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Modeling and High-Definition Control of a Smart
Electroadhesive Actuator: Toward Application
in Rehabilitation

Navid Feizi
Mehrdad R. Kermani

Abstract—Smart actuators with tunable dynamical character-
istics have shown significant potential to improve the performance
of physical human-robot interaction systems, such as exoskele-
tons. In this regard, electroadhesive clutches, which function
based on a controllable dry kinetic friction between the discs,
have attracted a great deal of interest for semi-passive actuation
that has a high force-to-weight ratio and low power consumption.
However, the complex dynamical behavior of such an actuator has
limited the potential application in dynamic tasks. This paper, for
the first time, presents a robust nonlinear control law for torque-
adjustable rotary electroadhesive clutches in order to guarantee
smooth, agile, and stable behavior in the presence of significant
unmodeled dynamics. For this, a nonlinear Lyapunov-redesign
approach is proposed based on a partially-identified model,
which can guarantee convergence and robustness to unmodeled
dynamics. The performance of the proposed algorithm is val-
idated through a comprehensive set of experiments, including
active-resistive and coordination-assisted rehabilitation using an
elbow exoskeleton designed based on the rotary electroadhesive
clutch. The proposed approach shows potential for application in
dynamic scenarios such as those involving assistive and wearable
robots.
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I. INTRODUCTION

ITH the development of collaborative robotics, reha-

bilitation robots, exoskeletons, and in general, robots
that share physical workspace with humans, safety has
become critically important in order to ensure safe physi-
cal human-robot interaction (pHRI) [1]. At present, there are
several applications where robots work alongside humans,
such as monitoring and assistance, rehabilitation, and surgery
[2], [3], [4], [5], [6], [7]. A key requirement in such applica-
tions is that the safety of the humans involved in the interaction
should not be compromised [8], [9]. The need for high speed
and high force actuation, which is frequently required for
effective performance of the robot, has been fulfilled in the
literature by designing high impedance actuators. However,
the use of an actuator with high impedance in pHRI can
give rise to major safety concerns. Thus, future generations of
human-safe robots will depend on developing new actuation
technologies that can offer inherent safety [10].

The Series Elastic Actuator (SEA) is considered a reliable
actuator designed for applications that involve interaction with
unknown dynamics, such as those in pHRI, e.g., an SEA has
been used for actuation of a knee exoskeleton [11]. Although
SEA provides intrinsic passive compliance due to its elastic-
ity, it is not adjustable, thus limiting its range of applications.
Variable Impedance Actuators (VIA) enable adjustable com-
pliance through changing stiffness and damping. VIA is used
in a broad range of applications, including haptics, assis-
tive devices, rehabilitation, prosthetics, and exoskeletons [12].
These actuators provide higher levels of pHRI safety than
conventional actuators since they mechanically decouple the
robot’s end effector from the high-impedance gear motor.

Semi-passive actuators can guarantee intrinsic safety not
only because of the decoupled end effector from the
motor but also because of their passive nature. Magneto-
rheological (MR) and electro-rheological (ER) clutches are
examples of common types of semi-passive actuators. MR
clutches provide torque using the viscous friction of the
magneto-rheological fluid between the rotor and stator [10],
[13], [14]. The amount of viscous friction in these types of
clutches is adjusted by manipulating the magnetic field inside
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the clutch. Therefore, a coil is needed inside the clutch to
provide the required magnetic field. The need for a coil is the
main disadvantage of MR clutches, which makes them heavy
and needs high current to generate the required magnetic field.
This limits the design parameters and areas of applications,
especially in mobile and wearable robotic devices [15], [16].
On the other hand, ER clutches, which are based on the viscous
friction of the ER fluid, have been proposed as an alternative
approach for the above-mentioned issue in rehabilitation and
assistive robotics [17], [18]. This removes the need for a coil
since the viscosity of the ER fluid can be tuned using an elec-
tric field. ER clutches have been used in multiple assistive and
rehabilitation robotics applications. However, the low viscos-
ity of the ER fluid limits the output torque of the clutch. In
addition, high voltage (in the range of kV) is required to gen-
erate the needed electric field. Another novel approach, but
still in its infancy, is the miniaturized MR clutches [19].

The force resulting from electroadhesion (EA) can be gen-
erated without the need for heavy parts and high currents.
In [20], with a proper selection of a dielectric, a noticeable
amount of attraction force was achieved under a relatively
low voltage (below 300 volts). This force was harnessed in
various applications, mostly to generate friction [21]. The
ultra-lightweight and low power consumption of EA have
attracted a great deal of interest, mostly in wearable robotics.
In [22], miniature EA clutches were employed as a joint lock-
ing mechanism in a robotic hand. In [20], [23], a translational
lightweight EA clutch was described and used in an ankle
exoskeleton. EA was used as a braking mechanism for a 2.5D
haptics display [24]. A high force density wearable EA clutch
was utilized in [25] for haptic gloves. A wearable linear EA
clutch was developed and implemented in an elbow haptic
device [26], [27]. A feasibility analysis of a rotational EA
clutch was presented in [28]. An adaptive damper using EA
was developed in [29]. Except in [29], the above-mentioned
EA actuators were implemented in on/off mode in the form
of a locking mechanism by utilizing static friction without the
ability to tune the actuation force/torque.

The lack of research on adjustable EA clutches may be
due to the issue of the space charge build-up in the fric-
tion interface, as reported in [22], [24], [25], [30], [31], [32]
and our previous work [33]. The space charge build-up in
the dielectric causes the degradation of the attraction force
when the clutch is activated. In addition, it creates a residual
force when the clutch is disengaged after an active period.
These issues complicate the modeling of EA clutches, espe-
cially when the underlying force generation mechanism of the
clutch is through sliding friction [30]. In this paper, a novel
approach is proposed for electroadhesion regulation of an EA
clutch using pulse-width modulation (PWM) with positive and
negative magnitudes. This eliminates not only residual elec-
troadhesion [24], [30] but also maintains steady force. In this
paper, we implemented this method on a rotary electroad-
hesive clutch as an example. The proposed electroadhesion
modulation enables easy adjustment of the clutch torque by
tuning the activation signal duty cycle. Additionally, we pro-
pose a robust control (RC) method for controlling the clutch
torque and increasing the actuation bandwidth. We validate
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the performance of the EA clutch, including the proposed RC
in active-resistive and coordination-assisted [34], [35] robotic
rehabilitation scenarios using an elbow exoskeleton designed
based on the EA clutch. The main contributions of the paper are:

o Modeling of the friction characteristics of the dielectric.

« Proposing a positive and negative magnitude PWM signal
to adjust the electroadhesion, and mitigating the elec-
troadhesion degradation due to charge accumulation on
the dielectric surface.

« Developing novel nonlinear as well as linear output torque
models.

o Validating high-fidelity torque control using RC in
active-resistive and coordination-assisted rehabilitation
scenarios.

The proposed clutch is applicable for high force-to-weight
and low-power applications such as mobile assistive and
wearable robotics.

The following is an outline of the rest of this document.
Section II provides an overview of an EA clutch and the
experimental setup. Section III describes the proposed non-
linear pure friction model. Section IV presents the proposed
linear and nonlinear models of the clutch. Section V describes
the process of RC design and the selection of the appro-
priate control parameters. Section VI provides experimental
results of the RC, as well as comparisons with results achieved
through the use of a proportional-integral (PI) controller.
Section VII presents two rehabilitation scenarios using the EA
clutch including experimental results. Section VIII concludes
the paper with final remarks.

II. EA CLUTCH AND THE EXPERIMENTAL SETUP

The EA clutch transfers force/torque using dry sliding fric-
tion between two clutch plates. When high voltage is applied
across the clutch plates, the electroadhesion due to the static
charges on the clutch plates creates a strong attraction force.
A dielectric is used between the plates to provide electric iso-
lation and prevent electric discharge. Therefore, an attraction
force can be maintained when a high voltage is applied across
the plates. This normal force due to electroadhesion leads to
friction that couples the motion of the input and output clutch
plates (see [23] for detail).

In this paper, we used a rotary EA clutch to verify the
performance of the proposed method. The core of the rotary
EA clutch is comprised of: (1) two rotor discs; (2) a sta-
tor disc (rotor and stator discs are made of 0.1 mm thick
1095 Spring steel (McMaster-Carr, ON, Canada)); and (3) a
machined splined rotary shaft (see Fig. 1). The thickness of
the discs and their material are selected such that they pro-
vide enough flexibility for the disc in the axial direction to
fill the air gap between the rotor and the stator under elec-
troadhesion while providing enough stiffness in the tangential
direction to transfer torque. The rotor discs are mounted on
the clutch housing and the output of the drive motor of the
test-setup. Rotors are mounted such that they rotate with the
housing, but they can slide axially to fill the air gap between
discs, as shown in Fig. 1. The stator disc, which is sandwiched
between two rotor discs, is mounted on the output shaft using
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Fig. 1. Schematic of the rotary electroadhesive clutch.

a 3D printed connecting part, which transfers the torque from
the disc to the shaft while enabling it to slide axially on the
shaft. The rotor discs were coated with 95 wm DuPont 8153
dielectric before being cut to shape using electric discharge
machining. The coating procedure was done through applica-
tion of five layers of the dielectric film to reach the expected
thickness [23].

An ideal separation between the stator and the rotor discs
is to be maintained so that friction and wear of the discs can
be avoided when the clutch is disengaged. However, keeping
a zero gap between the discs will maximize the EA forces and
the clutch response time. In order to address these two com-
peting design requirements, pressure springs were utilized to
apply enough pressure to minimize the air gap while avoiding
significant friction when the clutch is in free motion.

The rotor discs have an inner radius of 4 cm and the stator
disc has an outer radius of 6 cm, creating a ring-shaped friction
area of the same inner and outer radii. Details of the design
of the rotary clutch with one friction surface are given in [33].
However, in this research, two rotor discs and both sides of the
stator disc were used to double the friction area and maximize
torque. The formulation of the maximum torque is as follows:

2 (r; — r%)oshn
3

where r; and rp are the inner and outer radii of the friction
ring, oy, is the shear stress, and n is the number of friction
surfaces, which is equal to 2 in this design.

A custom high-voltage driver circuit was used to activate
the EA clutch. The main components of the driver circuit
are: (1) a PHV 12 DC-DC high voltage transformer (Bellnix
Co., Saitama, Japan); (2) a high-voltage H-Bridge made
of IKW50N65 IGBTs (Infineon Technologies, Neubiberg,
Germany), to enable activation of the clutch under PWM
signal; and (3) an Arduino to interface the driver to the com-
puter. Data acquisition and control were done in real-time with
the loop frequency of 1 kHz using QuaRC real-time control
software (Quanser, ON, Canada) in the MATLAB Simulink
environment. The driver circuit gets the amplitude, frequency,
and duty cycle of the target PWM signal from the computer
through the serial bus. Fig. 2 shows one period of the gen-
erated signal along with the expected ideal torque. The duty

T = (1)
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Fig. 2. A sample of a period of the positive and negative magnitudes PWM
signal and expected clutch torque. The black graph shows the control signal.
The dashed red graph shows the instantaneous expected torque.

cycle of the PWM signal calculates as follows:

2P,
Duty cycle = 5 2)

where P, is the duration of the positive value of the PWM
signal in a period, which is equal to the duration of the negative
value of the signal in the same period and P is the period of
the PWM signal.

The frequency of the PWM signal is selected as 300 Hz in
all experiments. An ATI Gamma sensor is connected to the
output shaft of the clutch to measure the feedback torque.

III. FRICTION MODELING

In this section, the characteristics of the friction between
the clutch discs (which is the dielectric against steel) for one
friction interface are investigated. This has been done by ana-
lyzing the effect of the normal force and the rotation velocity
on the torque. A kinetic friction model mapping the normal
force to the output torque of the clutch is proposed.

In order to measure the friction, the electroadhesion part of
the clutch is bypassed and a constant normal force is applied to
push the discs together using weights. This was done utilizing
a lever mechanism with an advantage ratio of 4.33 to amplify
the force due to weights.

A. Normal Force Effect

In order to evaluate the effect of the normal force, each
experiment was carried out under a constant rotation velocity
of 15 RPM. Different normal forces ranging from 17 to 170 N
(equivalent to stress ranging from 2.7 to 27 kPa) were applied
on the discs. For the sake of brevity, only some of the recorded
data are shown in Fig. 3. As can be seen, the torque demon-
strates a dynamic behavior which can be partially due to the
stiffness of the system components, including rotating parts
and the lever mechanism. However, most of the dynamic
behavior of the torque is due to the friction interface.

A function comprised of two exponentials, as below, is
proposed to model the torque due to friction shown in Fig. 3.

T(t.f) = <c(1 - el(“) (- C)<1 - efz<?>>)rs(f) 3)

In (3), the first term in the parentheses is related to the fast
dynamics of friction and the second term is associated with
the slow dynamics, ¢ denotes time, f is the normal force, T is
the torque achieved at the end of each experiment, t; and 12
are time constants, and C is the factor that adjusts the portion
of the fast dynamics. To identify the model parameters, (3) is
fitted to the recorded data for each experiment using sequential
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Fig. 3. The solid lines illustrate the experimental torque vs. time for different
normal forces. The normal force is applied at t = 0. The dashed lines show
the estimated torque associated with each normal force using the proposed
friction model.
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Fig. 4. Identified parameters of the friction model. The graphs show the
variation of (a) Stable torque. (b) 7y. (c) Friction coefficient. (d) 5.

TABLE I
IDENTIFIED PARMETERS OF THE STRESS-BASED FRICTION MODEL

parameter model fit rmse
Ts 0.0944€Q — 0.0896 0.323
Cf 0.296700007259 _ 0.42670337(2 0.0127
T 6.01e= 04312 4 (9.110-0492Q 0.277
T2 40.25¢70-219Q 4 1 37,0.0476Q 2.67

quadratic programming (SQP). In order to reduce the degree of
freedom of the problem and avoid overfitting, a constant value
0.85 is selected for C through observations. T, 71, and 1 are
determined as shown in Fig. 4 for each experiment. The model
parameters are show in Table I. From Fig. 4(b) and Fig. 4(d)
it can be seen that the torque dynamics are sluggish under
smaller normal stresses. However, when the stress increases, 7
and 1 reduce to around 0.3 and 4 seconds, respectively. This
means that friction increases up to 85% with a time constant of
0.3 s, and the rest of the torque will be achieved with slower
dynamics with a time constant of 4 s.

Fig. 4(c) shows the coefficient of friction. As can be seen in
the figure, within the observed range, the coefficient of friction
Cy increases with the increase of the normal stress and reaches
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Fig. 5. Identified parameters of friction model. The graphs show the variation
of (a) t1. (b) Stable torque. (c) 3.

a saturated value. This effect might be due to the imper-
fect friction surface, which prevents engagement of the full
area of the discs, leading to a smaller effective friction area.
However, as the rotor disc is designed to be flexible, it deflects
and fills the gaps when normal stress increases resulting in
a more effective friction surface and, thus a higher friction
coefficient.

B. Velocity Effect

One of the factors affecting friction is sliding velocity.
In order to investigate this effect, a series of experiments
were conducted in which the clutch was rotated with a con-
stant velocity for 60 s and a constant normal force of 86 N
was applied on the discs. This experiment was repeated for
velocities ranging from 5 to 40 RPM.

Fig. 5(b) shows the achieved maximum torque for differ-
ent rotation velocities. The red line shows the second-order
exponential model fitted to the experimental data using SQP
algorithm. Parameters of the fitted model are shown in Table II.
As can be seen in the figure, when the velocity is below 12
RPM, the torque reduces with the increase of the velocity;
however, the torque increases almost linearly with the increase
of the velocity when the velocity is above 12 RPM. This is
mainly because of the viscous component of friction [36].
Fig. 5(a) and Fig. 5(c) show the identified time constants for
different velocities. Comparing the order of variations of 7|
and 1, in Fig. 5 with the same in Fig. 4, it can be seen that
the effect of the rotation velocity on the dynamics of the torque
is noticeably less than the effect of the normal force. From the
small variation of the time constant with change in velocity, it
can be inferred that the stiffness of the rotating components is
not a major contributor to the whole dynamics of the system.

IV. CLUTCH MODEL IDENTIFICATION

The EA clutch can be activated under direct current (DC)
or alternating current (AC), each of which exhibits a unique
behavior. Utilizing DC activation signal leads to space charge

Authorized licensed use limited to: New York University. Downloaded on December 23,2022 at 06:14:04 UTC from IEEE Xplore. Restrictions apply.



FEIZI et al.: MODELING AND HIGH-DEFINITION CONTROL OF A SMART ELECTROADHESIVE ACTUATOR

TABLE II
IDENTIFIED PARMETERS OF THE VELOCITY-BASED FRICTION MODEL

parameter model fit rmse
Ty 0.349¢~0-2309 4 1 420006050 0.0523
e 0.425¢~0-310Q | () 0498¢—0-0150Q 0.0020
To 5.375 x 105e=0:0507Q _ 5 374 x 105005072 (850
— AC
—DC
residual
0 10 20 30 40 50

Time (s)

Fig. 6. Output torque under DC and AC activations. The active region is
shaded in gray [33].

build-up in the dielectric [31], [33]. The accumulated charges
create an electric field counteracting the electric field generated
by the charges on the disc. The dynamics of formation and
degradation of the space charges in the dielectric are much
slower than those of the electric charges on the conductive
part of the discs. Thus, it causes torque degradation with the
passage of time when the clutch is engaged. It also causes
undesirable residual torque after the onset of deactivation of
the clutch (see Fig. 6). Both of the above-mentioned issues
were addressed by using AC activation signals [33]. Thus, in
this paper, only AC activation is considered for modeling and
control. In this section, a nonlinear and a linear model are
proposed to map the control signal to torque.

A. Nonlinear Model

Prior to model identification, an experiment was carried out
to measure the torque variation with time as a function of the
control signal (PWM duty cycle). In the experiment, the clutch
was rotated with a constant velocity of 10 RPM for 10 seconds
while being idle (i.e., no activation). Then it was activated
with 600 V peak-to-peak bipolar PWM signal (see Fig. 2). To
achieve the desired voltage, the duty cycle was increased to the
target value with a step function. This procedure was repeated
for duty cycles ranging from 10 to 100 (condescending to the
activation voltage of 60 V to 600 V). Each experiment was
repeated three times, and the average values were used for
model identification. Fig. 7 shows the average of the measured
values along with their standard deviation. Since the output
torque did not vary significantly in smaller duty cycles, the
results for the lower duty cycles are eliminated for the sake
of brevity. A nonlinear model, given in (4), was fitted to the
recorded values using the SQP algorithm.

Tt ) = c(l—erﬂ’u>>+(1—C)<1—ef5¢>) Tyw) (4)

The model given in (4) and its parameters are the same as
those in (3). The only difference is the input u, which rep-
resents the control signal instead of the normal force. The
variations of t1, 12, and 7T with respect to the control signal are
modeled using polynomials of orders 2, 2, and 3, respectively,
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Fig. 7. Averaged experimental values (solid lines), standard deviation (high-
lighted areas), and the predicted torques using the proposed nonlinear model
(dashed lines) for different input signals vs. time. The legend shows the PWM
duty cycle value. The written value close to each graph shows the RMSE of
model estimation for each input signal. The amplitude of the input PWM
signal was 300 V.

TABLE III
IDENTIFIED PARAMETERS OF THE NONLINEAR CLUTCH MODEL

symbol value symbol value

a0 6.74 x 103 c0 —1.19 x 10~2

al 2.39 x 1072 cl 1.81 x 1073

a2 —2.13 x 10~ c2 —2.97 x 1072

b0 0.93 c3 1.85 x 1077

bl 0.41 C 0.85

b2 —2.64 x 1073

as given below:

11(u) = ayu® + ayu + ag ®)
T () = bou* + byu + by (6)
Ts(u) = C3u3 +czu2+c1u+co @)

The identified parameters of the proposed nonlinear model
in (4) are shown in Table III. The overall absolute estimation
error of the proposed nonlinear model is 0.065 + 0.059 N.m.
The estimated torque with respect to time using the nonlinear
model and the estimation error of the model for each input
signal are shown in Fig. 7. It can be seen that the nonlinear
model follows the experimental results accurately.

B. Linear Model Estimation

The model in (4) describes the torque variation with time
and control signal. However, the complexity of the model
increases the computational cost of the controller. Thus, a
simplified first-order linear model is proposed as shown below:

T = —aoT + bou + co (8)

where T is the torque, u is the control signal, ag, by, and c( are
the model parameters that are identified using the SQP algo-
rithm, which are equal to 1.36, 0.08, and —2.42, respectively.
The estimated torque and associated experimental values are
shown in Fig. 8. As can be seen, the linear model can only
estimate the output torque accurately when the control signal
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Fig. 8. Clutch torque for different control signals. The legend shows the

PWM duty cycle value. The clutch was activated at t = 0 s. Solid lines
illustrate the experimental torque. Dashed lines show the estimated torque
calculated using the linear model.
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Fig. 9. Friction shear stress vs. applied electric field for the EA actuators

in the literature and our EA clutch. The triangle markers show linear actua-
tors, and the square markers show rotational actuators. The hollow markers
demonstrate adjustable actuators.

is close to 40 or 90. This straightforward model is used for
the implementation of an RC in the rest of the paper.

Fig. 9 shows the friction shear stress vs. electric field for the
prominent EA actuator presented in the literature along with
our clutch. As can be seen, the shear stress per electric field
achieved in our design is close to the maximum value reported
in [22], [23], which is remarkably higher than the shear stress
reported in [20], [26], [27], [29]. It should be noted that, in
contrast with the locking actuators presented in the literature,
which work based on static friction, our clutch is adjustable
and works based on sliding friction, which is naturally lower
than static friction [36].

V. ROBUST CONTROLLER DESIGN

In this section, an RC based on the linear model identified
in (8) is implemented to control the output torque of the clutch.
Although the nonlinear model in (4) better addresses the vari-
ations in the torque in comparison to the linear model, the
implementation of a controller based on the nonlinear model
is computationally intensive and increases the complexity of
the control system. Thus, the linear model is used in the con-
troller design procedure. However, the linear model contains
uncertainties due to the linearization, unmodeled dynamics,
and intrinsic uncertainties resulting from friction. In order to
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compensate for the uncertainties of the system and guarantee
performance, the Lyapunov function redesign approach [37],
[38] was used in this paper. The performance of the proposed
controller is compared with that of a PI controller.

A. Robust Controller

In order to make the model compatible with the controller
design procedure [38], we consider our torque control problem
similar to a joint velocity control problem. By substituting
the torque variable 7" with its counterpart, the joint velocity
variable ¢, (8) can be written as,

B(@)q+n(q.q) =u )

1 1
where B = e and n = b—(aoq — ¢g). Since, there are

0 0
uncertainties in the model parameters B and, we rewrite (9) as,
B(9)q + (g, 4) = u (10)

where B ans n are the estimated values for B and 7. Following
the standard inverse dynamics control approach, one can obtain
the non-linear control law using (10) as follows:

u=By+1(qq) (11)

where

Y =4a+ Kpq + Kpg + (12)

in that g, is the feedforward desired signal, ¢ = g4 — g is
the error, and Kp and Kp are the proportional-derivative (PD)
controller design parameters. It should be noted that according
to the ¢ = T analogy, the PD controller implemented on the
variable g is equivalent to a PI controller on the actual clutch
output 7. In (12), the PD term Kpg+ Kpg ensures stabilization
of the error dynamics and the term @ provides the robustness
of the controller against a predefined range of uncertainties in
model estimation (see [38] for detail).

In an ideal

z=D"0¢, D =10,1]", Q is a (2n x 2n) positive definite
matrix, and & = [7, g]”) would compensate for the uncer-
tainties. However, in order to avoid the generation of the
high-frequency components due to chattering in the control
signal, when z converges to zero, and also because of the actu-
ator limitations, the effort of the robust control term is limited
to —z when z is less than the threshold €. The signal trans-

iz (where

llzIl

scenario, the control law w =

€ . . . ..
formation from the above-mentioned control law to its limited
value is implemented using a tangent hyperbolic soft switch.
Thus, the formulation of the RC law is as follows:

w=5L7101-95"; (13)
[I]] €
where
tanh — 1
g fanh(y@ =)+ (14)

2
and y adjusts the speed of the transition between the fist term
and the second term on the right side of (13) - the higher the
value of y the faster the transition.
Using the control law (13), the convergence of the error
can be guaranteed through Lyapunov stability theory if the
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Robust term

+
+ e

da x A >
—> > K Y= u
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- +§»
+ k-

Fig. 10. Block diagram of the robust controller [38].

i(q,q)

TABLE IV
IDENTIFIED PARAMETERS OF THE ROBUST CONTROLLER

symbol  value symbol value
Bm 12.4 € 0.5
By 42.6 vy 50
Qm 5 Kp 3
[} 0.05 Kp 4.5

condition p > ||77H is satisfied. This can be rewritten as the
inequality below [38]:

p = (cOu +alKl§] +Bus) (15
—
where
da < Qm (16a)
In—n]|<¢ (16b)
By — By,
o=—-—" (16¢)

and B,, and By are the lower and upper bounds of the variation
of f?, respectively, and K = [Kp, Kp]. Fig. 10 shows the block
diagram of the control system.

In order to find B, and By, (8) was fitted to the exper-
imental data for each input signal individually; B, and By
were estimated to be 12.4 and 42.6, respectively, according
to the range of the variations in bg; Qp was selected to
be 5 based on the range of the accelerations of the expected
input trajectory; and ¢ was selected through observation of the
performance of the controller. A larger value of ¢ results in a
larger control signal [39]. However, due to the limitations of
the applicable range of the actuators, increasing ¢ may lead to
chattering. Thus, ¢ was selected to be 0.05 to avoid chattering.
All controller parameters are shown in Table IV.

B. PI Controller

A PI controller is also implemented to compare with the
performance of the RC. Due to the friction-based physics of
the EA clutch (a) there is enough damping in the system,
(b) there is high-frequency components (due to the sliding of
two surfaces of the clutch) which can be amplified by a deriva-
tive term. Hence, we use a PI controller to compare it with the
robust controller rather than a PID or a PD controller. On the
other hand, as mentioned in Section V-A, the integrated PD
controller implemented on the variable ¢ in the RC is actu-
ally a PI controller on the actual clutch torque 7. Therefore,
comparing the RC with a PI controller demonstrates the effect
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Fig. 11. Step response of the clutch using the RC and PI controller.

of the robust term of the RC. The PI controller parameters
are tuned based on the estimated linear model in (8) to reach
1% overshoot and a settling time of to 0.27 s. The calculated
control parameters Kp and K; are determined to be 21 and
360, respectively.

VI. CONTROLLER RESULTS AND DISCUSSION

In this section, the performance of the RC is examined and
compared with then of the PI controller for different torque
trajectories.

In the first experiment, an increasing and decreasing step
trajectory ranging from 0 to 4 N.m is used as the reference
signal to evaluate the system’s performance. Results are shown
in Fig. 11. As can be seen in the figure, using the RC resulted
in a shorter rise time with negligible overshoot compared to
the PI controller. More significantly, the variation in the torque
after reaching the reference value in each step, which might
be because of the uncertainties due to friction (see torque vari-
ation in Fig. 3), is eliminated using the RC. The slow settling
time in the last decreasing step is due to the intrinsic slug-
gish dynamics of the friction under lower normal forces (see
Fig. 4(b) and Fig. 4(d)). This cannot be compensated since the
actuator is limited to its lower bound.

In order to investigate the controller performance further, a
multi-sinusoidal reference trajectory consisting of sinusoidal
components with frequencies ranging from 0.2 to 4 Hz is fed
to the system. Fig. 12(a) shows the output torques. As can be
seen in the figure, the RC tracks the reference signal accu-
rately; however, a phase lag and higher tracking error can be
seen for the PI controller. The PI controller phase lag can be
because of the relatively larger settling time. However, design-
ing the controller to reach a faster settling time while keeping
the control signal within the limited range of the actuator
would result in even larger overshoots. The observed over-
shoot from the experimental data is higher than what the PI is
tuned for (1%). This behavior can be explained according to
the unmodeled nonlinear dynamics of the clutch. The tracking
error is more clearly shown in Fig. 12(b). The amplitude of the
tracking error for the RC is limited to 0.2 Nm, which is 83%
less than for the PI controller, which is 1.2 Nm. Fig. 12(c)
shows the control signal for both controllers.

Sinusoidal reference signals with frequencies ranging from
0.2 to 3 Hz were used to evaluate the frequency response of the
clutch with the RC. The same experiment was also repeated
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Fig. 12. Demonstration of the performance of the RC and PI controller for a
multi-sinusoidal trajectory comprised of harmonics ranging from 0.2 to 4 Hz.
(a) Torque. (b) Torque tracking error. (c) Control signal.

in open-loop and using the PI controller to compare with the
RC. Fig. 13(a) shows the amplitude of the output torque in
decibels. It can be seen that the implementation of the RC and
PI controller improved the frequency response of the system.
However, overshoots can be seen in the figure for frequencies
close to 0.6 Hz for the PI controller. Negligible degradation
in the amplitude was observed up to 1 Hz. This shows the
potential of the EA clutch in HRI applications, which naturally
have low bandwidth [40], [41]. Fig. 13(b) shows the absolute
tracking error. As can be seen, the RC tracking error is much
less than that of the PI controller.

Despite the mentioned benefits of the proposed system, there
are some limitations which would motivate future research
and development. The main limitations are as follows: (a) The
acoustic noise of the system is rooted in the PWM drive. It is,
therefore, necessary to investigate noise suppression/isolation
methods in future research; (b) the optimization of the power
consumption of the clutch was not investigated in this research;
and (c) this study does not include the fatigue of such actuators
and the changes in the dynamics over long-term use. Due to the
physics of the system, it can be assumed that fatigue analysis
would be an important line of future research.

VII. REHABILITATION EXPERIMENT AND DISCUSSION

In this section, the performance of the EA clutch for
two different training modalities, i.e., active-resistive and
coordination-assisted (trajectory guidance) rehabilitation [42],
is validated.

A stationary elbow exoskeleton was made using the EA
clutch, as shown in Fig. 14. The stator of the clutch was con-
nected to the forearm link through an ATI gamma force/torque
sensor. The arm and forearm of a healthy user were attached
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Fig. 14. Elbow rehabilitation exoskeleton validation setup.
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Fig. 15. Control system diagram. The blue path shows the impedance con-
troller for active-resistive rehabilitation. The green path shows the PI controller
of the coordination-assisted rehabilitation.

to the arm link and the forearm link, respectively, using Velcro
straps. A DC motor was used to rotate the rotor of the clutch.
Depending on the direction of the rotation of the rotor, the
rehabilitation device can apply flexion and extension torques
to the user’s forearm. The rotation of the rotor in the direc-
tion of flexion of the forearm is assumed to be positive. An
impedance controller and a PI controller were used in an outer
loop control for resistive and coordination-assisted rehabilita-
tion scenarios, respectively. A tangent hyperbolic function was
used to switch between the control strategies without impos-
ing high-frequency torques on the user’s limb. Fig. 15 shows
the diagram of the control system.
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Trajectory tracking error amplification is a paradigm of
robotic rehabilitation for cases that can deliver muscle activ-
ity [34]. The user’s neuro-musculoskeletal effort to minimize
the trajectory tracking error reinforces the biceps and triceps
muscles. In an active-resistive rehabilitation scenario, the robot
applies a reactive torque field against the user’s motion to
increase the trajectory tracking error of the user [5], [43]. The
user was asked to track a sinusoidal reference trajectory in
this experiment while the robot actively applied a prescribed
resistive virtual impedance. Soft (stiffness = 1 N.m/rad) and
hard (stiffness = 3 N.m/rad) environments were implemented
using the impedance control law given by

—K@—10)  0>10°
0 0 < 10°

(17a)

Ties = { (17b)

Although only a virtual spring was implemented in this exper-
iment, damping and inertia can also be added to the control
loop.

In a coordination-assisted rehabilitation scenario, the user’s
motion was assisted and coordinated with the robot to track a
prescribed trajectory, and the user was asked to remain passive
during the experiment. This type of exercise is designed for
patients unable to activate their upper-arm muscles [35], [42],
[43], [44]. The rotor of the clutch was rotated with positive
constant velocity, and thus the robot applied a positive torque
to move the user’s forearm. A PI controller given by the equa-
tion below was used to coordinate the user’s forearm on the
prescribed trajectory (see Fig. 15)

Taes = [ KilOues = 00t + KrCues —6)  (18)
where K; and Kp were selected to be 10, and 3, respectively.
Although impedance control and PI controllers both control
positions in an outer loop and may be similar, these strate-
gies differ fundamentally in two ways. First, the PI controller
gets a desired trajectory to follow, but not the impedance con-
troller. Second, the impedance controller can apply inertia (if
we use all components of the virtual environment), which is
not applicable using the PI (or a PID) controller. However,
the integral term of the PI controller, which is necessary for a
coordination-assisted scenario to compensate for gravity, does
not have any meaning as “physical” impedance. Thus, the PI
controller cannot represent impedance control.

Fig. 16 shows the results for the experiments. The area high-
lighted in blue shows the resistive rehabilitation with the soft
environment. The region highlighted in red shows the resistive
rehabilitation with the hard virtual environment, and the region
highlighted in green shows the coordination-assisted rehabili-
tation. Fig. 16(a) shows the target trajectory and the measured
forearm angle. Fig. 16(c) shows the desired torque, which is
calculated by the outer loop controller (impedance controller
in the active-resistive rehabilitation and the PI controller in the
coordination-assisted rehabilitation scenario) and the rendered
torque, which is controlled by the low-level RC. The negative
torque refers to the effort of the robot in the extension of the
forearm, and positive torque refers to the effort of the robot
in the flexion of the forearm. As can be seen in the figure, the
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Fig. 16. Results of the rehabilitation training experiments. (a) Target and
hand positions. (b) Position tracking error. (c) Desired and rendered interaction
torque. (d) Torque tracking error.

rendered interaction torque perfectly follows the desired tra-
jectory both in the active-resistive and coordination-assisted
modalities.

Fig. 16(b) shows the position tracking error. As can be seen,
the position tracking error increases with the increase of the
environment stiffness in resistive rehabilitation. However, no
remarkable difference can be seen in the torque tracking error
between hard and soft environments, as shown in Fig. 16(d).
This is the desired outcome, which is due to the high resis-
tive force applied by the robot to the user’s forearm. On the
other hand, it can be seen that the position tracking error in
coordination-assisted training is less than in resistive therapy
since the robot assists in moving the user’s forearm on the
trajectory. These results can be seen more clearly in Fig. 17,
which shows the box plot of the absolute position tracking
error. The student’s T-test was performed after the valida-
tion of the normality of the absolute tracking error of each
experiment (p-value < 0.001 for all experiments). A signifi-
cant absolute tracking error difference was observed between
the results for experiments with different environment stift-
ness (p-value = 0.001) and between the results for resistive
and coordination-assisted rehabilitation (p-value < 0.005 for
both cases) experiments. These results demonstrate the desired
performance of the proposed wearable rehabilitation device
in increasing the position tracking error in target tracking
resistive rehabilitation scenarios and manipulating the user’s
forearm in a coordination-assisted scenario.

The EA clutch has shown great potential for elbow assis-
tive/resistive rehabilitation exoskeletons due to its inherent
safety and ease of torque control. Due to the low power, high
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Fig. 17. Absolute position tracking error.

force density, and lightweight of the EA clutch, it is suitable
for applications in wearable and mobile assistive devices such
as exoskeletons and robotic walkers as an independent passive
actuator [20] or along with a motor.

The weight of the test clutch used in this paper was around
450 g which includes a set of triple clutch discs that weighed
around 30 g. This means, the torque capacity of the clutch
can be easily increased by increasing the number of clutch
discs without a substantial increase in the weight of the clutch,
e.g., the torque can be increased to 20 N.m by adding 4 more
sets of discs which would weigh around 120 g. Despite the
low weight of the test clutch used due to the lightweight
clutch discs, optimization of the weight of the clutch was not
investigated and is a topic for future research.

VIII. CONCLUSION

An efficient high-fidelity robust control approach was
presented to control an electroadhesive clutch. In the first
step, the friction between the clutch plates was studied, and
a nonlinear friction function was proposed to model the
time-dependent behavior of friction. It was observed that the
friction dynamics are nonlinearly dependent on the normal
force. In order to control the clutch, a novel activation signal
using a special bipolar PWM scheme was used to address
the electroadhesion degradation issue, as well as to allow
the duty cycle of the PWM signal to be adjusted to tune
electroadhesion. Then, an accurate nonlinear model, and a
simplified linear model were identified for estimating the
torque from the control signal. A robust controller based on
the simplified linear model was implemented, and the results
were compared to a PI controller. The results showed that
when using the robust control approach, the clutch follows
a multi-sinusoidal trajectory more closely. The performance
of the proposed control, along with an electroadhesive clutch
as a semi-passive actuator, was experimentally validated in
active-resistive and coordination-assisted rehabilitation scenar-
i0os. The results showed that this technology can be used
in safe physical human-robot interaction systems, such as
exoskeletons, rehabilitation, and assistive robots.
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