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Hierarchical Cascade Controller for Assistance
Modulation in a Soft Wearable Arm Exoskeleton

Binh Khanh Dinh, Michele Xiloyannis, Chris Wilson Antuvan, Leonardo Cappello, and Lorenzo Masia

Abstract—In recent years soft wearable exoskeletons, commonly
referred to as exosuits, have been widely exploited in human
assistance. Hence, a shared approach for a systematic and ex-
haustive control architecture is extremely important. Most of the
exosuits developed so far employ a bowden cable transmission to
conveniently place the actuator away from the end-effector. While
having many advantages this actuation strategy presents some
intrinsic limitations caused by the presence of nonlinearities, such
as friction and backlash of the cables, which make it difficult to
predict and control the dynamics between the device and the user.
In this letter, we propose a novel hierarchical control paradigm
for a cable-driven upper limb exosuits that aims at evaluating and
consequently deliver the appropriate assistive torque to the user’s
elbow joint. The proposed control method comprises three main
layers: an active impedance control which estimates the user’s arm
motion intention and guarantees an intuitive response of the suit
to the wearer’s motion; a mid-level controller which compensates
for the backlash in the transmission and converts the reference
arm motion to the desired position of the actuator; a low-level
controller which is responsible for driving the actuation stage by
compensating for the nonlinear dynamics occurring in the bowden
cable to provide the desired assistive torque at the joint. Tests on
healthy subjects show that wearing the exosuit reduces by 48.3%
the muscular effort required to lift 1 kg and that the controller
is able to modulate its level of assistance to the wearer’s motor
ability.

Index Terms—Prosthetics and exoskeletons, physically assistive
devices, robust/adaptive control of robotic systems.

I. INTRODUCTION

HE introduction of compliant elements in robotics revolu-
T tionised the path to the design of applications with human
in the loop: series elastic actuation [1] was the ignition to this
new approach which has been widely accepted by a large part
of the robotic community.
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Compliant actuation opened a new scenario, alternative to
the classic robotics precept “stiffer is better”’; a new control ap-
proach was adopted with the purpose of transforming the force
problem into a position problem where the deformation of the
compliant element was the main indicator of the interaction
forces between the human being and robotic device. Despite the
large diffusion there are still several drawbacks which are far
from being solved, especially in assistive technology. The afore-
mentioned improvements in actuation and control solutions did
not prevent the majority of exoskeletons from employing rigid
components in parallel with the human biomechanics, result-
ing in ergonomics and usability which are still far from being
optimal. Furthermore the weight of most of the rigid devices
requires unacceptable metabolic costs from the wearer, result-
ing from movement restrictions and unwanted torques on the
human joints [2].

Soft wearable exoskeletons (or exosuit) are the successive
step to the introduction of compliant actuation, where not only
the actuators but also the structure of the exoskeleton itself is
designed to be compliant. Whilst not being suitable for applica-
tions requiring large forces and torques where rigid exoskeletons
still show higher performance, exosuits’ intrinsic compliance,
portability and low-power consumption make them ideal for
augmenting muscular strength or providing additional support
in activities of daily living such as walking [3] and hand grasping
(4], [S].

Exosuits allow to overcome the limitations introduced by
conventional exoskeletons where the lack of mechanical com-
pliance in the kinematic structure represents their major limit-
ing factor. As an alternative to the stiff links of conventional
exoskeletons, the exosuit design comprises fabrics and meta-
materials to connect the human limb to the actuation stage,
while the support is provided by the human musculoskeletal
system. While for rigid exoskeletons the most used control
approach was based on joint level torque assistance, where
the actuation was located at the joint level, for exosuits this
approach fails. A model-based controller on individual skele-
tal muscles is considered more appropriate and descriptive of
the dynamic interaction between the exosuit and the human
biomechanics.

Assistance of upper limbs especially is a challenging task
since multiple actions might correspond to multiple controller
layers that must account for the dynamic nature of human
tasks, ranging from fine manipulation to weight/force compen-
sation, to general interaction with the external environment and
unpredictable dynamics. Last but not least the complexity of the
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upper limb biomechanics is not confined to one plane [6], as
for the walking gesture, but may involve multiple joints across
multiple task dimensions.

One of the most significant examples of upper limb exosuit,
which employed a fine model based controller implementation,
was from Ueda et al. [7]. The novelty of the design was in the
integrated human-exoskeleton model used to compute the inter-
action between the human muscle forces and torques generated
by the exosuit. Assistance was evaluated by an embedded mus-
culoskeletal model which calculated moment-arms from each
of the muscles attached to the bones considering a total 51 mus-
cles, while a kinematic model of the exoskeleton that consists of
pneumatic actuators and supporting frames was integrated with
the human model.

Despite the potentials and the demonstrated efficacy of the
proposed computational approach via physiology-based crite-
rion functions, the use of this method on impaired subjects
showing a non stereotypical muscular activity is still under de-
bate. That’s why other examples of upper limb exosuits are ex-
tremely focused on helping subjects in replicating specific motor
functions, involving only a limited number of joints and relying
on controllers which, in order to preserve robustness, are highly
task-specialized. Common strategies for intention detection are
the use of biosignals (i.e. electromyography EMG), force trig-
ger detection and proportional control to drive the devices and
providing assistance.

An example of exosuit triggering assistance by EMG detec-
tion is from Delph et al. [8] for a cable-driven exosuit for hand
and elbow assistance, where the fingers and the arm could be in-
dependently actuated using position of force control via surface
EMG feedback. Other examples of wearable textile-garment
based exosuits for hand rehabilitation come from Lee et al
[9] and In er al. [4], where an exo-tendon device and exo-glove
respectively, used cable actuation to promote the recovery of fin-
gers coordination and restoring functional hand movement after
stroke or spinal chord injury. The two devices used different
approaches: the exo-tendon was designed to be a rehabilitation
device for clinical therapy, where the geometry and the dispo-
sition of the tendons, driven by seven motors, aimed at finely
replicating different hand gestures (i.e. grasping, lateral grip,
pinching etc.) by passive motion paradigm; the exo-glove relied
on a more compact design, employing an underactuated mecha-
nism and focusing its strength on the portability and versatility,
where assistance was triggered by wrist motion.

The global scenario depicts two main approaches for control-
ling exosuits: the first on EMG-driven criteria functions with the
intent of interpreting as accurately as possible the user intention
and a second approach which is focused on control robustness
and thus simplifies the number of functions that can be accom-
plished. If on one side the former approach is limited by the
accuracy of the EMG signals and highly sensitive to subject
specificity, the latter allows the user to replicate only predeter-
mined specific actions.

An intention estimator and hierarchical control approach was
proposed by Tsukahara ez al. [10] to predict not only the motion
intention but also the leg’s swing speed for gait support in a
rigid lower limb exoskeleton. This solution showed its advan-
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Fig. 1. (A): The soft arm exosuit with the bowden-cable transmission worn
by the user; the actuation stage comprising the DC motor and the spool routing
the cables on the user’s back. (B): Human arm model.

tage compared to the voluntary intention using EMG and force
trigger methods, adjusting the swing leg at optimal speed dur-
ing walking. Thus this concept can be extended and applied to
control soft exosuit devices.

The scope of the current letter is to implement a new con-
trol paradigm which allows to operate a soft arm exosuit pro-
viding assistance to the wearer’s elbow flexion/extension. The
proposed controller is referred to be “hierarchical” because it
consists of three separate layers in cascade. Differently from pre-
vious contributions in literature, we aim at considering all the
aspects ranging from human intention detection for assistance
evaluation (high layer), to adaptive compensation of unwanted
effects arising from the presence of nonlinear behaviours in
the exosuit (mid and low layers) [11], [12]. The proposed hi-
erarchical control architecture for wearable exosuit is tested
for performance in trajectory following, and stability during
assistance modulation is quantified and compared on healthy
subjects.

II. CONTROLLER DESIGN

The hierarchical controller has been designed to work on the
exosuit [13] shown in Fig. 1(A) consisting of a wearable garment
which comprises a tendon driven transmission to mobilize the
elbow in both flexion and extension. The actuation includes a
traditional electromechanical DC motor and a planetary gear

Authorized licensed use limited to: Universitaet Heidelberg. Downloaded on December 14,2020 at 08:50:40 UTC from IEEE Xplore. Restrictions apply.



1788

o (Mid-level)

| il | |
; Admittance| Pe 5_0 N Backlash I
| Control Yy oK Compensation !
= =
w T i (Low-level)
g : i
Vo b — | Adaptive |
Ll a( > Position z Mqtor i
A o Driver !
| Th i + LController !
| mi |
I | I
1 | ]
i : & DC Motor !
! i il Ta i
| - Z
1 |Human Torque
| Estimator (8) & I_Human—EXO
e
N
Assistive Torque]
i P Estimator (4) f Th
|(High-level) *

Fig. 2.  The control architecture consists in several blocks devoted to different
tasks: from model-based admittance control (high-level), to compensation of
nonlinear behaviour (i.e. backlash and friction) and desired trajectory tracking
(mid and low-level).

mechanism with a reduction of 5:1 that moves a spool around
which the cables, driving the elbow movements, are wrapped.
The bending angle of the elbow joint ¢, can be monitored using
a flex sensor embedded in the sleeve while two load cells are
attached at the rigid braces to measure the cable tensions.

The controller has been designed in order to have a hier-
archical structure starting from the evaluation of the level of
assistance requested by the user and ending to the amount mo-
tion delivered to the joint throughout the tendon transmission.
The control architecture shown in Fig. 2 comprises three layers:
a high-level, amid-level and a low-level controller. The objective
of the high-level controller is to evaluate the amount of assis-
tive torque 7, requested by the user and consequently provide
an active reference motion for the elbow ¢¢. In the mid-level
controller, backlash compensation translates the user’s motion
intention to the desired actuator motion Z, while the low-level
controller is devoted to accurately track the motion reference.
The inherent backlash caused by the cable slack in the bow-
den sheath introduces significant time delay and inaccuracy in
joint position tracking. Hence, in the absence of a transmission
mode that accounts for that nonlinear behaviour, control per-
formances are extremely poor. Finally, the desired motion for
the actuation stage is passed to the low-level controller, which
computes the control signal u and sends it to the DC motor,
to improve the tracking precision effectively, compensate the
friction and provide assistance torque 7, to the human-exosuit
system. The designs for three control layers are described in
detail in the following subsections.

A. Sensors Calibration

The flex sensor (Spectrasymbol, USA, accuracy +1°) acts
like a variable resistor whose output voltage is changed by flex-
ing it. We used a simple voltage divider to convert a change in
resistance into a change in voltage. The relationship between
the output voltage and the bending angle ¢, was assumed to be
linear [14]. A calibration step was necessary before the exper-
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iment to render the measurement, obtaining a linear regression
model to map the measured voltage to the angle ¢.. A similar
calibration was applied to the load cell (Futek, USA), relating
the voltage as a linear function of the force/cable tension. These
procedures were repeated for each subject at the beginning of
each experiment.

In order to filter the sensor noise, the measured angular po-
sition ¢, was low-pass filtered by a Butterworth second order
filter with a cut-off frequency of 8Hz, then double differentiated
to estimate the angular velocity 9255 and acceleration qge. These
two signals were again smoothed using the same Butterworth
filter.

B. High-Level Controller: Subject Assistance Evaluation

1) Assistive Torque Estimator: The intrinsic compliance of
the exosuit does not allow to estimate the torque generated
by the actuation unit by classical robotic approach. We used
a mathematical model for bowden-cable transmission which
provides an acceptable estimation of the torque, from the cable
tensions [15] measured by load cells attached in the rigid braces.
Fig. 1(B) shows the human arm model depicting the cable rout-
ing and a descriptive extension function h;(¢.) mapping the
cables (flexor and extensor) displacement to the joint angle ¢..
The flexor cable has an extension function hy (¢, ) defined as:

hi(¢e) =2V a? + b2 cos (tan’1 (%) + %) —-2b (D)
while the extensor cable is described by:
ha(¢e) = Roe 2

where «a is half of the width of the arm, b is the distance from
the joint centre of rotation to the anchor points (rigid braces),
and R is the radius of the elbow joint. ¢, is the bending angle of
the elbow joint, referencing the forearm to the upper arm which
is assumed to be vertical and aligned with gravity.

From the two extension functions h; (¢, ) we can compute the
relationship between the cable tensions f;, recorded by the load
cells and the torque 7, delivered to the elbow joint. By defining
the matrix J as:

onT
T(00) = 5o=(60) )
where h = [hi(¢e)  ha(¢e) ]T represents the vector of cable
extensions, the estimated assistive torque generated by bowden-
cable transmission 7, is expressed by the equation:

To = J(¢e)f (4)

where f = [ i f ]T represents the vector of the measured
cable tensions obtained by the two load cells.

2) Human Arm Model and Admittance Control: The human
arm dynamics can be obtained by the Lagrangian formulation
[16], by defining the kinetic K and the potential P energies of
the arm as follows:

K = %ml%f )

P = mygl. (1 — COs ¢e) (6)
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where the forearm can be assumed to be a uniformly distributed
mass m, with a total length [ and a distance from the joint to the
center of gravity (COQG) . as shown in Fig. 1(B).

By defining the Lagrangian equation: L = K — P and intro-
ducing a damping force for elbow opposing to the elbow motion,
a simplified dynamic model of the human arm can be expressed
as follow:

9 . .
T=T, +7T, = gml2¢)e + be pe + mgl. sin ¢, (7

where 7 is the resulting torque of the human action 75, and the
assistive torque from the exosuit 7,, b, is the viscous damping
constant, and g = 9.81m/s? represents the gravity constant.

The estimated torque deriving from the human muscles 7,
can be obtained from the inverse dynamic model expressed by
), 1.e.,

7 = L. de + bepe +mgl, sing, — 7, (8)

where 7, is the estimated assistive torque obtained from (4), and
I, = %le represents the inertia of the elbow joint.

The parameters of (8) can be empirically measured and op-
portunely tuned on each individual subject following the simple
known rules listed below [17]:

1) The forearm mass m as 2.2% of the total body weight M,

ie., m = 0.022M [kg]

2) The length [, from the elbow joint to the center of gravity

as 68.2% of the total forearm length [, i.e., I, = 0.682{[m]

3) The human elbow viscous damping coefficient b, can

be tuned according to the damping ratio &: b, = 21.2p&

mgle.
1,

where Qp = is the resonance frequency. In this

work, we chose £ = 1.2, ensuring a stable and over-
damped dynamic behaviour.

The exosuit which was used in the present letter has been con-
ceived as a device to provide assistance to impaired people, in
particular to stroke subjects who do not preserve enough resid-
ual voluntary capacity of motion to lift their elbow. Hence after
the human torque 75, has been estimated by the aforementioned
model, a successive block in the controller must generate a ref-
erence trajectory ¢¢ which the actuation stage must deliver to
the human joint. In order to provide a smooth intervention of the
actuation on the user, an admittance controller has been used.
The admittance controller has the role of changing the over-
all dynamics, increasing the transparency of the exosuit itself
and decreasing the mechanical impedance of the human arm.
The result is an assistance which is gradually modulated and
depends on the mutual interaction between the device and the
wearer. The admittance control block can be defined as follows:

IYgd + bl + Kl sing? = 7, )

where [, (‘f, bf, and K¢ 4 denotes the desired inertia, viscous damp-
ing and grav1tat10nal torque acting at the elbow joint, respec-
tively, while and 7, represents the estimated human torque ob-
tained from (8).

It can be noticed that in order to reduce the provided assis-
tance 73, the admittance controller must be tuned in such a way
that the desired impedance is lower than the real one from the

human arm [18] (i.e. I¢ < I.,b? < b.,and K¢ < mgl,.). In this
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Fig.3. (A): Backlash caused by cable slack in the bowden sheath. (B): Under
tension, the motion is transmitted from extension to flexion and vice versa. (C):
Varying friction Fy occurring when the cable slides along the inner wall of the
bowden sheath resulting in the lost in assistive torque 7, .

study, we want to verify how the exosuit can assist its wearer
in a gravity compensation paradigm. The desired gains of the
admittance controller (I¢, b?, and K?) were chosen based on
the actual human elbow joint dynamics defined in (10), and the
level of assistance is regulated by a factor (0 < « < 1) which
multiples the gravity compensation factor K?. With such selec-
tion, the dynamics of the admittance controller can be proven to
be stable and overdamped

Y =1, 3ml2
bl =b, = 21,0¢
K? = amgl, (10)

a—aotanh( )+o¢1

where o and oy are two constants experimentally chosen to
bound the intervention of the assistance; ¢, denotes the sensi-
tivity coefficient of the hyperbolic function tanh(.). The factor
« increases with the measured joint velocity be, meaning that
the level of assistance is strictly dependent on the user’s residual
motion capacity: a high motion speed from the user (i.e. high
motor ability) corresponds to a low assistive torque provided
by the exosuit and vice versa, and the device is therefore able
to gradually tune the assistive torque based on the a real-time
estimation of the subject’s capacity of motion.

C. Mid-level Controller: Adaptive Backlash Compensation

The purpose of the mid-level control layer is to compensate
for a specific non linear behaviour, intrinsic in the cable driven
mechanisms. The desired angular motion ¢¢ from the admit-
tance control block must be converted into a motion ¢¢ which is
successively sent to the servomotor and delivered at the elbow
joint. The mid-level controller is implemented with the purpose
to specifically compensate for backlash phenomena. Fig. 3(A)-
(B) shows a conceptual representation of backlash caused by the
cable looseness in the bowden sheath: since the backlash effect
is unpredictable and continuously changes during the system’s
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operation due to variability of the geometry of the flexible bow-
den sheath, we implemented a nonlinear adaptive controller [19]
updating the backlash model during each iteration of the con-
troller. The relationship between the desired motion ¢¢ and the
motion the actuation unit ¢? is defined adopting the Bouc-Wen
hysteresis model [20], such that the desired elbow motion is a
function of the actuator rotation and of a term representing the
backlash uncertainties:

¢! =yl + D — Be! = ¢! + BD (11)

where oy represents the positive ratio of ¢l togl; 3= i is the
inverse of o ; and D represents the model uncertainties due to
the bowden sheath’s configuration variations during operation.
It can be assumed that: | D| < D,,, where D,,, denotes a bounded
value of D.

The adaptive controller design uses a reference motion ¢
and filtered tracking error s as in:

e:¢e_¢g
s:ke+f(;’ed7—>é:)»é+e (12)
dr = ¢! — Aé

where e represents the tracking error between the desired elbow
joint motion ¢? and the measured one ¢, ; and X is an arbitrarily
positive constant.

Since the elbow joint is supposed to follow a given trajectory
¢?, the desired actuator state ¢ can be chosen as:

¢4 = B (67 — D tanh (2) ) = ks (13)

where /@ and 5; are the estimated value of 3 and D,,, respec-
tively (such notation will be used for all variables from now on);
and k, € are positive constants.

Replacing ¢ from (13) to (11) leads to the dynamics of the
variable s as:

05+ ks = BQ_S — /BB,; tanh (S) -0 (Dm tanh (z) - D)

where ¢ = ¢! — D,, tanh (2); B =3 — Bis the estimated er-
ror of (3; and b; = l/); — D,, is the estimated error of D,, .

Therefore, the adaptation law for backlash model parameters
B and 5; is:

E: —b1¢s

o (15)
D,, = dyFtanh (f) S

where §1, d9 are positive adaptation gains. The initial values for
[ and D,, are set to be zero.

D. Low-Level Controller: Adaptive Friction Compensation
and Position Control

The low level control layer is intended to drive the actuation
stage by sending the input to the DC motor and to compen-
sate for the nonlinear friction occurring because of the cable
sliding along the bowden sheath (Fig. 3(C)). The friction con-
tinuously and unpredictably changes according to the curvature
of the sheath which moves with the subject arm motion; if
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not compensated, the torque generated by the actuator is partly
lost during operation. An adaptive algorithm compensates for
the friction and controls the DC motor in tracking the desired
trajectory ¢?. From Fig. 3(C) the actuator with the friction is
modelled as follows:

JQS;I-‘:-qu.a—‘rTf:u

where J and B represent the inertia and damping coefficient of
the actuation stage, 7y the friction torque, and w is the control
output to be sent to the DC motor. The dynamic parameters of
the actuation stage comprising the DC motor and the bowden
cable and the friction variability are unknown: the LuGre model
for the dynamic friction compensation [21], allows to express
7r as follows:

16)

7f = Byga + 7 (aﬁmdSa, z) (17)

where z is a variable in the Lugre model; B,¢, represents
the viscous friction; and 7, ((ba , éa , z) represents the dynamic
friction depending on z. It is assumed that 7, to be bounded by:
|n(¢m¢m2)|§ﬂm.

Before designing the control signal u, we define the tracking

error e, reference motion ¢;, and filtered tracking error s; for
the actuator as:

€1 = ¢q — ¢§

S1 = €1 +Are

o = ¢l — her
where ¢, and gbg denote the measured and desired rotation of the

DC motor, respectively; and X is an arbitrary positive constant.
The control signal u for the DC motor is designed as:

(18)

u = jqi)Z + (E + E) rb.a — T.,n tanh (il) — k151 (19)
1

where .J is the estimated value of .J ; B and E denote re-
spectively the estimated values of B and B, ; 7., denotes the
estimated value of 7,,,,, ; and €; and k; are two positive constants.

Substituting (17) and (19) to (16), and replacing B; = B +
B, result in the dynamics of the tracking error s; as:

Js1 + K181 = jqbg —I—E(lﬁa — T,m tanh <81>

€1

S1

— T,m tanh ( ) — T (QSH,, gﬁa,z) 20)

€1

where J = J — .J is the estimated error of J; E = E\f — By is
the estimated error of B;; and 7,,, = T,m — Tum 1S the estimated
error of 7,,,. o

Therefore, the unknown parameters J, By, and 7,,, are up-
dated at each period by:

j: —53@151
/B\t = _64¢.u,51
Tym = 05 tanh (j—ll) 51

ey

where J3, d4, and 05 are positive adaptation gains.
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TABLE I
AVERAGE IDENTIFIED CONTROL MODEL PARAMETERS

Parameters Values [Unit]

a,b, R 0.05[m], 0.10[m], 0.06[m]
m,1 1.55 +0.12[kg], 0.24 +0.03[m]
le 0.2 +£0.02[m]

be 1.50[Nm/(rad/s)]
ap,a, €q 0.5,0.5,0.1

Ao ks €,01,09 2,10,0.01,2,2

A, K1,€1,03,04,05 1.5,5,0.01, 1,1, 1

VISUAL FEEDBACK_

ELBOW
FLEXION

STARTING IN @

FOLLOW ELBOW
SPEED rad/s

Fig. 4. The experiment was run by instructing the subjects to replicate the
movements of a virtual avatar on the screen, trying to match the elbow speed.

III. EXPERIMENTAL EVALUATION

A. Experimental Protocol

The experiment was performed on a group of three healthy
subjects (males, age: 26.6=£1.5 years). They all provided written
informed consents prior to the experiment, and the procedures
were approved by the Institutional Review Board at Nanyang
Technology University. The parameters of the subject’s arm, the
exosuit, and of the control scheme are shown in Table I and
were obtained as described in Section II-B1 (mean + standard
deviation for m, [, [..).

The experiment aims at demonstrating that the proposed hi-
erarchical controller is accurate, stable and provides a smooth
intervention when assistance is requested by the users, modulat-
ing the amount of torque at the elbow depending on the capacity
of motion of the subject and decreasing the muscular effort dur-
ing load manipulation. During the experiment the subjects were
instructed to flex/extend their forearm, following the motion of
a virtual avatar on a screen to match the range of motion and
speed (as shown in Fig. 4) while holding a 1kg load in their left
hand, in two distinct task phases. The visual input was used as
a way to standardize the velocity and amplitude of the move-
ments across subjects, allowing across-subjects comparisons of
muscular effort.
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Fig. 5. (A) EMG amplitude comparison on a single subject with and without
the exosuit’s assistance. (B) Bar plot showing the mean and standard deviation
of the RMS of the EMG activity, averaged over repetitions and subjects.
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(A) Amplitude of the EMG signal (black) of a subject performing elbow flex-
ion/extension tasks and estimated human torque (blue) as computed from (8). (B)
Trajectory tracking accuracy cbg and ¢, during two repetitive flexion/extension
movements.

1) Performing 10 repetitive flexion/extension movements
with and without assistance delivered by the exosuit to
prove that the use of the proposed device/controller effec-
tively decrease the muscular activity, helping the wearer
to complete the task;

2) Performing 10 repetitive flexion/extension movements at
two different speeds (¢! = 0.3rad/sand ¢? = 0.6rad/s),
to show that the intervention of the exosuit is based on the
subject’s capacity of motion. It is commonly accepted
that kinematics in stroke subjects are dramatically jeopar-
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Fig.7. Evaluation of the effectiveness of the assistance modulation at different

elbow speeds. (A) The amplitude of the EMG activities are shown when a
single subject performed the elbow motions at two different velocities. (B) The
estimated assistive torques 7a at low (light grey) and high (dark grey) elbow
speed motions. (C) Bar plot showing the mean and standard deviation of the
RMS of 7,, averaged over repetitions and subjects.

dized and a lower elbow speed is associated to a reduced
voluntarily capacity of motion. For this reason, asking
subjects to move at a lower and higher speed implies that
the proposed controller should interpret a lower speed as
a reduced motion capacity and consequently increase the
level of assistive torque respectively, as described in the
Section II-B1
Muscular effort was estimated from the Root Mean Square
(RMS) of the EMG activity of the main muscle involved in
performing elbow flexion movements, i.e. the biceps brachii of
the left arm. The raw EMG was acquired using Trigno wireless
EMG sensors (Delsys Inc.) and was pre-processed in Matlab
Simulink using a full-wave rectification, followed by a low-pass
second-order Butterworth filter with a 8Hz cut-off frequency.
The elbow joint angle ¢, was acquired during the experiment
and used for control purposes using the flex sensor. Data ac-
quisition and motor control were performed using the Quanser
Quarc real-time workstation running at 1kHz refresh rate.

B. Experimental Results

Results of the first task comparing the EMG activities of
one subject with and without the assistance are depicted in
Fig. 5(A), showing a clear decrease in the amplitude of the EMG
activity when the exosuit was assisting the motion. Analysis of
the RMS value of the EMG signal, averaged over repetitions and
subjects, is shown in Fig. 5(B). The latter shows an average drop
in RMS of 48.3% between the non-assisted and assisted case.
Fig. 6(A) shows the estimated human torque 7,, as computed
from (8) and the recorded EMG activities during two elbow
flexion/extension tasks from one of the participants, it can be
seen that the estimated human torque shows a similar curve as
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the processed EMG signal. This results in an elbow trajectory
profile ¢, as shown in Fig. 6(B), with the tracking error e ranging
between +0.1rad and a fast response time.

The second experiment examines the efficacy of the controller
in adapting its contribution to the user’s capacity of motion. The
subjects performed the elbow movement at two different an-
gular velocities (¢! = 0.3 rad/s and ¢? = 0.6 rad/s) and the
exosuit modulates the degree of assistance, i.e. the estimated as-
sistive torque 7,, based on the speed of the subjects. Fig. 7(A-B)
shows the EMG activities and the delivered assistive torques 7,
respectively for one typical subject at the two execution speeds:
it is observable that at lower speed (lower capacity of motion)
the controller provides a higher assistive torque 7, than when
the subject moves at the higher speed (which corresponds to a
higher capacity of motion). The same result was observed for
the whole group of subjects. An analysis of the estimated assis-
tive torque 7, supports these results: Fig. 7(C) shows that the
mean RMS value of the estimated assistive torque 7,, averaged
over subjects and trials, is lower at a higher speed of motion,
confirming that the controller has adapted to the lower motor
ability of the subjects by providing higher assistance.

IV. DISCUSSION AND CONCLUSION

It has been almost three decades that robot aided rehabilita-
tion and assistive robotics introduced the new concept of gentle
human-robot interaction based on soft actuations and materials,
yet many questions on ergonomic design and control imple-
mentation remain unanswered. For soft wearable exoskeletons,
formulating an effective and robust control approach is of major
importance. In the present letter we showed that appropriately
designing a multi-layered controller, which takes into account
the nonlinear behaviour of the exosuit’s soft complaint nature,
we can both reduce the muscle effort required for a simple lift-
ing movement and adapt the level of assistance depending on
the wearer’s motor ability.

We introduced the problem of motion intention detection by
formulating a model of the human arm which can be used to
predict the human joint torque from only a simple load cell. An
admittance controller was dedicated to increase the transparency
of the device, while the nonlinear behaviours of the cable-driven
transmission (i.e. backlash and friction) were opportunely com-
pensated by means of adaptive mathematical models. The results
have shown that the muscular effort of subjects using the exo-
suit and the associated controller is lower than performing action
with no assistance, whilst a high-level of tracking accuracy is
achieved. It is worth to highlight that the reduction of muscular
activation was not provided by a predominant action of the de-
vice replacing entirely the human voluntary motion, but rather
by a coordinated interaction between the exosuit and the user. In
this study, we assumed that the upper arm was aligned with the
direction of gravity and the forearm moved on the sagittal plane
only, neglecting the shoulder movements. For the future work,
the proposed hierarchical controller can be extended to assist
the arm with shoulder flexion/extension by using a sensor (i.e.
IMU) to measure the orientation of the upper arm with grav-
ity, allowing to update the Lagrangian equation and controller
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accordingly. In addition, a more comprehensive model of the
elbow joint on the transverse plane, i.e. 90° shoulder abduction,
can be defined such that the proposed controller can be applied
to assist the arm horizontally.

We further showed that the proposed controller was able to
tune the level of assistance depending on the voluntary motion
capacity of the subjects. This strategy somewhat resembles the
“assist-as-needed” paradigm [22], and to our knowledge it is
the first time that this kind of approach is being formulated for
a wearable exosuit rather than for end-effector robotics device.
Keeping in mind that the users of assistive devices, who are
mainly hemiplegic or impaired subjects, must rely very inti-
mately on the exosuit which is attached to their bodies, and the
“gentle intervention” from the controller represents a delicate
and pivotal goal.
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