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Human-in-the-Loop Control of Soft Exosuits Using
Impedance Learning on Different Terrains
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Abstract—Many previous works of soft wearable exoskeletons
(exosuit) target at improving the human locomotion assistance,
without considering the impedance adaption to interact with the
unpredictable dynamics and external environment, preferably out-
side the laboratory environments. This article proposes a novel
hierarchical human-in-the-loop paradigm that aims to produce
suitable assistance powers for cable-driven lower limb exosuits
to aid the ankle joint in pushing off the ground. It includes two
primary loop layers: impedance learning in the external loop and
human-in-the-loop adaptive management in the inner loop. Consid-
ering unknown terrains, its impedance model can be transferred
to a quadratic programming problem with specified constraints,
which a designed primal-dual optimization prototype then solves.
Then, the presented impedance learning strategy is introduced to
regulate the impedance model with the adaptive assistant powers
for humans on different terrains. An adaptive controller is designed
in the inner loop to balance the nonlinearities and compliance exist-
ing in the human-exosuit coexistence, while the robust mechanism
compensates for disturbances to facilitate trajectory management
without employing the general regressor. The advantage of the pro-
posed technique over conventional solutions with fixed impedance
parameters is that it can improve human walking performance over
different terrains. Experiments demonstrate the significance of the
approach.
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I. INTRODUCTION

VER the last decades, wearable robotic exoskeletons have
been implemented in various scenarios, such as, assisting
human walk, empowering human strength and endurance, and
helping the patient in various medical rehabilitation scenarios
[1]-[3]. However, most existing exoskeletons are with rigid
structures, which can reduce the human body’s load and energy
expenditure by transferring the body’s weight to the ground
during human walking [4]-[7]. Due to the shortcoming of high
inertia and joint alignment problems [8], the exoskeleton with
rigid structures significantly increases the wearers net metabolic
rate. The main challenges existing are that partial assistance by
exoskeleton in the real world is more universal than complete
support by rigid-bodied exoskeleton in the laboratory, leading
to transitions toward compliant, portable, and wearable systems.
Hence, an exoskeleton with soft lower limb, named soft exosuit,
has been designed to handle the challenge in human walking
assistance [9]. Compared with traditional rigid exoskeletons,
the proposed soft exosuit adopts the flexible wire-driven mode
to transfer the tension through the contraction line distance,
which is featured of lightweight, small size, and high flexibility
[10]. For wire-driven lower limb soft exosuits, electrical driver
such as motors and controllers can be placed in the appropriate
load-bearing part of the human body to reduce the robot system’s
adverse impact on the daily activities of the user wearing the
exoskeleton. Due to these advantages, the research on design
of soft exosuits has attracted tremendous popularity [11]-[13]
(shown in Table I). Different from previous related works, this
article considers the interaction model between human and
environment to meet the fundamental control requirements of
soft exosuits for assisting human to walk on different terrains.
Due to physical human—robot interaction, the users wearing
flexible exoskeletons must interact effectively with the environ-
ment when walking on different terrains. Walking on natural
and complex terrain consumes more energy than walking on
hard and flat ground for human. Many factors affect gait biome-
chanics and energy consumption, such as terrain roughness,
damping, stiffness, and friction [14]. In [15], it is pointed out
that the energy consumption of walking on the beach is 2.1-2.7
times higher than that of walking on the flat ground, which
is caused by the fact that muscles and tendons do positive
work, while the mechanical work doing in the sand is less
efficient. However, humans can easily switch between different
walking gaits to compensate for force variants and instabili-
ties in the dynamic surrounding environment when walking on
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TABLE I
RELATED WORKS OF EXOSUITS

Related Works

Ankle passive powered
exoskeleton using energy
conversion and flexible
transmission.
Portable and hingeless knee
flexible exoskeleton using
multi-point reference
trajectory generator.
Ankle flexion aid exoskeleton
[13] without protruding parts from
shoes, legs, waist or back.
Harvard exosuit with a

Difference/Demerit

Not consider the interaction
between exoskeleton and
environment.

(11]

Only tested in a

(12] laboratory environment.

Cannot adapt to the
complex and dynamic
environment.

Cannot adapt to walking

(301 force-based position controller.  on the different terrains.
[31] Exploiting admittance-based Imposed strict requirements
[32]’ force tracking for the on the design of the

uppper/lower limbs. control approach.

different terrains. Up to date, exoskeleton robots still lack such
adaptability and are generally not capable of handling unstable
interactions. These unknown impedance parameters can lead
to the unstable interaction between the soft exosuit robot and
the natural complex terrain. Therefore, this article designs a
novel iterative learning controller based on the existing plat-
form’s impedance model to adapt to these unknown impedance
parameters.

The human central nervous system has been shown to be able
to efficiently adjust limb movements and impedance in dynamic
environments with uncertain internal dynamics [16], [17]. Thus,
the application of human learning skills to robotic control has
become attractive [18]. It has been demonstrated that the human
body will automatically adjust the limb impedance in different
environments. The parameters of the target impedance model
can be adapted by certain learning methods [19], [20], [49].
Kim et al. [21] adopted the equilibrium point control model to
learn the stiffness parameter by using the natural actor-critic
algorithm according to different application requirements.
Yang et al. [22] presented a framework that the human tutor’s
movement and stiffness features can be actively learned by robot.
In [23], a sensorless admittance control scheme was presented
for the situation where robotic manipulators interacted with
unknown environments even if the actuator saturation appeared.
However, the aforementioned learning methods utilize tradi-
tional adaptive techniques to describe/estimate the dynamics
of the environment, which is complicated. Compared with the
aforementioned works, to learn a target impedance model, we
first formulate the impedance learning as a cost function, and
then, a novel optimization model is used to obtain an target
impedance model, which can simultaneously adjust the stiffness
and damping matrix and facilitate the convergence to the optimal
values.

After obtaining the exact impedance parameters through the
optimization model, to apply the modeled impedance data on the
soft exosuit, we need to develop two main layers: the impedance
learning in the outside loop combines with the position control
in the inner control loop [49]. Impedance learning is utilized
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to handle the virtual reference trajectory with this approach.
Next, the position control loop is applied to track the virtual
reference trajectory. Proportional derivative (PD) control can be
designed to guarantee the closed-loop scheme stability where the
designed PD gains might regulate. However, the performance of
PD control is sensitive to the unknown dynamics. In previous
works [24], [25], [26], adaptive control has been widely studied
in parametric and nonparametric uncertain control [27], [28].
In [27], neural adaptive control was proposed by introducing
the neural-network-based function regressor with linear-in-the-
parameter technique. In [28], adaptive control was presented
with the robust featured regressor and the adaptive parameter
adaption. The control design has been slightly improved by
responding to the partial dynamics model. Although the adaptive
control discussed previously can achieve better tracking perfor-
mance, robots’ dynamic information is indispensable and would
lead to hurdles in actual implementation.

The control of human-in-the-loop allows soft exosuit to
be involved in human locomotion actively and can provide
necessary assistance and support for the human-exosuit
walking on the different terrains. The assistance of lower limbs
is another challenge that involves multiple joints across multiple
task dimensions [29]. Within the human-in-the-loop framework,
soft exosuit is involved in the human locomotion loop and
preforms share control to fulfill a given task. A successful
paradigm can be found in [30]-[32] (shown in Table I). Previous
proposed controllers, for example, do not consider and regulate
the magnitude of assistance, even if the varying walking speeds,
terrains, and carried loads might demand different dynamics.
To our best knowledge, up to date, few works can discern and
adapt to walking on the different terrains. The deficiency of
adaptability capacity restricts the usefulness of the exoskeleton,
which can result in limited activities of the user, and in the worst
case, a fall [33].

Considering the aforementioned difficulties, a novel hierar-
chical human-in-the-control scheme for cable-driven lower limb
exosuits is addressed in this article. This solution is capable
of dealing with impedance learning, adaption, and locomotion
reference tracking with the nonlinearities and compliance exist-
ing in the human-exosuit interaction so that practical walking
assistance on the terrains can be performed. First, the proposed
scheme consists of two main layers: the impedance learning in
the external loop and the human-in-the-loop adaptive control
in the inner loop. Taking into account the unknown terrains, its
impedance model can be transferred to a quadratic programming
(QP) problem with specified constraints, which is addressed
using a designed primal-dual optimization. Then, the proposed
impedance learning can adapt the impedance model to regulate
the assistance forces for humans walking on different terrains.
Adaptive control is exploited in the inner loop to balance the
nonlinearities and compliance existing in the human-exosuit in-
teraction, while the robust mechanism balances the disturbances.
Compared with the conventional impedance solution with des-
ignated impedance parameters, the benefit of the presented tech-
nique is that it can accomplish more satisfactory performance
for humans walking on different terrains. Extensive experiments
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Fig. 1. Developed soft exosuit.

have been performed to demonstrate the significance of the
technique.

The main contributions of this article are as follows.

1) A kinematic model of human and exosuit is first proposed,
where the geometry relation between the human ankle
joints and the exosuit drive joints are formulated.

2) Using QP based on a prime-dual model, impedance learn-
ing has been proposed to adaptively adjust the impedance
parameters of the exosuit so that the desired impedance
model can be obtained in the case of unknown terrains.

3) A human-in-the-loop adaptive control scheme is devel-
oped for walking on different terrains with varying speeds
and carried loads. Theoretical analysis and experimental
locomotion tests have been performed.

II. SYSTEM OVERVIEW
A. Exosuit Platform

A soft exosuit platform shown in Fig. 1 is developed to assist
the human locomotion. Two brushless dc motors at the waist
(160 Watt, Maxon EC 90 flat plate) with integrated harmonic
reducer (SHD-14-100-2SH) deliver torque to the wearer’s ankle
via Bowden cables. Two load cells (LSB201, FUTEK Advanced
Sensor Technology, Inc.,CA, USA) measure tension forces that
are applied between the exosuit components. An embedded
circuit board is fixed on the waist belt, which is integrated with
motor servo-controllers, drivers, sensor connectors, a Lithium
Polymer battery (24 V, 17.5 Ah), and a microcontroller. The
specification parameters of the insole force sensor and the load
cell (LSB201) are shown in Tables II and III, respectively.

B. Human-Exosuit Kinematics and Dynamics

From Figs. 2 and 3, the geometry relationship between the
ankle joint angular position ¢ € R and the exosuit joint angular
position g, € R can be described by

ra(gn — qo) = /12 4+ 12 — 2,7 cosa
— V12 + 712 = 2,1, cos(a — q) (1)

TABLE II
SPECIFICATIONS OF INSOLE FORCE SENSOR

Parameters Value
Range(Single Point) 10 kg
Thickness < 0.45 mm
Size 41 yards
Minimum Response 400 g

No Load Resistance > 10M€2
Maximum Response time < 1 ms
Excitation Voltage DC 3.3V
Temperature —20 ~ 60°C

TABLE IIT
SPECIFICATIONS OF LOAD CELL
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Parameters Value

Metre Full Scale 100 1b
Weight 226 ¢g
Rated load 45,359.24 g
Sensitivity 1 —2mV/V
Nonlinearity 0.1% E.S

Deformation Quantity 0.07 — 0.12 mm
Operating Temperature ~ —50 ~ 93°C
Nominal Voltage 5 VvDC

Fig. 2. Geometric relationship between the exosuit joint on the waist and the
human ankle joint.

where ¢ is the initial value of ¢, ¢ is the output angle of the
driven motor, 7}, is the radius of the exosuit joint output shaft,
which is worn on the human waist, [, is the distance between
the ankle joint center and the pulley on the shank, r, represents
the distance between the ankle joint center and the pulley on the
heel of the same leg, and « is the initial angle of the ankle joint.
The human ankle joint is simplified to be rotated with respect
to a single and fixed center of rotation, inspired by [34]-[37].
Therefore, the ankle angle is simplified as rotating to a single
joint.
Taking the time derivative of (1) yields
Tala sin(a — q)

rhgn = q . 2)
hin =1 VT2 +12 — 27,1, cos(a — q) (

Then, (2) can be rewritten as

i = g 2@)2n 3)

rola sin(a — q)
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Fig. 3. Model of the human ankle.

where A(q) = 72 + 12 — 2741, cos(a — q).
Take the derivative of (3) with respect to time as

Tala sin®(a — q)

i= [q'h (—q‘x<q)‘5 +

Hence, we have
q=J(q)qn 4
4= Q(q,9)qn + J(q)dh ©)
1
— _(Mg)2rn
) J(q) T relgsin(a—q)’
A(q)2 cos(a—q)

lqTe sin®(a—q)
tightened and inelastic when assisting plantar flexion, which

can transmit the force from the exosuit joints to the wearer’s
ankle joints through a pulley on the calf, and the Bowden cables
go through the pulley and connect to the shoes.

Considering the joints of the exosuit and human ankle, the
exosuit dynamics can be described as

M(q)§+ C(q,4)q + 75(4) + G(q) = T —

with the inertia matrix M (¢) € R™*™ with n = 2, the nonlinear
term matrix of Coriolis and Centrifugal forces C(q, ¢) € R™*",
the gravitational forces vector G(¢q) € R"™, the joint variables
q = [q,q-)7 € R", the external disturbance 7y = [17;, 74T €
R™ representing the matrix composed of damping friction
for each joint, the control input 7, = [Tm,, Tm,]? € R™, and
the interaction force between the human ankle and the motor
F, = [Fy,, Fn, )T € R™. In the aforementioned formula, the
subscript [ is the parameter of the left ankle, and the subscript r
is the parameter of the right ankle.

Then, the following properties in [38]-[41], and [48] would
be used to design the controller and analyze the stability of the
dynamics (6).

Property 1: M(q) in (6) is positive definite symmetric, with
the following property:

mi||€]]* < €T M ()€ < mal€]? VE ER™ @)

and  Q(q,q) = (—di(q)"% +

)rp,. Fig. 2 illustrates that the Bowden cables are

where

Fon (6
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where || - || is the standard Euclidean norm and m; and ms are
known positive constants.
Property 2: ||C(a, )|l < kelldll, |G(@)| < ko, [M(q)] <
kar, where ke, kg, and kj; are unknown positive scalars.
Property 3: M(q) and C(q, ¢) have the following skew sym-
metric property:

¢ (@ -Clai)e=0 vecr. @

Property 4: The dynamics of (6) can be written in a linear
form

Ya(q,q,§)0a = M(q)G + C(q,q)q + G(q) )

where 6, € R? is a constant matrix that contains the parameters
of physics system, and the matrix ¥4(q, ¢, §) € R™*P isaknown
function that contains ¢, ¢, and g.

Property 5: For all {,v € R", we have
Clg,&v = Cg,v)¢.

Property 6: The 7;(q) is usually treated as two items includ-
ing viscous and Coulomb friction as

(10)

Tf(d) = va+ chgn(Cj) (11
with the viscous friction coefficient f, = diag[fy1,-- -, fon
and the coefficient of Coulomb friction f. = diag[fe1, ..., fen]s

sgn(-) is the sign function. The friction 7¢(¢) can be linearly
parameterized as

75(q) = V5 (q,4,4)0y (12)

where 0y denotes the parameter of friction, which is unknown
or to be estimated online.
From Properties 4 and 6, one obtains

(g4, )0 = M(q)i+ Clg, Q)i+ 74(d) + Glg)  (13)
Whge ,(/J(q7 q.a Q) = dlag[¢d(q7 q.a Q)v 1/)f (qa q.a Q)L and 0 = [eda
07

Property 7: To help the subsequent control design and anal-

ysis, it can be shown that the following equalities/inequalities
[48] hold V& = [x1,...,2,]T € R™, we have

tanh(z) = [tanh(z1), . . ., tanh(z,)]”
2]l > || tanh(z)]|

][> > In (cosh (7)) = In(cosh(||z)) = %tanhz(llwll)

i=1
x¥ tanh(z) > || tanh(z)||* > tanh?(||z|)
]
ol +1 >
tanh(||])
C. Control Objective

In the article, considering the impedance characteristics be-
tween the human foot and the contact ground during hu-
man locomotion, we exploit a mass—damper—spring model
as Ma(Ga — Gr) + Ca(da — Gr) + Galga — ¢r) = F, where
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Fig. 4. Control structure.

My = diag[mg,, mq,] € R™", Cy = diag[eq,, cq,] € R,
and G4 = diag[ga,, g4,] € R™*™ denote the human left and
right ankles’ inertia, damper, and stiffness matrix, respectively;
qa € R™ denotes the desired ideal trajectories of the left and right
ankles, ¢, = [q,, ¢, |7 € R"™ is the reference trajectories of the
left and right ankles, and F;,, € R" is the measured cable forces
for the left and right ankles. From [42], since the impedance
model mainly depends on the spring and damper components,
it can be simplified as

Ca(ga — Gr) + Ga(qa — g¢r) = Fim (14)
where Cy and G4 are unknown. From (14), the reference trajec-
tory g, is difficult to obtain, even if F},, can be measured by a
force sensor. Therefore, the impedance parameters Cy; and G4
should be estimated.

The designed controller delivers a hierarchical configuration,
beginning by evaluating the assistance efforts inquired by the
user and ending with the piece of the movement passed to
the joint during the transmission of the tendon. The scheme
design in Fig. 4 contains two layers: an outer loop and an inner
loop. The purpose of the outer loop is to acquire the impedance
parameters Cy and G4 of the external environment and un-
predictable dynamics, and consequently, provides a practical
reference motion ¢, of human angle joints. At the same time,
the inner loop controller is dedicated to following the reference
trajectory correctly. The inconsistent and nonlinearities inherent
in the slack of the Bowden cable introduce significant time delay
and inaccuracy in trajectory tracking. Thus, the motion required
in the actuation phase is transmitted to the inner controller, which
calculates the torque 7,,, and transits it to the motor to enhance
the control accuracy in an effective way, balance the friction,
and deliver an additional torque for the whole procedure.

III. IMPEDANCE LEARNING

The measured cable force F},, in (14) can be rewritten as
Fy = Gagqa + Caga — Fo (15)

where Fy = G4qr + Cqqr, G4 and Cy are the desired values.
Considering the estimation values of G4 and Cy, we have

Ep = Gagqa + Caga — Fy (16)
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where Fo = qu,. + édq,.. From (15) and (16), we can obtain
Fo = Gaqa + Cada — Fo (17)

where Gd = éd — Gd, C’d = C’d — Cd, Fm = Fm — Fm, and
FO = FO - Fo.

Considering (17), we try to minimize F,,, and formulate the
following QP problem as

1
min 5XTWX (18)
st. Rx=F, +F (19)
X <x<x*t (20)

where the vector and coefficient matrix involved are de-
fined as x = [CT,GT]T € RN with N =4, Cy = [é4,,¢a,]7,
Ga = [Ga;,9a.)" x~ =1C;7,G;71" € RN is the lower
bounds, x* = [C;T,GT]T € RN is the upper bounds, W =
diag[W,, Wy] € RY*Y with the weighted parameters W, and
Wi, R = diag[¢?, ¢%] € RN, and (F,, + Fp) € R™,

First, we transform QP in (18)—(20) into a set of linear
variational inequalities. That is, to find a primal-dual equilib-
rium vector y* € Q := {oly~ < o < y*}suchthatVy € Q, the
following equations (21)— (29) hold [43], [44]

(y—y)"(®y* +n) >0

where y € R(™*+N) denotes the primal-dual decision vector and
we can define the lower and upper bounds as follows:

=3 =)= 2]

where p € R” denotes the dual decision vectors corresponding
to equality constraint (19), and the augmented coefficient matrix
® ¢ ROHN)*(+N) and 5y € R(HN) are defined as

< [3 ]l

21

(22)

23
R Opun (Fp + Fy) 23)

Then, a necessary and sufficient condition for the optimum
point (x*, p*) of the primal QP problem (18)—(20) is

primal feasibility:
X <x<xt;
dual feasibility:

WX* _RTp* — O,

prunrestricted. (24)

In addition, by defining Q= {x|x <x<x'}C
RNV € Q1, we have

<0, X; =X
i—xi) €l —xixi —xi), xie(xioxd) 25
>0, Xi = X; -

From the aforementioned equation, we can derive the follow-
ing linear variational inequality (LVI), i.e., to find an x* € €y
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such that
(x—x)" (Wx* =RTp") >0vx e Q. (26)

Similarly, we can define Qs = {p| — @ < p < w} € RV,
Therefore, we obtain the following LVI formulation for the
equality constraint in (24), i.e., to find a p* € 5 such that

(=P )RX = (Fn+F0)) >0 VpeQ (27

Finally, a set {2 can be defined by utilizing the Cartesian
product as

9291XQQ

Bl el = Bl

={yer N |y <y <y 28)

The linear variational inequalities scattered in (26) and (27)
could be combined into a single LVI problem, i.e., to find * € 2
such that Vy = [xT, pT]T € Qas

cINT
(]-0])
p P
W —RT] [x* Onx1
~ - > 0. 29
({R OWJ {P*]+[—(F7n+Fo) =09
The aforementioned LVI (29) is equivalent to the QP problem

(18)—(20). To solve (29), the following primal-dual model is
considered [44]:
y=-y+Pa(y—(®y" +n)) (30)

where Pq(+) is the projection operator into 2 and defined as
Po(y) = [Pa(y1), -+, Po(ynsn)]" with

Y, ity <y

Po(yi) = vi, ify; <wi<y;
yi's it yi >y
for Vi € {1,2,...,0}, and o =n+ N. If y is an equilibrium

point of the model (30), then

y=Pao(y—(Py"+mn)). (30

Therefore, a modified projection model can be chosen as [43],
[44]

§ =7+ ") {Pq (y — (®y + 1)) — y}

where 7 is used to measure the convergence rate of the system
and is a strictly positive parameter, which should be carefully
designed.

Remark 1: To solve QP (18), compared with a traditional QP
method, for example, we choose the function “QUADPROG” in
the MATLAB Optimization Toolbox, and the descent method is
usually exploited, where the Hessian matrix of the Langragian
is repeatedly calculated [45], [46], and the complexity of the
traditional QP solutionis O(n* +n + (6N + 6n)N? + (TN +
61)3).

(32)
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IV. CONTROL DESIGN

A. Preliminary: PD Control

The motivation of the exosuit control design is to enable
desired assistance performance between soft exosuit and human.
After Cy and G4 are obtained through the impedance learning
process, the virtual reference trajectory can be solved by the
impedance model (14). Thus, the control objective is to drive
the position ¢ to track the time-varying reference position g,
while all the signals in the control system should be bounded.

First, the position control is proposed as follows:

Tm = Kp tanh(e,) + Kqé, + Fy, (33)

where K, € R"*" and K; € R™™" are positive constant di-
agonal matrices, and e,, = ¢,, — g denotes the position tracking
error, F, is defined in (6).

Define an auxiliary variable as

r = —é,. — utanh(e,) (34)

where € R”*" is a positive constant diagonal matrix.

Taking the derivative of (34) with respect to time, and multi-
plying both sides of the result by M (¢), and then, utilizing (6),
we have

M(Q)T = _C(qa q)T + ’l/}aa + Tm — Fm

where the linear parameterized term v, 0, as similar as (13), with
P, € R™P and 0 € RP, can be described as

wae = = M(Q) (qT + MCOSh72(eT)éT) - Tf(d) - G(Q)
—C(q,49) (¢r + ptanh(e,)) . (36)

Remark 2: Different from the previous work [48], the friction
vector is considered in v,, by exploiting Properties 1 and 5 and
the definition (34), and we can conclude that

[9a0ll < Coller ]| + Cull7l

where (p and (; are bounded positive constants, and they are
related to the physical system of the soft exosuit.
After substituting (33) into (35), we have

M(q)r = —C(q,§)r + ¥q0 + K, tanh(e,) + Kqé,.

Theorem 1: The controller (33) ensures position tracking
in the sense that limy .. e,(¢) = 0 if the controller gain K,
satisfies the following sufficient condition:

)“Iznin{:u‘Kd}
Co(cosh™ (exp(32[|2(0)[[2) + 1)2

N Co®(cosh™ (exp(5212(0) 1) + 1)?
G2
- )Vmin{//de}CO
2¢o(cosh™ (exp(§2|2(0)[2) + 1)

where (o = K4 — (1, 2 = [e, L, 7T]T, 2(0) is the initial value of
z,and A1 and Ao are positive scalar constants that are selected as
A= min{Anin{K,}, 5} A = max{Anax{Kp}, 52}, with
Amin{-} denotes the minimum eigenvalues of a matrix, and
Jmax{-} denotes the maximum eigenvalues of a matrix.

(35)

(37)

(38)

Amin{ K} >

(39)
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Proof: Considering the following Lyapunov function candi-
date [48]:

+ Z k; In(cosh(e’))

i=1

Vi(t) = =1 M(g)r

3 (40)

where k/, is the ith diagonal element of the control gain K,
defined in (33), and ei is the ith element of the vector ¢,.. Based
on Properties 1 and 7, we have

1 1 1 1
S In(cosh([r]) < Smalrl® < ST Mg < Smalr?

(41)

mm{Kp} In(cosh(|le-||)) Zk “In(cosh(e?))

< )“max{Kp}||er||2- (42)

After substituting (41) and (42) into (40), and letting ) =
[e, T, 7T]T, we can obtain that V; (¢) is bounded and satisfies the
inequalities as

Vi(t) > 3 In(cosh(||r]])) + Z %k; In(cosh(]|€%]]))

—

Y

1 1
ikl In(cosh(||r]])) + 5)»1 In(cosh(|le,||))

Y

1 1
ikl In(cosh(|| V) > 5)\.1 tanh?(||)|) (43)

and

—_

Vi(t) < §mz||7"||2 + hmax {Kp } e |1®

—

< ShaIrll® + Azllex|f?

< dalrl* 4 Aalen . (44)
And then utilizing (43), (44) can be simplified as
S tank?([V]) < 21 In(eosh(|])
<WVi(t)
< a([lr]1* + llex]®)- (45)

Based on the first lower bound of V7 (¢) from (45), we can

obtain that
\%
V|| < cosh™* (exp <l)> .
Al

After taking the time derivative of (40), it is easy to have

(46)

Vi(t) = rTM(q)r + §TTM((])T +tanh® (e, ) Kpé,.  (47)

After substituting (38) for M (q)r, the following equation can
be obtained by utilizing Property 3 and eliminating the common
items

Vi(t) = — tanh” (e, )uK, tanh(e,) — r K, tanh(e,)

— T Kar +r7,0. (48)
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Then, the following equations can be calculated. The upper
bound of (48) can be formulated as

Vi(t) < —Amin{pEp} tanh?(fle, )
Amin{ K a} tanh(]le,[|) tanh(]|r(])
+ lIrllll¢abll-

Moreover, by utilizing (37), the upper bound of the last term of
(49) can be written as follows:

I lllall < Gollexlllrll + CullrlI*.
Hence, the upper bound of V; (t) can be further obtained as
Vi(t) < 2" Qu (51)

where = [tanh(]le,|), tanh(}r|)]7 € R? and @ € R>*? are
explicitly defined as follows:

(49)

(50)

mm{qu} rllec]

Q —
Amin{pfa} — COW

e
Amin {0} = Co TRy taniTe, Ty 52)

C HT\
2%anh2(|r[)

In order to make the aforementioned matrix () positive def-
inite, both the sequential principal minor and the determinant
should be greater than 0, thus the following inequalities must be
satisfied:

(53)
(54)

)‘-min{,UKp} >0
Ki—¢>0
and

hin {18 a} tanh® (||r[]) Go®ller|”
Colll G tanh®([le, )

hein (K 2} Colle. | tah ()
_ . 55
26 tanh (e, )] 43

The sufficient condition of (55) can be developed as follows:

Amin {MKp} >

mm{/J'Kd} COQ(”J)” + 1)2
min K
Aain 1 Bp ) > T 1)2 %
. )‘min{/in}CO
TAMED) (56)

Therefore, the sufficient condition for (56) can be described
as follows:

A'I211in{ILLKd}
Co(cosh™! (exp(%) +1)2

N Co*(cosh™! %) +1)?

Amin{ K} >

(exp(
G2

B Amin{ 11K a}Co
2(o(cosh™! (exp(3>

57
)+1) (57)

If (57) is established, due to Property 7, 17 (t) becomes

Vi(t) < —p1 tanh?(|Y]]) <0 (58)
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where 7 is some positive constant related to () in (51). Hence,
from (58), it is obtained that

Vi(z(t),t) < Ra([lr(0)* + llex(0)]%). (59)

The aforementioned results use the upper bound of inequality
(45). Therefore, by using (59), the sufficient condition of (57)
can be written in the form of (39). [ |

B. Human-in-the-Loop Adaptive Control

Remark 3: “Human-in-the-loop adaptive control” describes
that the impedance characteristics between the human foot and
the contact ground during human locomotion can be exploited as
the time-varying reference trajectory ¢, in the adaptive control
loop. Specifically, Cy and G4 in the impedance model (14)
are adaptively adjusted using the proposed impedance learning
approach despite unknown terrains. In order to impose the
desired impedance model on the exosuit, the reference trajectory
@, can be updated by solving the impedance model (14), then the
control objective is to drive the position g to track the reference
position g,.. Thus, the adaptive control proposed in the subsection
serves to track the reference trajectory ¢, to enable the desired
assistance performance between human and soft exosuit.

Since the dynamics of exosuit is invariant in each cycle due
to the soft exosuit attached to human body and interacting
with human with driven cables, and the tension torques in the
cables can be compensated using the force load cell, therefore,
the system parameters (such as inertia) are invariant in each
iteration. Therefore, the inherent invariance such as the upper
bound of robot dynamics could be exploited in the adaptive case
[49]. It should be noted that these upper bounds can be estimated
by a proposed updating law, not necessarily known in advance.
Thus, position control of the exosuit motor can be achieved using
the PD control (33) with a learning term that is composed of e,.
and é,.. Then, an adaptive position controller is developed such
that g — ¢, ast — oo.

The adaptive position controller can be designed as

Tm = K, tanh(e,) + Kqé, —sgn(r)K + F,,  (60)

where sgn(r) € R™*" = diag[sgn(r1),...,sgn(r,)], sgn(-)
denotes the sign function, e.g., sgn(r;) = ﬁ, and K € R®
denotes the estimated value of K € R™. K is positive and
IK|| = karly + kcl3 + kg, with [1 and [, as the upper bounds
of ||, || and ||, ||, respectively. K can be updated in each iteration
according to

K = —h(t)r7k 61)

where I' € R™*™ is a known positive definite matrix, 7 €
R™" = diag[risgn(r1),. .., rasgn(r,)], and h(t) =1/(1+
t)? is a function of time which satisfies h(t) >0 and
limy oo A(t) = 0.

Substituting (60) into (6), the closed-loop dynamics can be
described as follows:

M(q)§ + C(q,4)q + 74(¢) + G(q) — K)p tanh(e,)

— Kgé, +sgn(r)K = 0. (62)
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Remark 4: Since the control design (60) utilizes the sign
function, it would cause chattering in control torques. In order
to eliminate such phenomenon, in actual experiments, we can
replace it with the sat-function defined as follows:

_ [sen(o), if|o] > <
sat(o) = {§/U7 if \o| <<

where ¢ is the width of layer S, defined as S, = {|o| < }.
When ¢ is small, despite the chattering appearing, the control
tends to be robust, and the chattering shall disappear with the
increase of ¢, but the tracking performance would be worse and
the tracking error would converge to a small set [50]. Therefore,
we should make a tradeoff for the choice of .

Theorem 2: The developed controller (60) and the adaptive
law (61) ensure the position tracking under the condition of given
dynamics (6), i.e., lim;_, e,-(t) = 0, and all the signals in the
closed-loop system (62) are bounded if the controller gain K,
satisfies the following sufficient condition:

)”r2nin{:u’Kd}
Ca(cosh™ (exp(32[|6(0)[|?) + 1)2
Go®(cosh™ (exp(52[16(0)[1?) + 1)
- G

o )‘-min{/JKd}CO
2(2(cosh™ (exp(§2(|0(0)[[2) + 1)

)\min{ﬂKp} >

(63)

where ¢, = Kq — (1, 6 = [e,7,7T,KT]T, §(0) is the initial
value of §, and A3 and A, are positive scalar constants selected as
A3 = min{Anin{Kp}, 5t} and Ay = max{Anax{Kp}, 52},
respectively.

Proof: Define a Lyapunov function candidate as

Va(t) = Vi(t) + %/&TF*% (64)

where K = K — K.
Substituting (60) into (35), one has
M(q)i = — C(g,4)r + .0 + K, tanh(e,)

+ Kqé, —sgn(r)K. (65)

V5 (t) can be bounded from (45) as follows:

1
S tanh(|V]) < Va(t) < 18] (66)

After taking the time derivative of (64), we have
. 1 .
Va(t) = rT M (q)i + §TTMqT + tanh” (e,) Kpé,
L RTTK 67)

where the fact I@ = K is used.
Furthermore, (67) can be simplified as
Va(t) = — tanh” (e, )uK, tanh(e,) — T uK, tanh(e,)

— T Kagr +rT¢,0 — h()KT7K. (68)
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TABLE IV
SPECIFICATIONS OF THE SPRING GAUGE AND THE DAMPING ROD

Parameters ~ Ultimate load  Length ~ Weight Gy

Spring 100 N 80mm  480g 1250N/m
Parameters ~ Ultimate load  Length ~ Weight Cjy
Damping 30 ~ 600 N 40mm  270g 2600N/m/s

Since —KTK < —(1/2)KTK + (1/2)KTK, we can obtain
that

Va(t) < —tanh® (e, )uK, tanh(e,) — 77 K 4 tanh(e,)
1
—rTKgr + 17,0 + §h(t)ICTFIC

1 U
- §h(t)1ch/c. (69)

Determined by the properties of h(t), we can obtain that
limy 0 ($(t)KT7K) = 0. As similar as (59), we can obtain
that

Va(t) < Bz tanh®(|Y])) < 0 (70)

where (5 is some positive constant related to @ in (51). K,,,
K4, and p in @ should satisfy (53), (54), and (57) to make
the matrix () positive -definite. If the aforementioned condition
is satisfied, when e, = 0 and r = 0, we have z = [0,0]” and
Y =1[0,0]7, then ||z|? = 0, tanh?(||Y||) = 0, and Va(t) =0
as t — oo; when e, # 0 or r # 0, we have = # [0,0]7 and
Y #[0,0]7, then ||z||> > 0, tanh?(||Y||) > 0, and Vi(t) < 0
as t — oo. Thus, we can obtain that Vg(t) < 0whene,.,r#0
as t — oo. According to the Lyapunov stability criterion and
the Barbalat’s lemma, e, and r can converge to 0 as ¢t — oo.
Furthermore, when ¢ — oo, Va(t) is bounded by (66) when
the inequality (63) is established, and 7(¢) and e,(t) are also
bounded, so we know from (34) that ¢, is bounded. Given that
the desired trajectory is bounded, e, and ¢, also bounded. Based
on the aforementioned analysis, we know from (65) that (¢) is
also bounded. It is easy to obtain that ))(¢) is bounded. [ |

V. EXPERIMENTS VERIFICATION
A. Calibration Experiment

Before the experiment, a calibration step is necessary to
render the impedance learning. To facilitate the impedance
measurements of the human ankle, which is described by (14),
an impedance calibration is performed depicted as follows. The
calibration utilized the spring gauge and the damping rod with
known impedance parameters, as shown in Table IV. In the
stiffness experiment, one end of the spring gauge (developed
by Guotai Gas Spring Technology Company, Ltd., Jiangsu,
China) was fixed on the ground, and then, the Bowden cable
was connected to the other end of the spring gauge, and the
primal-dual model optimization is used to calculate the stiffness
of the spring gauge. In the damping experiment, three damping
rods (developed by Fuma Electronic Equipment Company, Ltd.,
Suzhou, China) were fixed and connected with two Bowden
cables as the tension points of the system, and the damping
coefficient of the damping rod was calculated. The experimental
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Fig. 5. Calibration experiments for impedance parameters. (Left) Parameter
C of the damping rod. (Right) Parameter G of the spring gauge.

Fig. 6.

Different terrains.

results shown in Fig. 5 indicate that the impedance parameters
Cy4 and G4 gradually converge to actual values, which demon-
strate the significance of the proposed optimization scheme.

Remark 5: In the experiment, the lower and upper
bounds of y = [x?,p?]T are chosen properly, and x
should guarantee that the stiffness and damping values are
gradually close to the true values of the participants on
different terrains. Finally, y~ = [C;7,G;T]" = [~100N/
(m/s), —100N/(m/s), —100N/m, —100N/m]T, and x* =
(€57, G5TT = [100 N/(m/s), 100 N/(m/s),100 N/m, 100
N/m]™. The bounds of dual decision vectors p are set as —w
and w. w is large enough to replace +oo for the purpose of
implementation convenience.

B. Terrains Experiments

The experiment demonstrates that the proposed impedance
learning and hierarchical controller are accurate and stable, pro-
viding a smooth intervention when the users require assistance.
It modulates the piece of torque at the human ankle according
to the subject’s movement capacity and reduces the muscular
exertion during human locomotion. Several experiments were
performed on different terrains, e.g., the plastic, the grassland,
and the sands, to evaluate our proposed approach. Ethics Com-
mittee of Yueyang Hospital of integrated traditional Chinese and
Western Medicine approved the experimental ethics document
of Shanghai University of Traditional Chinese Medicine with
reference number 2019-014. Three subjects are involved in the
experiments, as shown in Fig. 6. The user’s pieces of information
is shown in Table V. The plastic terrain is the hardest among the
three terrains, followed by the grass, and the sands (which we
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TABLE V
HEIGHT AND WEIGHT OF THREE SUBJECTS
Subject  Height Weight
S1 176 cm 63 kg
S2 175 ecm 70 kg
S3 170 cm 73 kg
TABLE VI
VALUES OF COEFFICIENT USED IN THE EXPERIMENTS
Parameters  Plastic Grassland Sand
Th 0.0475 m 0.0475 m 0.0475 m
Ta 0.13 m 0.13 m 0.13 m
la 0.22 m 0.22 m 0.22 m
v 10° 10° 10°
We diag[0.6, 0.6 diag|0.6, 0.6 diag[0.6, 0.6
Wy diag[0.4,0.4 diag[0.4,0.4 diag[0.4,0.4
Ky diag[20, 20] diag[23, 21] diag[23, 21]
Ky diag[4, 3] diag[4, 3] diag[3, 3]
T diag[0.3,0.2 diag|0.3,0.2 diag[0.3,0.2
o diag[0.5,0.5 diag|0.5,0.5 diag[0.5,0.5
st —Grsend —awnd 000
5000 (Pl —Grassna —Sand 5000
E 4000 4000
gauvo %3000
izonn 8 2000
1000 1000
0 0.2 04 ‘Dl.:ec] 08 1 12 [ 0.2 04 10[.:ec] 0.8 1 12
6000
—Piastic —Grassiand —sand —piastic —Grassiand —sand
anoo E 4000
52000 §ZOOD
0 0.2 0.4 |0[.:eC] 08 1 12 [ 0.2 04 |ﬂ[.:ec] 08 1 1.2
Fig. 7. Parameters Cy and G4 of the left ankle and right ankle of the first

subject under three terrains.
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Fig. 8. Parameters Cy and G4 of the left ankle and right ankle of the first
subject under three terrains where W, = Wy, = diag|[1, 1].

renovated before experimenting because it just rained) are the
softest. The chosen parameters in optimization and control are
listed in Table VI.

C. Experimental Results

1) Impedance Learning: Results of impedance learning of
the first subject with the assistance are depicted in Figs. 7-9,
showing a clear increase in the amplitude of the impedance
parameters when the exosuit assists the motion. Fig. 7 shows
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Fig.9. Terrain conversion experimental result from grassland to plastic of the
first subject.

the change of the impedance parameters of the first sub-
ject under the three terrains with W, = diag[0.6,0.6] and

Wi, = diag[0.4, 0.4]. We can see that the stiffness parameter of
the system G4 finally converges to a stable value within 1.2 s. The
evolution of the damping parameter of the system is similar to the
stiffness parameter. The experimental results show the desired
interaction performance: the angle of ankle joint increases in the
process of ankle lifting and the impedance parameter becomes
larger. The impedance parameters converge to different values
under different terrains. It indicates that the change of terrain
leads to the change of human—environment interaction, which is
an issue that the human-robot interaction control of soft exosuit
has to consider. In order to explore the influence of parameters
W, and W}, on the impedance learning process, we set different
values of parameters W, and Wj,. Fig. 8 shows the evolution of
the impedance parameters of the first subject under three dif-
ferent terrains with W, = diag[1, 1] and W}, = diag|[1, 1], the
convergence speed is smaller than that in Fig. 7. It means that
the variety of parameters W, and W, can result in different con-
vergence speed of impedance parameters. In addition, the terrain
transformation experiment had been conducted. Fig. 9 depicts
the changes in the first subject switched from the grassland to the
plastic terrain. The figure shows that the impedance parameters
converges to a stable value as the subjects step between the two
different terrains, which indicates that the proposed impedance
learning method can adapt to different terrains in a short time
and has strong robustness.

From the aforementioned discussions, we have demonstrated
the effectiveness and robustness of the impedance learning
method, and the experimental results show that the softer the
terrain surface, the larger the impedance parameters. That is,
Cy and G4 would quickly converge to a larger value, respec-
tively. When stepping over a different terrain, the impedance
parameters would converge to another value, which verify that
the proposed scheme has improved adaptability. The consistent
conclusions can be drawn from the similar impedance learning
results of the second and the third subject in the Appendixes A
and B.

2) Controller Performance: The second experiment exam-
ines the efficacy of the developed controller in adapting its
contribution to the subject’s capacity of motion. The force sensor
mounted on the foot can be used as a switching signal to change
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Fig. 10.  Tracking trajectories and errors of the first subject on the plastic.
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Left Tracking Curve 008 Left Error Curve
\—Actual ----Reference, ) T
§ ! . 004
B E
Eos < 002
o
oLl
0 5 10 15 20 o 5 10 15 20
t[sec] t[sec]
Right Tracking Curve i Right Error Curve
— Actual - Reference :
g 1
g = 0.04
B g
§ 0.5 o 0.02
5 :
0 0 - =
0 5 10 15 20 o 5 10 15 20
t[sec] t[sec]
Fig. 12.  Tracking trajectories and errors of the first subject on the sand.

the gait. When it is detected that the heel of one foot is on the
ground, the motor on the other end is switched to the auxiliary
phase, and the torque mode is activated to monitor the position
and integral force. Conversely, when the forefoot on the assist
phase side is off the ground, the motor on the same side is
switched to the nonassisted mode and returns to the initial angle.

The proposed controller’s tracking performance of the first
subject was shown in Figs. 10-12, which includes the actual
positions and the tracking errors. The top two subfigures are
the curves for the left foot, and the bottom two subfigures
are the curves for the right foot. It can be observed that the
position errors of the left and right ankle joints are significantly
reduced and converge in a small range. Fig. 13 shows the tracking
performance of the adopted PD control for the first subject under
the plastic terrain. From Figs. 10 and 13, it can be seen that the
position errors have remained within a larger boundedness, and
the PD control shows worse performance compared with the
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Fig. 13.  Tracking trajectories and errors of the first subject with PD control
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Fig. 14. Parameters Cy; and G4 of the left ankle and right ankle of the second
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Fig. 15. Terrain conversion experimental result from grassland to plastic of

the second subject.

proposed control, confirming that the controller has adapted to
wearer’s athletic ability to provide a greater assistance. It also
proves that the control performance of the proposed controller is
not affected by the impedance learning method, and they can be
used independently as needed. The consistent conclusions can
be drawn from the similar control performance results of the
second and the third subject in the Appendices A and B.

This article proposed a novel strategy called optimized assist-
as-needed paradigm, and as far as we know, it should be the first
time that simultaneous optimization and control are considered
for a exosuit. The subjects want compliant intervention from the
controller when wearing the soft exosuit. It can adjust the output
of impedance learning based on the target dynamics in multiple
environments. The presented prototype has proved the feasibility
of our suggested optimization and control structure. Based on
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on the plastic.

specified constraints, and then, it was solved by a designed
primal-dual optimization model. Then, the proposed impedance
learning can adapt the impedance model to regulate the assis-
tance forces for humans on different terrains. Then, an adap-
tive controller was exploited to balance the nonlinearities and
compliance factors existing in the human-exosuit interaction,
while the robust mechanism compensates for disturbances. The
feasibility and effectiveness of the proposed method were ver-
ified through comparative experiments under different terrains.
In future work, we would consider extending the proposed
optimized assist-as-needed strategy to multi-joints actuated soft
exosuit.

APPENDIX A

The experimental results of the second subject: Figs. 14 and
15 show the impedance learning results. Figs. 16—18 show the
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proposed controller performance on three terrains. The top two
subfigures are the curves for the left foot, and the bottom two
subfigures are the curves for the right foot. Fig. 19 shows the
tracking performance of the PD controller on the plastic.

APPENDIX B

The experimental results of the third subject: Figs. 20 and 21
show the impedance learning results. Figs. 22-24 demonstrate
the performance of the trajectory tracking on three different
terrains. The top two subfigures are the curves for the left foot,
and the bottom two subfigures are the curves for the right foot.
Fig. 25 shows the tracking performance of the PD controller on
the plastic.
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