IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received December 6, 2020, accepted December 27, 2020, date of publication January 27, 2021, date of current version February 16, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3055034

Realization of a Simultaneous Position-Stiffness
Controllable Antagonistic Joint Driven by
Twisted-Coiled Polymer Actuators Using Model
Predictive Control

TUAN LUONG', (Graduate Student Member, IEEE), SUNGWON SEO’,

KIHYEON KIM', (Student Member, IEEE), JEONGMIN JEON', FRANCISCO YUMBLA'2,
JA CHOON KOO"'1, (Member, IEEE), HYOUK RYEOL CHOI"!, (Fellow, IEEE),

AND HYUNGPIL MOON"", (Member, IEEE)

! Department of Mechanical Engineering, Sungkyunkwan University, Suwon 16419, South Korea
2Faculty of Mechanical and Production Sciences Engineering, ESPOL Polytechnic University, Guayaquil 9015863, Ecuador

Corresponding author: Hyungpil Moon (hyungpil @skku.edu)

This work was supported by the National Research Foundation of Korea (NRF) Grant funded by the Korean Government (MSIT) under
Grant 2020R1A4A1018227.

ABSTRACT Stiffness adjustability is one of the key characteristics that help humans achieve safe and
reliable motions. This paper aims to realize the simultaneous position-stiffness control of an antagonistic
joint driven by a type of super-coiled polymer (SCP) artificial muscles, made from a combination of
Spandex and nylon fibers. A nonlinear model that can exhibit the variable stiffness characteristics of the
actuator is first proposed. The model, whose parameters are identified and verified experimentally, is suitable
for estimating the actuator’s stiffness as a function of the length and temperature. Based on a linearized
model of the antagonistic joint system, a model predictive control (MPC) is applied to control joint angle
and stiffness simultaneously. By controlling both actuators’ temperatures, simultaneous position-stiffness
control is realized. Our contribution also includes enhancement of MPC control by incorporating time delay
estimation to estimate model variations and external disturbances. The control performance is verified with
both step command and sinusoidal reference with composite frequencies of 0.02Hz to 0.1Hz. Experimental
results show that the system can achieve high accuracy of joint position control performance with the
maximum position error of 0.42 degrees while varying joint stiffness 46.5%.

INDEX TERMS Model predictive control, spandex, super-coiled polymer actuators, soft actuators, variable

stiffness.

I. INTRODUCTION

Over the past few decades, research efforts have been made
to create artificial muscles that possess desirable properties
of natural muscles such as lightweight with controllable stiff-
ness, high power to weight ratio, and high dynamic range.
As a result, many new soft actuators have been studied,
such as pneumatic actuators [1], shape memory alloy actu-
ators [2], shape memory polymer actuators [3], super-coiled
polymer (SCP) actuators [4]-[8]. Amongst them, the SCP
actuator has drawn attention from many researchers recently.
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It was found by Haines et al. [4] that by continually twist-
ing fishing line threads to an extreme until they form coils,
high-performance actuators can be obtained with large stroke,
high work density, and high load carrying capabilities. With
those interesting properties, low cost, and simple fabrication
method, the actuator is a potential substitute for traditional
actuation methods, such as electric motors and hydraulic
actuators, in various applications, such as rehabilitation and
prosthesis fields.

In fact, SCP actuators have been utilized in some bionic
designs such as robotic fingers [9], robotic hands [10]-[12],
wearable actuators and sensors [13], [14]. Its performance
has been improved through extensive research in materials,
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fabrication methods, modeling and control. Multiple SCP
actuator variations have been created [15]-[18]. Novel fab-
rication methods and optimal fabrication parameters have
been found [18], [19]. The behavior of the actuator can be
predicted using both phenomenal models and physics-based
models that have been proposed [5], [20]-[23]. Consider-
ing its high non-linearity, various position controllers [21],
[24]-[26] and force controllers [27] have been developed
for this type of actuator. Thanks to those achievements, soft
SCP actuators have become a reliable actuation method for
many bionic applications such as rehabilitation and prosthesis
devices [9]-[11], [13]. However, as most of the works simply
use SCP actuators as a source of force, research on utilizing
variable stiffness properties of SCP actuators for realization
of mechanisms with a compliant behavior, which is the key
property for their interaction with their environment, is still
an open problem.

It is well-known that active compliance is critical to
stabilize our arm motion and to achieve safe working per-
formance when subjected to disturbances [28]. When inter-
acted with external forces, active stiffness control provides
joint protection by making the joint less stiff and more
compliant, allowing the forces to move the joint passively.
Moreover, voluntary movement enabled by active stiffness
control helps humans performing dexterous actions and com-
plicated tasks [29], [30]. For examples, when lifting two
same kind of objects with different weights, it is required
to produce two different levels of joint stiffness with the
same joint position. Humans achieve compliant joint actua-
tion by co-contracting antagonistic muscles [29]. The ability
to co-contract these antagonistic compliant muscles allows
independent control over both joint stiffness and joint posi-
tion. Similarly, by arranging a pair of SCP actuators in
an antagonistic configuration, the same compliant joint as
humans’ one can be realized. In our previous work [31],
a torque-based impedance control for antagonistically driven
SCP actuators has been proposed enabling joint angle control
with variable impedance. This paper presents an enhanced
control method, in which joint stiffness is controlled by
adjusting both actuators’ temperatures. Through an explicit
relationship among the joint stiffness, the joint angle and the
actuators’ temperatures, it is found that variable joint stiffness
values can be obtained at the same joint angle by regulating
both actuators’ temperatures. Therefore, simultaneous stiff-
ness and position control of the antagonistic joint driven by
SCP actuators can be realized.

SCP actuators made from a combination of Spandex and
nylon fibers are used in this work. First, the Spandex-
nylon SCP actuator is characterized to obtain the rela-
tionship between temperature, force, length. Based on the
characterization results, a non-linear model of the SCP
actuator is developed. The model is capable of captur-
ing the variable stiffness characteristics of the actuator. Its
parameters are determined and verified through isometric
tests, isothermo tests, dynamics tests and joint stiffness
tests.
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The simultaneous position-stiffness control is then realized
by using linear model predictive control (MPC). The cost
function includes joint angle errors and both actuator’s tem-
perature errors in order to control joint position and stiffness
at the same time. Given the actuator’ constraints, MPC is uti-
lized to produce the best control actions at its limits across a
discrete finite time horizon. Considering the actuator’s highly
non-linearity, the time delay estimation (TDE) is designed
to compensate for the un-modeled dynamics and external
disturbances, which helps increasing the robustness of the
controller.

In short, our main contributions include:

o Development of a nonlinear dynamic model that can
capture the Spandex-nylon SCP actuator’s variable stiff-
ness. Compared with the earlier version of the work [32],
this is newly added and plays a critical role in simulta-
neous stiffness and position control.

o Realization of human like simultaneous position-
stiffness control of the antagonistic joint by using
MPC. Through integrating temperatures into the MPC’s
objective function, variable stiffness of the antagonistic
joint is obtained by adjusting both actuators’ tempera-
tures. In this part, instead of using a fixed forced air
environment as in [32], actively controlled cooling is
used, meaning cooling fans are switched on/off during
controlling.

« Enhancement of linear MPC using TDE. Through esti-
mation error analysis, it is proven that TDE can help
compensate the un-modeled dynamics and external dis-
turbances efficiently.

The remaining of this paper is organized as follows. In
Section II actuation properties are studied and a nonlin-
ear model for the Spandex-nylon SCP actuator is presented
in Section III. Our control design method is discussed
in Section IV and experimental results are presented in
Section V. We conclude the paper in Section VI.

Il. ACTUATOR PROPERTY CHARACTERIZATION

The actuator utilized in this work is a novel type of SCP
actuator made from a combination of Spandex and nylon
fibers [18]. In this section, we briefly introduce the actuator,
its basic working principle and experimental setups for the
actuator’s property characterization.

A. SPANDEX-NYLON TWISTED-COILED ACTUATORS AND
ITS WORKING PRINCIPLE

The materials of the actuator are Spandex yarn (Creora®),
Hyosung Inc.) and nylon conductive sewing thread (Shield-
exTM No. 200121235343B). The fabrication process of the
actuator [18] is mostly similar to the one presented in [4]
except a pre-stretching process due to the difference between
the stiffness of the two fibers. Compared with the SCP actu-
ator made from only conductive nylon fibers, the hybrid type
possesses higher tensile stroke (40%) and a smaller tempera-
ture range (20°C — 110°C). To increase the actuation force,
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FIGURE 1. Working principle of the actuator.

a bundle configuration consisting of 4 single Spandex-nylon
SCP fibers is used. In which two fibers were fabricated with
the counter-clockwise rotation of the motor, and the other two
were fabricated with clockwise rotation. The bundle’s length
is equal to the length of each actuator (105 mm at the ambient
temperature).

The working principle of the actuator is summarized
in Fig. 1. The actuator’s length is changed by heating and
cooling, making it a linear actuator. Under the thermal expan-
sion, a contraction in the primary actuator’s coil axis is
induced as a change in twist is introduced along the thread.
By applying electric current through the silver pasted surface
of nylon fibers in the spandex-nylon actuator, Joule heating,
a convenient heating method, can be utilized to generate heat
to the actuator. When cooling, the actuator elongates again to
its original length. The actuator can be cooled by using natural
convection or faster forced convection such as forced air.
In this work, forced convection using electric fans was used.
The contraction and elongation processes can be repeated
multiple times.

B. TEST BED SETUP FOR CHARACTERIZATION OF
SPANDEX AND NYLON SCP BUNDLES

To characterize the SCP actuator, testbeds were developed,
as shown in Fig. 2a and Fig 2b. Isothermal and isometric tests
are carried out using the experimental setup in Fig. 2a, where
the actuator is connected between the testbed and a load cell
(CB1A, 2kgf, DACEL CO.). The length of the actuator is
accurately controlled by a stepper motor (ZCVL6200-2-N-
FN) and a motor controller (DS102, SURUGA SEIKI CO.)
with the resolution of 2um. Actuators are applied power
through electrical leads, which are connected to a power
supply. The actuator’s temperature was measured with an
IR thermal sensor (CIMCU-MLX90614). The temperature
and the force values are recorded using NI cDAQ 9174 and
Labview.

For the dynamic test, the experimental setup shown
in Fig 2b was used, in which the actuator is connected
between aload and a load cell (CM, 50kgf, DACEL CO.). The
load is attached to a magnetic sensor (MLI-T80, OPKON),
which can be used to measure the load’s position. The tem-
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FIGURE 2. Experimental setup for property characterization of the SCP
bundle.

perature was measured with the same IR thermal sensor as
discussed prior.

C. ACTUATOR PROPERTIES

The same isothermal and isometric testing processes have
been conducted to measure the properties of the fab-
ricated SCP actuators. In the isothermal test, strains
between 0% and 30% are exerted to the actuator with
the controlled stage at different deformation rates of
0.2mm/s, 0.4mm/s, 0.6mm/s, 0.8mm/s. The temperature of
the actuator has a variation of £2°C during the isothermal
test; however, it is considered isothermal. Fig. 3 shows the
results of the force-strain curves obtained at each temperature
with different elongation rates. It is seen from the results
that the force-length relationships at the same temperature
and different elongation rates are very similar. Therefore,
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FIGURE 3. A force-strain profile of Spandex-nylon SCP actuators at
various temperature conducted at various elongation rate.

it is reasonable to assume that the force-length relationship is
independent of the elongation rate. Based on the isothermal
test, 4" order polynomial fitting was used to find the rela-
tionship between strain and force at different temperatures.
By taking the derivative of the fitting line, the stiffness of the
actuator can be obtained at different temperatures, as shown
in Fig. 4. Remarkably, all stiffness curves show an increasing
stiffness from 0% to 17% elongation length while almost
the same after 17%. Especially, the stiffness at the same
elongation point is increased with increasing temperature. At
the 0% elongation point, a maximum of 54.6% increase in
stiffness can be produced. This phenomenon is also observed
in [4], [33]. This stiffened behavior can be explained by con-
tacts between adjacent coils. The large temperature-induced
changes in stiffness are very useful to biomimetic applica-
tions where variable stiffness is needed.

Stiffness property of the actuator
1

21
: 35 deg.

: 52 deg.

1.51 ) . | 62 deg.
Variable stiffness | 68 deg

! ;

/‘ 76 deg.
< 86 deg.

Stiffness [N/mm]

0 5 10 15 20 25 30
Elongation [%)]

FIGURE 4. Stiffness characterization results.

The isometric test results in Fig. 5 show the linear rela-
tionship between the actuator’s temperature and force at fixed
elongation points.
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FIGURE 5. Isometric test results.

IIl. ACTUATOR MODELING

This section presents the actuator’s model, which includes
a thermo-electrical model showing the relationship between
the actuation bundle’s temperature and applied power, and a
thermo-mechanical model showing the relationship between
temperature-force-strain of the bundle.

A. THERMO-ELECTRICAL MODEL

Similar to a single SCP actuator, the thermo-electrical model
of a SCP bundle can be described by the following Joule
heating model:

dT (1)
dt

Cin = P(t) - )\(T - Tamb) (1)
where Cy, is the thermal mass of the actuator, P(t) = VTE is the
Joule heating that is applied to the bundle, and A is the heat
transfer coefficient of the bundle in its ambient environment.
The same method here is also used to find Cy, and A through
experimental data. To increase the cooling speed, electric fans
are used. The parameters obtained from the experimental data
are shown in Table 1.

TABLE 1. Spandex-nylon SCP system parameters.

Parameter Value
Actuator’s mass m 14 (g9)
Resistance R 7.5(Q)
Thermal mass (fan cooling) Cyp,1, Cipo 5.85(J/°C)
Heat transfer coefficient (fan cooling) A1, A2 0.71 (W/°C)
pulley radius r 0.015 (mm)
AR 0.0233 (°C)
kSY k(D —80.528 (N/(m°C)
kD k(D 0.2452 (N/m)
kD, kS 0.1424 (N/mm)
KD k2 0.0043 (N/°C)
k§D, kP 0.1843 (N)

VOLUME 9, 2021



T. Luong et al.: Realization of a Simultaneous Position-Stiffness Controllable Antagonistic Joint Driven

IEEE Access

B. STIFFNESS MODEL

Based on the stiffness characterization shown in Fig. 4, a stiff-
ness model is proposed as follows
T — k2
l1+e
where T is the actuator’s temperature and k; are constants.
The explicit model shows stiffness’s dependence on the actu-
ator’s elongation and temperature. The model’s parameters
are identified based on the experimental results. Fig. 6 shows
a good fit of the model to the variable stiffness behavior of
the actuator with high correlation coefficients.
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FIGURE 6. Stiffness model parameter identification results.

C. THERMO-MECHANICAL MODEL
From the isometric test results, it is seen that the elongation
independent temperature effect on the actuator’s force can be
expressed by the following equation

Ftemp =a(T — Tymp) + B 3

where « and 8 are constants.

The thermo-mechanical model then can be obtained by
integrating the stiffness model with respect to elongation
and combining with the elongation independent temperature
effect term in Eq. (3), yielding the following equation

F = k(T — k2)(x — In(1 + %) + in2)

+kax + ks(T — Toymp) + ke “4)

where T is the actuator’s temperature and X is its elongated
length. k; for i = 1-6 are constants and k; for i = 1-4 can be
obtained directly from the integration of the stiffness model
with respect to elongation. k5 and k¢ are identified based on
the isometric test shown in Fig. 5. The parameters for the
thermo-mechanical model are listed in Table 1.
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D. MODEL VERIFICATION

To verify the model, different voltages with both sinusoidal
and step forms are applied to the actuator in the experimental
setup in Fig. 2b. A load of 0.8kg was used. Modeling results
can be seen in Fig. 7 verifying the effectiveness of the pro-
posed model to predict the actuator’s dynamic behavior.

Sinusoidal pwm (0.01hz)

0 100 200 300 400 500 600 700
Time [s]
Actuation force

| /«/\/N\fWW\/W\/V\/‘

Measure e Model

Force [N]

00 300 400 500 600 700
Time [s]

(a) Sinusoidal waveform PWM input with frequency of
0.03Hz
Random step PWM signal

0 500 1000 1500 2000 2500
Time [s]

85 Actuation force

= f'/‘" A P
g g N M
S
Measure ====== Model
7.5+ T T T T T
0 500 1000 1500 2000 2500
Time [s]

(b) Random step PWM input

FIGURE 7. Modeling verification of the Spandex-nylon actuator.

Moreover, the stiffness model was also verified by test-
ing the stiffness of the antagonistic joint at the joint angle
of 10 degrees when varying each actuator’s temperatures.
During the test, each actuator’s temperature is controlled and
gradually increased within its limits so that the joint angle
is regulated at 10 degrees. At each set of the two actuators’
temperatures, the joint stiffness is evaluated by manually
rotating the joint about its axis a constant angle.

The change in joint torque is obtained by two load cells
connected with the two actuators. The joint stiffness model
can be derived based on each actuator’s stiffness model as
follows

Kjoine = r*(K1 + K2) ©)

where K;,i = 1, 2 are stiffness of actuator 1 and 2, respec-
tively. They are estimated based on the stiffness model in
Eq. 2. The results shown in Fig. 8 again confirm the capability
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FIGURE 8. Joint stiffness verification at 10 degree.

of the model to capture the variable stiffness behavior of the
actuator.

E. ANTAGONISTIC JOINT MODEL

The equation of motion of antagonistic joint is given as
follows.

J6 = (Fy — F))r ©6)

where J is the inertia moment of the antagonistic joint, 6 is
the joint angle, Fj; is the force applied by actuator i (i = 1, 2)
and r is the pulley radius.

From the thermo-electrical model (1), thermo-mechanical
model (4) of the bundle and the antagonistic joint model (6),
one can have the state equation of the system in the form of
Eq. 8

X =f(x u) (N

where x = [0, é, T — Toymp, Tr — Tamb]T, u = lu, uz]T, T;
is the temperature of the actuator i (i = 1, 2), Tyup = 25°C
is the ambient temperature.

From Eq. 7, a linearized model can be obtained by lineariz-
ing Eq. 7 around (u = 0,x = 0)

XxX=Ax+Bu-+d, ®)

where d . is the disturbance vector, A, B, are Jacobian matri-
ces and can be obtained as follows

of
c E u=0,x=0) ©)
of
B, = — 10
7 du u=0,x=0) (10)

The detailed derivation of the entries of matrices A., B, can
be found in Appendix A.

IV. MODEL PREDICTIVE CONTROL

MPC is an advanced control technique that uses online opti-
mization performed over a prediction horizon to calculate
the best control actions. One of the advantages of MPC is
the integration of the system model and constraints into a
single controller. Although the optimization is run over the
prediction horizon, only the first control action is taken. The
optimization is then re-calculated after receiving feedback
from the current system in the next time step.
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The continuous-time system described in Eq. 8 can be con-
verted to an equivalent discrete-time system using a standard
zero-order hold discretization procedure yielding

Xiy1 = Agxg + Bauy +dy (11)
where
Ad — eAL‘Ts
T
By = / ABdr
0

T
d, = / ATd (KT, + T, — 1)t (12)
0

Here, T is the sampling time.
The MPC problem can be formulated as
k+N,—1
: d 2
min 2}; £ — 0)
1=
] wi+ (T = T + ya(To = T5)* - (13)

subjected to:

Xit1 = Aix; + B +d; (14)

Ui min = Ui = Ui max
i=k,.,k+N,—1 (15)
where 6 is the joint angle, 7;,i = 1,2 are temperature

of actuator 1 and 2, respectively. Superscipt (.)¢ is used to
indicate the reference value of a variable. u; iy and u; juax
are minimum and maximum values of input vector u;,i =
k,..k+N,—1.

It is noted here that the joint stiffness is controlled through
adjusting both actuators’ temperatures. The target tempera-
tures of two actuators are calculated as follows:

if (07 > 0):
T8 = To + Tump, TS = K68 + To + Tump
else:
T = K10 | + To + Tamp, T = To + Tamp~ (16)

where Ty is an offset target temperature. The target tem-
perature relates the desired joint angle through a constant
K. N, is the prediction horizon, &, u,y1,y2 are scalar
weights which penalize input deviations, state deviation,
and actuator temperature 1 and 2, respectively. up, €
R?, uex € R2. The optimization problem returns u =
[, wpqrs - wen,—117
The disturbance vector dyyj,j = 0...N, — 1 is estimated
by
diyj=di_1,j=0...N, —1 (17)
where dj_1 = xx — Agxp—1 — Bguj_1. It can be shown in
Appendix B that the error between the actual and estimated
values of dy; is a + O(T), where « is a positive number.

Therefore, by reducing the sampling time, better disturbance
estimation performance can be achieved. As the performance
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of MPC relies on the system’s model, a more accurate model
and estimation will provide better prediction to MPC, there-
fore increasing the system’s performance.

It is observed that below the power limit level, some high
power levels still break the actuator due to overheating at
a steady state. Therefore, instead of using constant power
limits for the MPC, we calculate the instant power limits
of the actuator based on the actuator’s maximum working
temperature, its current temperature, and heat transfer model.

From the discrete model of heat transfer equation in
section III-A, the power constraint can be set as follows

Tmax

— Tk
T + )L(Tk - Tamb) (18)

s

Pk,max = Cth

In this work, cooling fans are used to increase the cool-
ing speed of the actuator. However, the forced air environ-
ment (meaning fans are on) is not fixed as in [32]. Instead,
the cooling fans are actively on/off controlled independently
for each actuator. The fans are switched on only when their
associated actuators’ temperatures are higher than their tem-
perature limits or desired values, and the fan state-changing
permission flag is on. The permission flag is enabled in
every predetermined time interval. The time interval should
be chosen sufficiently long to guarantee the linear MPC
controlled system’s stability when switched between different
linear systems [34]. Here, changes in the SCP actuator system
due to switching cooling fans are the changes in heat transfer
parameter values (A(), Ct(;l)) involved in the state equation.

CVXGEN [35] is a web-based tool for generating con-
vex optimization solvers that can run up to 300Hz. It is
widely used in both linear invariant and dynamic MPC con-
trol [36] of small scale problems. We utilized CVXGEN to
generate a solver for our optimization problem. The code
is then converted to .dll file to be used in Labview for
experiments.

V. CONTROL IMPLEMENTATION

To verify the control design, a series of experiments have
been carried out on the experimental setup in Fig. 9. In this
setup, two bundles of Spandex-nylon actuators are arranged
in an antagonistic configuration. Each actuation bundle with
an integrated thermal sensor is connected with the base at
one end through a load cell (CM, 50kgf, DACEL CO.) and
connected with a round pulley through an in-extensible wire
at the other end. A general power supply (30V, 5A) was used
to supply power to actuators. The current is kept within 3A as
a safety limit. The power applied to the actuator is distributed
from the power supply through a motor drive module (DC
Motor Driver 2 x 15A-Lite) controlled by PWM signals
sent from a NI cDAQ 9174 module. The joint encoder is
measured using (ATM203-1024). The sampling frequency
is 15Hz. The controller parameters were chosen as: £ =
1073, u = 4000, y = 10, K = 100. The prediction horizon
of the MPC control is chosen as N, = 5. The fan changing
permission time is set as N, times of the sampling time. In the
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FIGURE 9. One DoF antagonistic joint driven by SCP bundle actuators.

experiment, a weight of 10g was added to the end of the arm
as an external disturbance source. The maximum temperature
of each actuator is limited within 85°C.

A. EXPERIMENTAL RESULTS

In the first experiment, the ability of the controller to hold the
joint at a constant angle while changing the joint stiffness was
examined. A joint angle reference of 5 degrees was assigned
and both actuators’ temperature reference values are varied in
steps through the assignment of the target temperature offset
To varying from 2°C to 13°C. From Eq. 2, when the joint
angle is fixed, joint stiffness is proportional to the target tem-
perature offset. Experimental performances are shown from
Fig. 10. While the desired varying temperatures of two actu-
ators are followed (corresponding to a varying joint stiffness
of 30.1% (233.7Nmm/rad to 304.47Nmm/rad)), the angle
error remains less than 0.3 degrees at steady state. The result
indicates that the proposed controller can reliably adjust the
joint stiffness while maintaining a relatively constant joint
angle.

Whereas Fig. 11 and Fig. 12 depict results from a simul-
taneous position and variable stiffness tracking experiment.
In Fig. 11, the joint angle reference is stepped from O to
20 degrees while the target temperature offset reference Ty
is stepped between 0°C and 13°C. It can be seen that similar
to the first experiment, both desired step temperatures and
step joint angle can be followed. The joint angle error at the
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FIGURE 10. Experimental results for keeping a constant joint angle while
varying a multi-step temperature, which is related to stiffness.

steady-state remains less than 0.57 degrees while the corre-
sponding joint stiffness was varied 33.5% (233.7Nmm/rad to
312.2Nmm/rad).

Fig. 12 shows the results when both joint angle and
target temperature offset reference are both sinusoidal wave-
forms. The joint angle reference is assigned via a sinu-
soidal waveform with composite frequencies of 0.02Hz and
0.1Hz, and the temperature offset is commanded to fol-
low a sinusoidal reference with a frequency of 0.01Hz,
which results in a sinusoidal waveform with composite fre-
quencies of 0.01Hz, 0.02Hz, and 0.1Hz for the required
temperatures. Although the actuators’ temperatures are var-
ied largely (corresponding to a joint stiffness variation of
46.5% (233.TNmm/rad to 342.5Nmm/rad)), the steady-state
tracking error is maintained less than 0.46 degrees, which
shows the controller’s effectiveness. The results, shown
in Fig. 11 and Fig. 12, therefore, verify the controller’s
ability to achieve simultaneous position-stiffness tracking
control.

More details of the experimental results plotted in
Fig. 10-Fig. 12 are shown in Table 2. The results obtained in
this work are compared with those in our previous work [32].
It is obvious that the current work achieves better control
performance in terms of mean joint error, maximum joint
error, rising time, and overshoot. The mean joint error and
maximum joint error are reduced by 45.7% and 42.9%,
respectively. The overshoot and rising time are improved
120% and 42.5%, respectively.
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FIGURE 11. Experimental results for controlling a multi-step joint angle
and multi-step temperatures simultaneously.

TABLE 2. Control performance comparisons.

Previous work [32] Current work

Mean joint error (deg) 0.5140.06 0.3540.15
Max error (deg) 0.60 0.42
Rising time (s) 4.83+1.2 3.39+0.89

Overshoot (s) 0.53+0.4 0.2440.07

B. DISCUSSIONS

Experimental results verified the capability of our proposed
control frame to control simultaneously position-stiffness of
the antagonistic system driven by Spandex-nylon bundles. At
its heart, the model predictive control plays an important role
in providing model-based predictive behaviors, which gives
the best control actions over the prediction horizon and takes
into account the physical constraints of the actuators. The
time delay estimation also contributes to the controller’s per-
formance by helping compensate for the actuator’s nonlinear
properties and external disturbances.

It was shown in [37] that forced air cooling helps reduce
time constant and improve linearity of the actuator’s dynam-
ics. However, constant forced air cooling brings another cost.
With the same applied power, the reduced time constant is
also associated with a lower steady-state temperature due to
increased loss of energy. Therefore, for the same joint posi-
tion target, higher power is needed to provide enough heat to
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(0.01hz) simultaneously.

the actuator than when using a natural cooling environment.
This is not only energy efficient but also increases the risk of
breaking the actuator. When the actuator is heated, turning
off the forced air will make it faster to obtain the desired
temperature, thus achieving a faster response towards the
desired position and stiffness. Indeed, it is verified that active
cooling helped decrease the rising time compared with our
previous work [32], where a constant forced air environment
is used.

Since the cooling speed significantly affects the response
of SCP actuators, the system’s performance can also be
improved by using other enhanced cooling methods actively.
Some faster cooling candidates compared with fan cooling
are water, pressurized airs, and Peltier devices. However,
as these methods require bulky structures, more compact
design of SCP actuators driven mechanisms with embedded
active cooling structures are also needed. Those compact,
stiffness and position controllable modules will further help
improve the practical applicability of the SCP actuator. For
example, a modular approach similar to [38] can be used to
faster create a more complex robot structure from multiple
units of the SCP module.

VI. CONCLUSION

In this paper, a novel nonlinear thermo-mechanical model
for a type of SCP actuators made from Spandex and nylon
fibers was presented. Experiments confirm the capability of
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the model to capture the actuator’s variable stiffness and
dynamics behavior. This enabled us to obtain the antagonistic
joint position reference and simultaneously adjust the joint’s
stiffness through MPC control. The active stiffness controlla-
bility, which is a crucial characteristic of human muscles, thus
makes Spandex-nylon actuators a suitable artificial muscle to
be used efficiently in bio-mimetic applications that interact
with humans.

Based on this work, the next steps will be the extension
to multi-DOF Spandex-nylon bundle driven bionic hands and
bionic arms with controllable stiffness.
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All other elements are zero. Here, superscripts (.)(i), i=1,2
are used to indicate actuator 1 and 2, respectively. [jp, [; are
the initial elongation and current elongation of the actuator
i (i =1, 2), respectively.
Each actuator’s elongation and joint angle is related as
follows
Ih =lLio+7r6 27
l2 = lzo —r6 (28)

B. TIME DELAY ESTIMATION ERROR

The disturbance term d can be separated into model uncer-
tainties and external disturbances, which can be represented
as

d =hx)+d. (29)

where h(x) is the sum of model uncertainties and d,,; is
external disturbance.

Since it is well-known that many hysteresis operators are
Lipschitz continuous [39], considering the hysteresis proper-
ties of the SCP actuator as shown in [21], it can be assumed
that h(x) is Lipschitz continuous. From the Lipschitz contin-
uous condition, one obtains

eny =hy —hi
T
- / AT (h(KT, + T, — 7) — h(kT, — 1))d
0

= O(Ty) (30
Then
eni+j = hiyj — iy

= (Bt — hirj1) + (rgjo1 — hisj—2)

4.4 (b —hi—1) = O(Ty),j=0...N, — 1
(3D

The external disturbance term d ., can also be separated into
continuous and discontinuous terms.

dext = dcont + ddisc (32)

It is assumed here that egisc; = daisck+j — ddisck—1 1S
bounded by |egisc ;| < o, where « is a positive value.
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If d ons(t) and its time derivative is bounded, econr k =
deontk — deontk—1 = O(Tsz) [40]. Therefore, €cont,k+j =
dcont,k+j - dcont,k—l = O(Tf)

In summary, the time delay estimation error ey, j = dg4; —
di_1isa+ O(Ty)
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