.

Fig. 14 shows the experimental results (on average, across

five STS movements) with one subject (Subject A) under the
condition WA during the four types of STS strategies. In
general, the assistive hip/knee joint torques 7 j and 7. ; show
similar profiles as those of the estimated human joint torques
Th,n and Ty, 3 during all STS movements, except for the parts
affected by the reduction of the impedance ratios A;, and Ag
as well as the virtual torque 7,3

During the low-speed STS movements, the assitive ratios
An and \j are relatively small during the early and middle
phases of the STS movement and increase gradually to 1
with the increase of the height of the CoM of the wearer’s
HAT, hj, i a7. Correspondingly, important assistive torques are
provided to the wearer’s hip and knee joints to reduce the
wearer’s muscle efforts during the low-speed STS motions
(see Fig. 14 (a)). Similarly, significant assistive torques are
provided during the main torque-demanding period of the
sitback-like and step-like STS movements since their speeds
are also relatively low (see Fig. 14 (c) and (d)). On the other
hand, the assistive torque is mainly provided at the early
phase of the medium-speed STS movements, and then, quickly
decreases to zero when the subject stands-up with a high speed
(see Fig. 14(b)). It can be seen that high joint torques are
still required from the wearer to achieve the STS movements
after the assistive torques largely reduce. It is assumed that
wearer needs no extra assistance (i.e., no lower-limb muscular
weakness) if he/she can quickly stand up from a chair [38].

A virtual torque is applied at the early phase of each type
of STS strategies, as shown in Fig. 14. It firstly increases with
the GRF ratio S, and then, fades to zero when the horizontal
position of the CoM of the human-exoskeleton system, X s,
is approaching the designed left margin -0.04m. During the
low- and medium-speed STS movements, the virtual torque
during the initial phase can partially counteract the assistive
hip joint torque caused by the impedance reduction (12)
(see Fig. 14(a) and (b)). This is due to fact the wearer
synchronously flexes the hips and extends the knees during
the initial phases of these STS movements. In this case, the
use of the virtual torque ensures that the wearer would be able
to easily flex the hips during the initial phases of the low- and
medium-speed STS movements. Note that the assistive hip
joint torque should show a similar profile to the estimated hip
joint torque without the virtual torque.

During the sitback-like STS movements, the subject starts
rising from the chair before bending the HAT (see the (g
and q3 in Fig. 14(c)), then, a large virtual torque is triggered
according to equations (11) and (13). Correspondingly, a
positive hip joint torque is generated to flex the hip joints
to move the CoM of the wearer and exoskeleton forward
during the early phase of the STS movement. During the
step-like STS movements, virtual torques are generated during
both early and late phases, as shown in Fig. 14(d). Since
the early phase of step-like STS movement is similar to the
one of low-speed motions, a virtual torque is also generated
to ensure that the wearer is able to easily bend the HAT.
During the late phase of the step-like STS movement, a virtual
torque is generated when the Xc,3s moves far away from
the ankle joint. As a result, an extra torque is added to the
assistive hip joint torque 7. j to assist the wearer to extend the
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hip joints and move the X, back to the designed range,
[—-0.04 0.12]m.

As mentioned in Section IV, the performances of the SMC
and HJTO are important for achieving the desired impedance
model. Fig. 15 shows the average tracking errors ey and es
obtained with the proposed SMC controller with a represen-
tative subject (Subject A) during four types of STS strategies.
Although the tracking errors increase with the joint velocities,
they can be limited to a small range. The average RMSs of
the e; and eg across all STS motions are 0.01 4 0.003 rad
and 0.02140.004 rad, respectively. Such accuracy satisfies the
condition to accurately track the desired trajectory generated
from the desired impedance model. During the experiments,
it can be observed that the assistive joint torques, particularly
the knee joint torque, show similar profiles as those of the
estimated wearer’s joint torques, without being influenced by
the changes of the impedance ratios and the virtual torques
(see Fig. 14).

2) EMG reduction: The EMG signals measured from VL
and BF muscles of both legs and the ES muscle are compared
to show the impact on the wearer’s muscle effort under two
conditions WOA and WA. Fig. 16 shows the EMG patterns
for a representative subject (Subject A) during four types of
STS strategies under the two conditions (on average, across
five STS movements). Since the left and right VL/BF muscles
deliver similar torques during the STS movements, only the
EMG patterns of the left VL/BF muscles are shown. The

average STS time of each subject under the two conditions
are shown in Fig. 17. For each subject and each type of STS
strategies, there is no significant difference (p > 0.2, t-test)
between the STS time under the two experimental conditions.

During the early torque demanding phase of the low-speed
STS movement, the VL muscle effect is largely reduced in
condition WA compared to condition WOA. Meanwhile, the
ES muscle effort is reduced for this subject during the whole
period of the low-speed STS movement in condition WA (see
Fig. 16(a)). During the early and middle phases of the medium-
speed STS movement, a similar reduction in the VL and
ES muscles’ effects can be observed in condition WA (see
Fig. 16(b)). However, there is no notable difference in the
ES muscle effect in the late phase of the medium-speed STS
movements between the two conditions due to the reduction
in the assistive torque (see Fig. 14(b)) in condition WA. By
comparing the muscular activities during the early phase of
the low-speed STS movements in condition WOA, the VL
muscle is more activated during the early phase of the sitback-
like STS movements in the same condition. However, the VL
muscle effect can be remarkably decreased during the early
phase of the sitback-like STS movements in condition WA
(see Fig. 16(c)). During the middle/late phases of step-like
STS movements, important ES muscle activity is required in
condition WOA (see Fig.16(d)). On the other hand, it can be
seen that the ES muscle activity is largely reduced in condition
WA. Meanwhile, the VL muscle activity is also reduced during
the early phase of the step-like STS movement. With regard to
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Fig. 18: Average reduction of the RMS of the processed EMG
signals across all subjects during four types of STS strategies.
VL and BF denote the average reduction of left and right VL
and BF muscles, respectively.

the BF muscle, it shows relative low activities during the low-
speed, medium-speed and sitback-like STS movements while
no notable muscular co-contraction is observed during these
STS movements. During the late phase of the step-like STS
movement, the BF muscle is more activated to shift the CoM
of the human exoskeleton system back in condition WOA.
However, such BF muscle effect is not needed in condition
WA since the exoskeleton assistance can prevent the CoM of
the human exoskeleton system from moving too far from the
ankle joint.

Due to the variability of subjects’ motions and muscu-
loskeletal systems, it is inevitable that there exist some differ-
ences in the EMG signals across all subjects. Fig. 18 shows
the average reductions of the RMS of the processed EMG
signals across all subjects during four types of STS strategies
in condition WA, compared to condition WOA. For sake of
simplicity, the average reductions achieved for the left and
right VL/BF muscles are presented instead of showing both

TABLE IV: EMG reduction across all subjects under different
conditions. .S; denotes Subject 4, ¢ € {A, B,C, D, A*}.

. Sa SB Sc Sp Sa* Average
Muscles Low-speed STSs (unit:%)
Mean VL | 10.87 14.72 5.71 10.51 11.27 10.6+3.2
Mean BF 0.96 7.43 9.99 11.25 0.74 6.1£5.0
ES 30.70 6.70  18.04 0.93 8.12 12.9+11.7
Medium-speed STSs (unit:%)
Mean VL | 13.92 10.34 527 1073  13.39 10.7+£3.4
Mean BF -3.78 1.23 1.05 1374 -5.19 1.8+£7.5
ES 20.19 469 1653 -041 27.52 13.7+14.2
Sitback-like STSs (unit:%)
Mean VL | 21.45 8.57 12.06 10.18 21.25 14.7+6.2
Mean BF -5.13 8.04 -0.40 846  -3.61 1.5+6.4
ES 296 13.92  16.69 418 14.19 10.446.3
Step-like STSs (unit:%)
Mean VL | 10.29 555 13.78 5.04  12.78 9.5+4.0
Mean BF | 4546 1393 16.96 8.51 4.06 17.84+16.2
ES 40.90 9.01 11.81 15.00 27.69 20.9+13.3

sides. During the low-speed STS movements, the VL and ES
muscle activities are reduced by 10.6 £ 3.2% and 12.9 £+
11.7%, respectively. Similar reductions (VLs: 10.7£3.4%; ES:
13.7414.2%) can also be observed during the medium-speed
STS movements. The VL muscle activities are further reduced
(14.7 £ 6.2%) during the sitback-like STS movements, while
less reduction (9.5 = 4.0%) are observed during the step-like
STS movements. On the contrary, the EMG signals measured
from ES muscle are further reduced (20.9+13.3%) during the
step-like STS movements, while less reduction (10.4 + 6.3%)
is observed during the sitback-like movements. This means
that the assistive torque induced by the virtual torque can
further assist in reducing the corresponding muscular activities
to avoid failures in sitback-like or step-like STS movements.
There is no significant decrease in the BF muscles’ EMG
signals between WA and WOA conditions during the medium-
speed STSs (1.8 =7.5%; p = 0.69, t-test) and the sitback-like
STSs (1.5 + 6.4%; p = 0.64, t-test). The reduction of the
BF muscles’ EMG signals is also relatively low (6.1 + 5.0%)
during the low-speed STS movements. It should be noted
that the contraction level of the BF during these three STS
movements is very limited (see Fig. 16). However, a large
reduction in the BF muscles’ EMG signals can be observed
(17.8 £ 16.2%) during the step-like STS movements due
to the fact that important BF muscle contraction is needed
to maintain balance during the late phase of this type of
STS movements in condition WOA. Detailed EMG reduction
percentages for each subject are given in Table IV. Since
the HAT of Subject D is much higher than the one of the
exoskeleton (0.89m vs 0.31m), the assistive effectiveness for
HAT extension is not notable (average ES reduction = 1.6 &
2.4%) during the low-speed, medium-speed and sitback-like
STS movements.

During the experiments, subject A* was asked to keep a
similar squat posture for five seconds before and after running
on the treadmill. Meanwhile, the EMG signal of left VL
muscle was recorded to show the VL muscle fatigue state. The
obtained results show that the mean frequency of the power
spectral density of the measured VL muscle EMG signals
is decreased by 8.6% and that the VL muscle is relatively
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Fig. 19: Robustness study: (a) using a constant assistive ratio,
A = A = 0.6, (b) using the developed assistive ratio
function. q1, ¢2 and g3 show the ankle, knee and hip joint
angles, respectively. 73, and 7, represent the estimated wearer’s
joint torques and the assistive torques, respectively. The second
subscript a, k and h denote the ankle, knee and hip joints,
respectively.

fatigued after 10-minute fast running, according to the method
presented in [52]. One can notice significant reductions in the
EMG signals measured from the VL muscles (14.7 + 4.5%;
p = 0.007, t-test) and ES muscle (19.4 £+ 9.8%; p = 0.03,
t-test) of Subject A* across all types of STS strategies in
condition WA, compared to condition WOA. This shows
that the proposed impedance modulation control strategy has
the potential to effectively reduce the muscular activities of
subjects with muscular weaknesses to perform successful STS
movements.

3) Robustness evaluation: A comparison experiment was
carried out to demonstrate the robustness of the proposed
control strategy with respect to the chattering effect during
the end phase of the STS movements. Subject A participated
in this experiment and a modeling error was added to the
nominal model, i.e., M =1.3M*, C =1.3C*, G = 1.3G*.
The parameter Ao and J; were set to 0.2 and 0.8, respectively.
Due to the limitation of the maximum output torque of the
exoskeleton actuators, a relatively high chair (0.7m) was used.
The subject was asked to stand up from the chair with the
assistance of the exoskeleton under two conditions: 1) using a
constant assistive ratio, \;, = A\ = 0.6; 2) using the proposed
assistive ratio function (8).

Under the first condition, large chattering occurs in the
joint angles (see Fig. 19(a)), and results in a significant
increase in the wearer’s joint torques and the saturation of the
assistive torques. Due to the modelling error, the real coupled

impedance of the human-exoskeleton system is much lower
than the desired one. Hence, fast motions can be caused by
a relatively small joint torque when the wearer’s posture is
close to the standing posture, particularly when the knee joint
angle crosses the zero. Once a chattering occurs, significant
wearer’s joint torque/impedance is needed to stabilize the
system. This increases the fall risks of subjects suffering from
muscular weaknesses. Under the second condition, however,
the chattering effect can be compensated using the proposed
assistive ratio function (see Fig. 19(b)). The assistive ratio
was increased with the height of the wearer’s HAT CoM as
well as the standing speed so that the coupled real impedance
of the human-exoskeleton system can also increase. Note
that stability of the human-exoskeleton system is not only
determined by the coupled real impedance of the human-
exoskeleton system, but also by the subject’s control ability
37).

VI. CONCLUSION

In this article, an impedance modulation control strategy of
a lower limb exoskeleton was proposed to assist dependent
people to achieve successful sit-to-stand movements. The
potential users are supposed to have a certain lower limb
motion ability, but not sufficient to achieve a successful STS
movement. In this case, an impedance compensation assistance
of the exoskeleton was designed to reduce the mechani-
cal impedance of the human-exoskeleton system to a lower
level than the wearer’s motor ability. Moreover, a balance
reinforcement assistance was developed to avoid two typical
failed STSs, “sit-back” and “step”, due to balance loss. These
two assistance functions were both addressed using a desired
impedance model. To adapt the human-exoskeleton model
to the proposed desired one, a practical human joint torque
observer was proposed to estimate the wearer’s joint torques;
a time-varying desired impedance model was proposed based
on the wearer’s motor ability; a high gain controller was
used to provide sufficient power support to accomplish the
active impedance assistance. Furthermore, the characteristics
and robustness of the proposed methods were theoretically
analyzed and discussed. Since the proposed control strategy
is model-based, a system identification algorithm was used to
ensure accurate system modelling. Finally, the effectiveness
of the proposed methods was evaluated via simulations and
experiments. The results show that the proposed impedance
modulation control strategy can efficiently reduce the human-
exoskeleton impedance, and provide appropriate power sup-
port to the wearer for both human effort reduction and balance
reinforcement. In future work, a new lower-limb exoskeleton
will be deigned for providing higher assistive torques to the
wearer. Meanwhile, further studies will be carried out to
investigate subjects’ control abilities during STS movements
with respect to different assistive ratios.
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APPENDIX A
MODELING OF THE SIT-TO-STAND MOVEMENT

The matrices Jo and Jpg in (1) are shown as follows:

100 lis1 lasg O
Jo=1]11 0], JFZ{Z“Z“O} (43)
11 1 1C1 12C2
The matrix H in (5) is given as follows:
1 00
H = { 01 0 ] (44)
APPENDIX B

ANALYSIS OF THE TRACKING PERFORMANCE

Proof. Consider the following candidate Lyapunov Func-
tion: 1
V=

2sTM(q)s. (45)
By differentiating both sides of (45), we obtain:
V =s"M(q)s + %STM((])S. (46)
Since M (q) — 2C(q, §) is skew-symmetric, we have:
s"[M(q) —2C(q.q)ls = 0. (47)

From (1), (47), (12), and (22), equation (46) can be expressed
as follows:
V =sTM(q)$+s"C(q,q)s
=s (M(q)cié+ M(q)é + C(q,q)s)
=s (M(q)cié + M(q)g — M(q)gr + C(q, q)s)
(9)
)4 -

~

~

~

= s (M(q)c1é + U, +U. + J-F — G(q)
- Cl(q,9)g — M(q)4- + C(q,q)s)

= sT(Uh ~ U, — Rr, — ossat(s) — Ass)

= sT(U), — Rr, — ogsat(s) — A\y8) <0

Therefore, the Lyapunov function is decreasing. This com-
pletes the proof. Note that o, can be set to a smaller value,
0<os < % in practice, to avoid the chattering effect
in the control torque. In this case, the tracking error s can
converge into a range ||s|| < §*, which can be easily proved

according to the aforementloned proof.

APPENDIX C
ROBUSTNESS WITH RESPECT TO MODELING
UNCERTAINTIES

Proof. Here we only investigate the situation where there
is no torque applied by the wearer and the trajectory tracking
control has converged. The desired impedance model (37) can
therefore be represented by:

Al(M(qT‘)d7‘+C(q7‘a QT)QT)+>\2G(‘I7‘) = Rr, +Td(q7 q, q)
(48)

By substituting (35) into (48), we obtain:

(AIM(qr) + AM(QT))‘]T + ()‘lc(qry qr)

49
T AC(@rd))d) + AeGlay) + AG(a,) — )

RT,.

Obviously g, — g,¢ is an equilibrium of system (49). Choose
the Lyapunov candidate function as:

1.
V= *qu(Al

9 M(q,) + AM(q.))q, + (X2 — I)Pr(q,)

+Pp(ar) + Pv(gr).
(50)

Then we have:
V= ¢/ (AMM(q,) + AM(q,))d;
1. . . .
+ 54 (A M(qy) + AM(q,))dr

jtmz 1)Pe(a:) + Pi(a,) + P (@)

= —gq, [()‘lc(qra qr) + AC(qra qr))(h + AZG(QT)
+AG(g,) — Rr] + 30 (A (q,) + AM(q,)d,

aPE(qr) OP;; (QT) + 8PV(QT)]
dt dt dt

= [0 (g,) + AM(g,) ~ (M C(grdr)
+ AC(QM qr))}QT - Q?[)‘QG(qT) + AG(qr) - RTU}
[()\2 - 1)/ G(q,) + 4; G*(qr) + ¢, R7(q,)]
= qr [}‘1( (qr) - C(qr7 qr)) + iAM(qT)

— AC(qr, 4G — 4y [G(ar) + AG(q,)] + 4} G*(qr)
< 0.

+[(A2 = 1)

Therefore, we can conclude that the equilibrium is stable.
This completes the proof.

APPENDIX D
SYSTEM IDENTIFICATION

The proposed identification method [33] is designed based
on a constrained QP problem expressed as follows:

Find ®* € min|[F-W® [+ ®cap — @[3
subject to
M; >0
CoM; < CoM; < COM;'_
I; >0
®; =Iv(M,,MX,,,1,,)

(G

where ®cap ((3 x 6) x 1) refers to the inertial parameters
values obtained from the CAD of the exoskeleton and the
anthropometric table [48], and ®; ((3x6)x 1) to the estimated
ones. CoM;” and COM;'_ are upper and lower bounds of CoM
position along the i*" link. ¥ expresses the constraints between
the BP and inertial parameters. M,, € R%*1 is the mass vector,
MX,, € R5*! is vector of the first moment of inertia along
the link, and I,,, € R6*! is the vector of the segment inertia.
n denotes the number of links (n=6).

This constrained QP performs the least-square fitting of
measured external force and moment while minimizing the
deviation between the estimated inertial parameters and their
CAD/anthropomorphic values. Using the set of four con-
straints, physical consistencies of inertial parameters are guar-
anteed.
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