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A B S T R A C T

Inspired by nature, many types of artificial muscles or actuators have been developed for mechatronic systems.
Twisted and coiled polymer (TCP) muscles are some examples that are made from nylon or polyethylene. The
muscles contract over 20% strokes under considerable load. There are limited studies available on the modeling
and control of these muscles for practical use. In this paper, we show discrete-time modeling and control of the
force of the muscles. Prediction error method (PEM) was used for parameter estimation of discrete-time state
space models to find the order of the model. Then, proportional–integral (PI) controller was demonstrated as a
classical controller to regulate the force of the muscles. To increase the speed of actuation, a
Takagi–Sugeno–Kang (TSK) controller was employed as a fuzzy controller. Our experimental results demonstrate
how the muscle can be controlled in practical settings and shows the superiority of TSK over the PI controller.
We anticipate that the model and controllers will add new knowledge for the use of the twisted and coiled
polymer muscle in mechatronic system.

1. Introduction

Actuators are essential elements in mechatronics systems and many
types of actuators that mimic natural muscles have been proposed.
Natural muscles are wonderful actuators, enabling humans to walk,
quadrupeds to run, birds to fly, and fish to swim. Natural muscles are
part of an integrated system that includes muscles, joints, sensors, ion
delivery system, and a complex control system using neurons [1].
Studies on the contraction of natural muscles show their effectiveness
[2]. Natural muscles have large strains; for example, a typical human
muscle can contract more the 40% of its initial length [3]. Also, muscles
demonstrate power density range from ∼5 to 150W/kg [4]. A natural
muscle's conversion efficiency from adenosine triphosphate to me-
chanical energy is about 40%, which is what a typical car engine
achieves [5].

Inspired by nature, many researchers have investigated several
types of artificial muscles (also known as actuators). Shape memory
alloys (SMA) [6–11], shape memory polymer (SMP) [12], dielectric
elastomer [13], and pneumatic muscle [14–17] are examples of popular
artificial muscles. In 2014, Haines et al. developed new artificial mus-
cles that use fishing line and silver coated nylon as precursor materials
[18]. To enable the polymer fibers to work as linear muscles, they twist
and coil the polymer fibers by using a dead mass (m). These muscles can
untwist when the stopper is removed (as shown in Fig 1). This problem

can be solved by thermal annealing to set the structure and by forming
torque-balanced structures. Fig. 1 shows a typical 1-ply TCP muscle
fabrication steps using multifilament silver-coated nylon following the
process of twisting, coiling, and annealing [19]. Different types of
twisted and coiled polymer (TCP) muscles exhibit distinctive char-
acteristics, they contract over 20% tensile stroke against a 35MPa ap-
plied stress, and more importantly, these muscles provide hysteresis-
free actuation compared to SMA actuators [18, 19]. Regarding cyclic
tests, a 2-ply silver coated nylon 6,6 multifilament showed consistent
strain for 5200 cycles when tested at 300 g load, 0.184W/cm power
input, and 0.03 Hz frequency [19]. TCP muscles have been used in
many mechatronics systems such as a humanoid robot [20], prosthetic
hands [21], a musculoskeletal system [22], energy harvester [23], re-
habilitation [24], and forceps [25].

Accurate modeling and robust control of TCP muscles are essential
for better understanding of these muscles and their practical use.
Sharafi and Li introduced a phenomenological model that uses a
Gaussian distribution function to formulate the actuation strain of the
muscles [26]. However, they did not model the transient state of the
TCP muscles. While hysteresis modeling of TCP muscles has been stu-
died in [27–29], the hysteresis of these muscles is not significant as in
isotonic testing (under constant load) [18, 19]. Therefore, a nonlinear
controller is not required. The relationship between electrical im-
pedance, deflection, force, and temperature of joule heated twisted and
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coiled muscle (TCPM) has been examined in [30]. The muscle was
made of fishing line wrapped with resistance wire and mandrel coiled
to create spring-like structure. In [31, 32], a second order ODE was used
to model displacement of the muscle. Edmonds and Trejos studied re-
lations between the stiffness and temperature of a 2-ply silver coated
twisted and coiled polymer (TCPAg) muscle [33]. The subscript Ag re-
fers to the silver coating on the polymer. A physics based thermo-me-
chanical model of 1-ply TCPAg muscle has been investigated in [34].
The relationship between displacement and electrical resistance of the
1-ply TCPAg muscle is shown in [35]. In another study of TCP muscle, a
finite element method is used for finding a mathematical model that
describes the actuation in response to the temperature [36]. Karami and
Tadesse proposed a multiphysics model for determining the displace-
ment of TCP muscles as a function of the load and temperature. It is an
algebraic model, except the temperature-electrical input relationship,
which is put forward as a differential equation [37]. Even though these
models provide insight into the muscle characteristics, they cannot be
used for force control because they do not model and verify the dy-
namic relationship between the input electrical voltage and/or current
and the output force.

In a related study, a feedforward (FF) controller based on the non-
linear model with the Hammerstein structure has been used for con-
trolling the displacement of TCP actuator [38]. Their method is es-
sentially an open-loop controller for the voltage and displacement.

However, such a controller cannot compensate any disturbance. In
another study, PID controller was used for displacement control of an
antagonistic-type of TCP actuator [39]. An anti-windup compensator
for TCP actuator can improve the behavior of the closed-loop system
when the input (amplifier) is saturated [40]. Yip and Niemeyer reported
that the relation between force and strain of a twisted and coiled
polymer muscle represents a classic hysteretic behavior. For control of
the muscle, they modeled the muscle as a linear system like a spring and
damper combined with the thermal constant. They used a first order
linear time invariant (LTI) system to model the thermo-electrical be-
havior of the muscle. A gray box system identification method was used
to find the parameters of the model. Then, they used a lead and feed-
forward-proportional controllers to regulate the force of muscle [41,
42]. Although their controller tracked the desired force, they did not
analyze the sensitivity of the controllers to disturbance and errors in
model parameters.

There are four important research gaps in modeling and control of
TCP actuators: (1) determining the force of an actuator in response to
voltage for different geometries, (2) modeling the system in observable
form and discrete-time, (3) designing digital controllers, and (4) in-
creasing the speed of actuation without decreasing the actuator life-
time. The objective of this study is to control the force of a TCP actuator
in a short period (i.e., small settling time), without applying high vol-
tage and without breaking the actuator. In addition, the controllers

Fig. 1. Schematic diagram of the fabrication process for a 1-ply TCP muscle. (a) precursor fiber, (b) twisted fiber, (c) coiled fiber (d) fully coiled, and (e) annealing (f)
the fabricated muscle (g) SEM image at high magnification. (h)–(i) cyclic actuation of 1-ply TCP muscle with pulse width 0.2 s ON and different periods.
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must run in a commonly available digital microprocessor/micro-
controller using analog to digital converter (ADC) and digital to analog
converter (DAC) for practical implementation. Moreover, the con-
trollers must be robust and work in the presence of sensor noise and
disturbance. Our methodology is to use black-box system identification
to find the order of the actuator, model the system as a discrete-time
state space system, estimate the state space parameters with the pre-
diction error method (PEM), use a digital PI controller to ensure a ro-
bust closed-loop system and short time to steady-state, and use
Takagi–Sugeno–Kang (TSK) to design a faster digital controller.

The main contribution of this paper is combining the proportiona-
l–integral (PI) controller with linguistic rules to obtain a fuzzy con-
troller to regulate the force of TCP muscles/actuators. We used the
fuzzy controller to speed up the system response without increasing
maximum applied voltage to the TCP actuator and without adding a
significant amount of overshoot. For designing the fuzzy controller, the
TSK view of a fuzzy inference system was used and verified theoreti-
cally as well as experimentally. A load cell was used to sense the force
of the actuator. The data from the load cell was read by an ADC, which
was connected to a computer via a Serial Peripheral Interface (SPI) bus.
In each time step, the error was calculated by subtracting the measured
force from the desired force. Then, Gaussian membership functions was
used for fuzzification of error (measured force – desired force).
Essentially, the fuzzy inference system consists of three rules. The first
rule enforces zero voltage when the measured force is much more than
desired force (large negative error). The second rule applies PI con-
troller when the error is small. The third rule gives the maximum vol-
tage to the actuator when the measured force is very small than the
desired force (large positive error) to increase the response speed of the
closed-loop system. In our case, weighted average defuzzification was
used to compute the applied voltage. A digital to analog converter was
used for generating the scaled-down magnitude of the computed vol-
tage. Then, the generated voltage was amplified with a single-supply
rail-to-rail precision Op-Amp and power Darlington Bipolar Junction
Transistor (BJT) to produce the applied voltage (to the actuator). The
fuzzy controller demonstrates superiority over the classical controller in
both simulation and experiments for controlling the force of TCP

actuators. The proposed controller regulates the force of the muscle in
the presence of sensor noise (vibration and reading noise) and dis-
turbance (e.g., air flow).

This paper is organized as follows. First, the modeling and system
identification of the TCP muscles are explained in Section 2. Then,
control force of the muscle in closed-loop by using classical controllers
and fuzzy controller, Takagi–Sugeno–Kang view of a fuzzy inference
system, are stated in Section 3. In Section 4, results of classical con-
trollers and the fuzzy controller are demonstrated. Section 5 illustrates
an application of these controllers. The last section is a conclusion for
modeling and controlling of the force of the TCP muscles.

2. TCP muscles/actuators preparation and testing

To model and control the new TCP actuators, first the muscles were
fabricated and experiments were performed to determine the system
parameters. In this paper, commercially available sewing thread
(Shieldex PN#260151023534oz) was used as a precursor material for
fabricating TCP muscles. The precursor material has 136 filaments,
nominal diameter of 0.2mm, electrical resistance of 0.50 Ω/cm, and
linear density of 1.3mg/cm. It consists of a multifilament silver-coated
nylon 6,6 sewing thread as shown earlier in the scanning electron mi-
croscope (SEM) image in Fig. 1. The silver-plated layer enables the
nylon 6,6 sewing thread to be actuated by electrical power. The elec-
trical power causes Joule heating of the muscle and hence enabling
contraction. The TCP muscles are produced by twisting, coiling, an-
nealing, and training. As Fig. 1 illustrates, 4 steps are required to create
a TCP muscle. The first step is twist insertion (Fig. 1a–b). In this step,
the muscle is attached to a motor while the other end is tethered to a
weight. At the bottom, a stopper is also necessary to prevent the pre-
cursor fiber from untwisting [18, 19]. In the next step, coiling is in-
duced by over insertion of twist into the fiber as shown in (Fig. 2c and
d) either self-coiling or coiling over a mandrel. To obtain a good and
consistent performance, appropriate annealing and training (Fig. 1e)
are required. The aim of the annealing is to lock the shape of the
muscle, otherwise the muscle will untwist. The stopper cannot be re-
moved until the annealing step is finished. In this study, the muscles are

Fig. 2. Experimental setup for modeling and control of 1-ply TCP (a) schematic and (b) photograph of the actual setup focusing on the TCP actuator and end
connection.
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annealed electro-thermally by applying electrical power to the muscles
(Fig. 1e above), which result in heating. The amplitude of power de-
termines the magnitude of temperature rise in the muscles and hence
the stroke of the muscle. The last step is to perform the training to
obtain repeating actuation cycles.

Fig. 1(h)–(i) shows the cyclic pulse response of a 1-ply muscle. In
this experiment, on-time was 0.2 s and periods were 2, 10, and 40 s. In
the low-frequency pulse actuation, the muscle has enough time to cool
down. By increasing the frequency, the pulse response behaves like a
step response. This is because heat is accumulated in the muscle, and
such response is a typical behavior of thermal actuators. This is also the
reason thermal muscles are slow actuators. Therefore, the desired tra-
jectory should be slow enough such that the muscle can follow it.

3. Modeling and system identification

In the literature, the common assumption in the modeling of TCP
muscle is that the muscle acts like a mechanical spring that has variable
stiffness depending on the supplied electrical power. Therefore, the
relation between voltage square value, as system input, and the force of
the muscle, as system output, was modeled by a first order differential
equation (1st ODE) [41, 42]. Although this model shows very high
fitness, other models should be investigated by comparing this model
with other models, such as black box system identification to find the
order and parameters of the system [43].

The TCP muscles require a pretension force to actuate considerably.
In this work, a passive spring with a stiffness of 52.5 N/m was used to
provide the pretension. The TCP muscles, 1-ply, had a diameter of
0.8 mm and a length of 110mm; a pre-stress of 1 N was applied by
stretching the spring. Fig. 2 demonstrates the experimental setup which
includes a load cell, a power supply (Topward 6306D), a National In-
strument's serial peripheral interface (NI USB-8452 SPI), a load cell
amplifier, an analog to digital converter (SparkFun HX711), and a di-
gital to analog converter (Texas Instrument TLV5628). The load cell
was Omega LCEB-5 with 3 mv/v rated output, 7 mN linearity, 5 mN
hysteresis, and 3 mN repeatability. Also, an op-amp (TI OPA2241) and
a BJT (ST TIP 122) were used as amplifiers for the circuit to increase
current and voltage between the digital to analog converter (DAC) and
the muscle. All controllers were implemented on a desktop with MA-
TLAB R2017a 64 bit (Table 1).

Experiments on 1-ply TCP have shown that the steady-state re-
lationship between electrical power and the force of the muscle is
closed to linear; however, there exist small amount of error about 5%
error. Also, the steady-state relation between voltage square (V2) and
the force of the muscle is close to linear with 10% error. The main
reason for such difference in accuracy is that the resistance of the
muscle changes during the actuation, due to the change in the tem-
perature of the muscle. This means, by assuming a constant electrical
resistance of the muscle during actuation, the accuracy of the model
decreases from 95% to 90% [43]. However, in practice, controlling the
voltage is easier and cheaper than controlling the electrical power of
the muscles. Also, 90% fitness of a model is sufficient to use the model
to design a controller. Therefore, in this paper, the voltage square value
was used as the input of the system which is always non-negative.

A general time-invariant system can be described by an ordinary
differential equation
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where AC, BC, CC, and DC are constant matrices. Subscript C indicates
the variable reflects a model in the continuous time domain. These
equations require continuous force measurement and applying con-
tinuous voltage; however, researchers commonly use a digital con-
troller such as a microcontroller, DSP, computational board, etc. that
work in discrete time. In other words, researchers use digital sensors or
analog to digital converters to measure states of systems, which read
the physical signals with a samplings time. The sampling time depends
on hardware characteristic. Thus, in practice, the states of the systems
are available only in discrete time (sampling time T). By changing the
differential equations to difference equations, the model is stated as

⎧
⎨⎩

+ = +
= +

x n A x n B u n
y n C x n D n

[ 1] [ ] [ ]
[ ] [ ] [ ]

D D

D D (3)

where x[n], u[n], and y[n] are states, inputs, and output vectors of the
system at time =t nT and AD, BD, CD, and DD are constant matrices,
and subscript D indicates the discrete time domain. The input of the
TCP muscle is electrical power ( = ≥P n[ ] 0v n

R n
[ ]
[ ]

2
), where R[n] is re-

sistance of the muscle in time step n, and v[n] is applied voltage in time
step n. The resistance is always a real positive number (R[n]≥ R0> 0).
The resistance value depends on length, area and temperature of the
TCP. To reduce the cost of the controller hardware, in this paper, we
assume that the resistance is constant. Without this assumption, a
current sensor and a power ADC are required. Therefore, the input of
the system defined as

= ≥u n v n[ ]: [ ] 0.2 (4)

This means the input to the TCP muscle system is always positive,
and controlled actuation only occurs in the pulling direction. The TCP
actuator in this paper are homochiral and cannot push or apply com-
pressive force against load; it can only contract upon heating [18]. In
this work, we must rely on heat dissipation and load for negative ac-
tuation. This leads to a hybrid-linear controller [44], i.e.

=
⌣ ⌣

u n u n H u n[ ] [ ] ( [ ]), where H(.) is Heaviside function,
⌣
u n[ ] is con-

troller output, and u[n] is the applied voltage square (v2) in time step n.
The

⌣
u n[ ] may be negative when the desired force is less than the

measured force in case of the classical controllers.
As stated earlier, a prediction error method was used to estimate the

parameters of the discrete-time state space model. Fig. 3(a) shows the
different order discrete-time, state space models, 1st order to 5th order,
along with experimentally measured force response corresponding to a
square wave voltage input. Fig. 3(b) shows the evaluation on different
magnitude of desired force that are obtained experimentally and from
the 1st order model. We measured the force for long time (80 s) to
capture steady-states. The oscillation come from disturbance and noises
which is common in practice.

Table 2 shows the estimation parameters with 97.7% fitness to es-
timation data and 8.7e-6 MSE in self-evaluation and 90% fitness in

cross-evaluation. The fitness will increase if hysteresis, friction, spring,
and mass are added to the model. The 90% fitness of the model is
sufficient to use a linear controller, and a nonlinear controller is not
needed. This model is simple, which makes controller design easier.

4. Controllers

4.1. Classical controller

The simplest way to control the force of the muscle is to use an
open-loop controller consisting of a gain equal to the inverse of the DC
gain of the muscle. The main problem of the open-loop controller is that
it does not change the rise time of the system. A muscle rise time de-
pends on the precursor material, its fabrication process, and the geo-
metry whether it is 1-ply, 2-ply or 3-ply. Here, the response time of the
1-ply TCP is 20 s as seen in Fig. 3. The speed can be increased by using a
simple closed-loop controller (Fig. 4), i.e. a proportional controller.
However, the proportional controller results in a steady-state error.
Therefore, Yip and Niemeyer used a combination of the open-loop and
closed-loop, feedforward-proportional controller, to achieve a high
speed and low steady-state error (Fig. 4) [41, 42]. The main dis-
advantage of a feedforward-proportional controller is its sensitivity to
the model parameters, especially the DC gain of the muscle. As men-
tioned in the modeling section, the estimated parameters have error up
to 10%. Therefore, determining the exact DC gain of the muscle is

Fig. 3. Modeling of the muscle with discrete time state space models in response to voltage square (V2) input: (a) comparison of different ordered of system (b)
evaluation of first order model.

Table 2
Example of muscle (model) parameter in Fig. 3.

Symbol Value Symbol Value

AC −0.1837 AD 0.9639
BC 0.004313 BD 0.0008469
CC 1 CD 1
DC 0 DD 0
Length 110 mm T 0.2 s
Resistance 11.0 Ω DC gain 0.02348 N/V2

Table 3
Muscle fabrication parameter in Fig. 3.

Parameter Value Parameter Value Parameter Value

Fabricating
force

1.75 N Annealing force 2.25 N Training force 2.25 N

Annealing
cycles

5 Annealing
current

0.4 A Annealing
periods

50 s

Training cycles 5 Training current 0.4 A Training
periods

50 s

Final strain 4% Annealing duty
cycles

50% Training duty
cycles

50%
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impossible because the TCP muscle has some nonlinearity, which de-
pends on other un-modeled signals.

In this paper, a proportional-integral (PI) controller is suggested (as
illustrated in Fig. 4) to regulate the force of the muscle. Instead of using
a feedforward gain to compensate the steady-state error, the Riemann
integral of the error is used in the control law. PI controller is robust to
the model parameter uncertainties when the system model is passive.
More precisely, the muscle force converges to the desired force even if
the parameters of the PI controller, i.e. kp and ki, slightly change.

4.2. Fuzzy controller

A human can describe his or her feelings and experiences in the
control of muscle by using linguistic words. An analogous approach can
be used in the control of a TCP muscle. There exist several well-known
methods to design an inference system by linguistic rules. Adaptive
neuro-fuzzy inference system (ANFIS) method uses neural networks
[45–47], whereas Mamdani's methods only use the linguistic words in
both condition statements and conclusion statements [48–54]. For ex-
ample: if the force error is large and integral of error is also large, then
the voltage of muscle is very large. Another method uses linguistic
words just in conditional statements and uses equations in conclusion
statements.

The latter view is known as Takagi–Sugeno–Kang (TSK) [55–65]
view of a fuzzy inference system (FIS). Fig. 5a shows the function block
diagram of a general Takagi–Sugeno–Kang view of a fuzzy inference
system. As we know, the sensor outputs or the inputs of the controller
are real numbers, not linguistic words. Therefore, membership func-
tions should be defined to map membership values to each value of
sensors. The membership value is a real value between zero and one.
Fig. 5b shows an example of membership functions for control of the
TCP muscles by using the error signal of the controlled variable, force in
this case. The speed of the PI controller can increase if the maximum
voltage is given to the muscle when the error is larger than some
threshold. A better way is to smoothly transition between the maximum
voltage and a proportional–integral controller. Takagi–Sugeno–Kang
view of fuzzy inference system is used for the smooth transition
(Fig. 6a). Let us define three linguistic rules:

○ Rule 1: If error is negative large, then =u n[ ] 0

○ Rule 2: If error is small, then = + ∑ =
−u n k e n k e m T[ ] [ ] [ ]p

TSK
i
TSK

m
n

0
1

○ Rule 3: If error is positive large, then
=u n Maximum voltage square[ ]

where T is sampling time, e[n] is the error in time step n, kp
TSK and ki

TSK

are constants. When the error is negative, the voltage should be zero
(Rule 1) because the muscle is actuated by voltage squared, which is
positive semi-definite. Rule 2 is applied when the error is small, which
sets the output (u[n]) to a proportional–integral controller. A shorter
response time will be obtained by giving high voltage when the error is
positive large (Rule 3). The end user defines the large set, in this case,
the force error according to the properties of the TCP muscle and the
intended application. The Gaussian function is used as membership
function in the control of many actuators such as permanent magnet
direct current (PMDC) motor [66], brushless dc (BLDC) motor [67],
voice coil motor [68], stepping motor [69], induction motor [70]. Al-
ternative functions could be used but we preferred the Gaussian func-
tion as a membership function for TCP muscle for the reasons men-
tioned above. It is given by:

= − −
g x m σ e( , , ) ,

x m
σ

( )
2 2

2

(5)

where x is input, m is mean, and σ is standard deviation. Membership
functions are defined as follows:

• The membership function of negative large is defined as

= ⎧
⎨⎩

≤
>

μ e n m σ
e n m

g e n m σ e n m
( [ ]; , )

1 [ ]
( [ ], , ) [ ]NL NL NL

NL

NL NL NL (6)

• The membership function of small is defined a

=μ e n m σ g e n σ( [ ]; , ) ( [ ], 0, )S S S S (7)

• The membership function of positive large is defined as

= ⎧
⎨⎩

<
≥

μ e n m σ
g e n m σ e n m

e n m
( [ ]; , )

( [ ], , ) [ ]
1 [ ]PL PL PL

PL PL PL

PL (8)

Fig. 4. Function block diagram of closed loop system with feedforward-proportional (FP) controller and proportional-integral (PI) controller.
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Fig. 5. fuzzy inference system (FIS) (a) Takagi–Sugeno–Kang (TSK) view of a general (b) example of membership function for controlling a TCP muscles using force
error signal.

Fig. 6. Takagi–Sugeno–Kang (TSK) controller (a) whole function block diagram and (b) inside of TSK block.
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where e[n] is the error which is defined in Eq. (6), mNLand σNL are mean
and standard deviation of “negative large” set, σS is the standard de-
viation of “small” set, mPL and σPL are mean and standard deviation of
“positive large” set. The μNL, μS, and μPL are membership functions of
negative large, small, and positive large respectively. The value of
membership functions μNL, μS, and μPL for error, e[n], range from zero to
one which shows how much a specific error belong to negative large,

small, and positive large. On a membership function curve, if the
membership value is equal to zero, then it means that the error does not
belong to that curve. On the other hand, if the membership value is
equal to one, the error completely belongs to that set. One of the
membership functions for the TCP muscle is illustrated in Fig. 5b, where
the error is in horizontal axis, and the membership value is in the
vertical axis. In many cases, there will be overlap. For example, in

Fig. 7. Simulation result with consideration of 4 mN uniformly distributed noise and 50 mN uniformly distributed disturbance. The left side is for different desired
force and the right side is for 100 mN desired force.
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Fig. 5b, if the error is −50 mN, the negative large has 0.18 and small
has 0.05 membership value. These magnitudes will be used in Eq. (12)
to determine the output of the controller. In contrast to the probability,
the summation of membership functions can be any positive real
number, i.e. the summation is not limited to be equal to positive one
[48–53]. The weighted average is used as a defuzzifier to calculate the
output of the controller, which is given as:

=
+ +

+ +
u e n h n

μ k e n k h n μ V
μ n μ n μ n

( [ ], [ ])
( [ ] [ ])

[ ] [ ] [ ]
S p

TSK
i
TSK

PL max

NL S PL

2

(9)

where Vmax
2 is a constant, which is equal to upper limit of the TCP

muscle, and the maximum of voltage obtained from the power circuit.
This voltage is given by end user, and it depends on the muscle and
hardware. The h[n] is Riemann integral of error.

To optimally tune the TSK, one can use the cost function
=J e n{ { [ ] }r N

2E E , where NE is the expected value over a trajectory, and
rE is the expected value over all physically possible trajectories. By
substituting Eqs. (3) and (9) in the cost function we obtain

= ⎧
⎨
⎩

⎧
⎨⎩

+ −

−
+ +

+ +
⎫
⎬⎭

⎫
⎬
⎭

J r n a y n

b
μ k e n k h n μ V

μ n μ n μ n

[ 1] [ ]

( [ ] [ ])
[ ] [ ] [ ]

.

r N

S p
TSK

i
TSK

PL max

NL S PL

2

E E

(10)

Note that Eq. (10) cannot be solved analytically, but by using Monte
Carlo method [71, 72], we can approximate the cost function as

̂ ∑ ∑≈ = ⎛

⎝
⎜ + −

−
+ +

+ +
⎞

⎠
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1 0
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(11)

The optimal parameters of the TSK controller minimize Eq. (11),
which is non-linear and can have multiple local optima. Therefore,
gradient-based optimization methods cannot be used. The parameters
can be tuned by using evolutionary algorithms such as genetic algo-
rithms [73], the bee colony algorithm [74], particle swarm optimiza-
tion [75], cuckoo search [76], bat algorithm [77], or imperialist com-
petitive algorithm [78]. Also, the parameters can be tuned by stochastic
optimization methods such as random search [79] and cross-entropy
method (CEM) [80, 81].

5. Results and discussion

5.1. Numerical simulation

Fig. 7 shows the system response (first-order discrete-time LTI state
space with parameters shown in Table 2) in presence of noise (4 mN
uniformly distributed) and disturbance (50 mN uniformly distributed).
The disturbance could be from two sources. One source of disturbance
could be from environments such as air flow. The other source could be
due to the simplification of non-linear model to linear model and also
from higher order to lower order ODE. In the first set of simulation (the
left column of Fig. 7), we kept the controller parameters constant and
studied the different desired forces, 40 mN, 55 mN, 70 mN, 85 mN, and
100 mN. The desired input was shaped to have 1 s rise time. The open-
loop system could not reach the desired trajectory and had a large rise
time. The proportional controller is faster than open-loop controller;
however, it cannot compensate for the disturbance error. The expected
value of the steady-state error is less than the expected value of the
disturbance. However, still there is a significant amount of error. The
effect of noise is completely vanished. The ratio of steady-state error to
the desired force is constant (in contrast to the open-loop controller).
The feedforward-proportional controller (FP) shows less steady-state
error than the proportional controller (P). However, the expected value
of the steady-state error is not zero. The proportional–integral con-
troller (PI) and TSK controller converged to the desired trajectory. The
TSK controller reaches to the steady-state response faster than the other
controllers.

In the next set of simulations (right side in Fig. 7), we kept the
desired trajectory constant and simulated the systems with different
controller parameters. The open-loop controllers had large errors, be-
cause the open-loop controllers do not consider the disturbance, which
is uniformly distributed with magnitude of 50 mN for this simulation.
The settling time of the open-loop system is higher than other con-
trollers because the open-loop controllers do not affect the system
characteristic root, i.e. the system pole. The proportional controller had
error that varied widely with kp. The error and rise time decreased as
the gain increased. In practice, kp is bounded because the voltage of
power supply is limited. Therefore, there is a lower bound for the
steady-state error of the proportional controller. The feedforward-pro-
portional controller has lower steady-state error than proportional
controller. The feedforward gain, kf, cannot compensate the dis-
turbance. The expected value of the steady-state error of feedforward-
proportional controller does not converge to zero. The rise time of ac-
tuator decreases as kp increased. The effect of kp on the expected value
of the steady-state is negligible. The proportional–integral controllers
compensated the steady-state error that includes the error caused by
disturbance. Some overshoots appeared as the ki increased. The TSK

Fig. 8. Simulation of tracking an arbitrary generated trajectory.
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shows the fastest response, besides the steady-state error converged to
zero. The rise time of system with TSK controller decreased as the upper
bound of voltage increased.

Fig. 8 demonstrates the system response with an arbitrary trajectory
of force, which is positive throughout the time 200 s. The gain of the
open-loop controller is 43, which is the inverse of DC gain of the si-
mulated actuator. The open-loop controller (goes to negative force, less
force than the initial, because of disturbance (50 mN uniformly dis-
tributed). The proportional controller ( =K 300p ) has a significant
amount of error. The disturbance is almost compensated with the

proportional controller. What remains can be decreased by selecting a
higher value for Kp. The feedforward-proportional controller
( =K 43f and =K 300p ) shows a little error. The proportional–integral
( =K 300p and =K 70i ) and TSK controllers ( =V v5.5 )max can track the
trajectory with minimum error. There is no significant difference be-
tween the behavior of the PI and TSK controller in this simulation be-
cause the desired trajectory is smooth such that the error is always
small. According to the linguistic rules, the TSK behaves like a PI
controller when the error is small.

Fig. 9 shows other two set of simulations. In the third set of

Fig. 9. Simulation result of sensitivity of the controllers to DC gain of the muscle (left column) and pole of the muscle (right column).
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simulations (left column of Fig. 9), the sensitivity of the controllers to
the gain of the model is illustrated. The Δ indicates the multiplication
constant for DC gain of the model, i.e. =K KΔDC 0, where K0 is nominal
DC gain. In this analysis, the noise and disturbance are assumed to be
zero. The open-loop controller shows maximum sensitivity to the
steady-state in response to the change in DC gain (equal to one). For
example, when the DC gain increased by 25%, the steady-state force is

also increased by 25%. The proportional controller ( =K 300p ) and
feedforward-proportional controller ( =K 43f and =K 300p ) show sen-
sitivity to change in DC gain. The rise time and steady-state error of this
controller are decreased by increasing the DC gain of the simulated
actuator. The feedforward-proportional controller ( =K 43f and

=K 300p ) is also sensitive to change in DC gain of the simulated ac-
tuator. Similar to the proportional controller, the rise time of the

Fig. 10. Experiment result for a 110mm 1-ply TCP muscle.
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feedforward-proportional controller decreases as the DC gain increases.
The steady-state force of the feedforward-proportional controller in-
creases as the DC gain increases such that it becomes greater than the
desired force (i.e. negative error). The rise time of proportional–integral
controller ( =K 300p and =K 70i ) is affected by Δ. However, the steady-
state error converged to zero in all cases, i.e. it is not sensitive. The TSK
controller shows minimum sensitivity in comparison with other con-
trollers. The rise time of TSK controller is also increased by increasing
the DC gain.

In the fourth set of simulations (left column of Fig. 9), sensitivity of
the controllers with respect to the pole of the actuator model is studied.
The controller parameters were selected exactly the same as the second
study. The noise and disturbance were zero similar to the third study.
The Δ>1 means the pole gets closer to the unit circle in discrete-time

frequency domain, i.e. slower open-loop response. The rise time mag-
nitudes of all controllers are decreased as multiplication factor Δ in-
creased. The steady-state errors of the all controllers were not sensitive
to the pole of the actuator. The proportional controller is affected more
than other controllers. However, overshoot appears in proportiona-
l–integral and TSK controller when the Δ was more than 1.

5.2. Experimental results

Experimental results for 1-ply TCP muscle of length 110mm and
diameter of 0.8mm is shown in Fig. 10. The trajectory is a step input
with 40 mN, 55 mN, 70 mN, 85 mN, and 100 mN. The disturbance
mostly come from lab air condition and noises mostly come from lab
natural vibration. We did not enclose the muscle to compare controllers
in presence of noise and disturbance, which exist in practice. The first
order system with a single integrator for PI control together constitute a
second order system.

MATLAB's Robust Control Toolbox was used with the second order
model to find the H∞ optimal gains =K 99p and =K 26i . For compar-
ison purposes, we also used the MATLAB Control System Designer to
find another set of constants Kp and Ki by setting the tuning method to
robust response time with maximum speed and robustness. This re-
turned gains of =K 464p and =K 16i . The high proportional gain broke
the muscle. Therefore, we set the =K 300p (see Fig. 10 experimental

Fig. 11. Experiment result for a 110mm TCP muscle arbitrary desired trajectory.

Table 4
Control performances in Fig. 10.

Controller Krise Erise (mN) Overshoot (mN) Effort (v2) Kss Ess (mN)

Open-loop 73 69 5 311 201 49
P 8 55 1 132 8 18
FP 8 49 1 151 8 5
PI 11 44 1 179 11 1
TSK 9 54 8 184 12 2

Table 5
Control performances in Fig. 11, for regulating arbitrary force trajectory.

Controller Maximum Absolute
Error, Force, (mN)

Median Absolute
Error, Force, (mN)

Mean Absolute
Error, Force, (mN)

STD absolute
Error, Force, (mN)

Maximum output,
Voltage, (V)

Median output,
Voltage, (V)

Mean output,
Voltage, (V)

STD output,
Voltage, (V)

Open-loop 38.07 15.40 15.89 9.88 4.30 2.46 2.30 1.16
P 19.01 9.34 8.87 4.48 5.70 2.80 2.61 1.42
FP 9.90 2.97 3.31 2.10 7.14 3.42 3.20 1.69
PI 15.65 1.82 2.26 2.05 7.77 3.55 3.40 1.98
TSK 8.74 1.72 2.05 1.69 7.43 3.65 3.42 1.87
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data), between the values set by both control design approaches. We
then incremented =K 26i in a series of trials to get faster response (1 s
ideally) without overshooting. The final value is =K 70i . The achiev-
able response time was 2.2 s (Fig. 10). The same Kp used in PI controller
was used for the FP and P controllers. The force response are illustrated
in the left column, and the corresponding voltages for different con-
trollers are in the right side of Fig. 10. The open-loop controller gives
fixed voltage regardless of the force error. Therefore, the output is more
affected by disturbance. These experimental results confirm the simu-
lation results obtained earlier in the simulation. The importance of the
TSK controller is evident in Fig.10; for desired force magnitude, the TSK
controller maintains the maximum voltage 5 V whereas the other con-
trollers, except open-loop, increase the voltage magnitude higher than
5 V. This can be clearly seen on the right side of Fig. 10.

The experimental result in tracking an arbitrary trajectory is shown
in Fig 11. The open-loop controller could not compensate the dis-
turbances and noises. The feedforward-proportional controller shows
less error as compared to the proportional controller. The proportio-
nal–integral controller has more delay than other controllers. There-
fore, in some portions, the proportional–integral works better than the
feedforward-proportional controller; while, in the other portions the
feedforward-proportional controller track better. The TSK controller
works better than other controllers. The open-loop controller applies a
smooth changing voltage because it does not care about noise and
disturbance. Several times, the applied voltage to the muscle by the

proportional and feedforward-proportional controllers suddenly drop to
zero and return back because the computed errors were negative at that
moment. A summary is provided in Table 4, showing the control per-
formance for different controllers while tracking arbitrary trajectory.
Further, the statistics of the results in Fig. 11 are quantified and pre-
sented in Table 5. This indicates that the TSK controller has the lowest
maximum absolute, mean error and standard deviation, which confirms
the advantage of this controller.

Another set of experimental result is presented in Fig. 12 for com-
paring the effect of parameters of proportional–integral and TSK con-
troller along with the voltages provided to the muscle to control the
force. The result shows that both the proportional–integral controller
and Takagi–Sugeno–Kang controller successfully regulated the force of
the muscle. The proportional–integral controller has two gains, kp and
ki. Initial speed increases as kp increases. However, the kp does not
significantly affect the settling time. Although the settling time can
decrease by increasing ki, it will cause overshoot if the ki pass a
threshold. The overshoot is not acceptable in some robotic and me-
chatronic systems. In addition, choosing high gain for kp and ki can
cause instability, which must be avoided. Takagi–Sugeno–Kang (TSK)
controllers have many parameters as compared to proportional–integral
controllers.

Therefore, TSK controller takes significantly more time to find the
proper parameters values. Also, it is notable that the TSK controller
parameters depend on maximum voltage. As the maximum voltage
increases, the positive large membership function would shift to the
right, and the small membership function becomes flatter (larger σ).
Table 6 shows the TSK controller parameters obtained by trial and error
during the experiments. The experimental results show that in TCP
muscle, TSK controllers have faster response than proportional–integral
controllers because the voltage is maximum when the error is large at
the beginning. By increasing the peak voltage, the speed of TSK con-
trollers will increase. However, exceeding a certain level of “maximum
voltage” parameter causes an overshoot in the force response, and the
magnitude of this overshoot grows by further increase in the voltage
(controller 5 in Fig. 12). Decreasing force takes more time than in-
creasing the force because we can only heat the muscle by electrical
power, the cooling part is not controlled in the current study, and it is

Fig. 12. Experiment result for a 110mm TCP muscle.

Table 6
TSK controller parameter in the experiment for Fig. 12.

Symbol Cont. 1 Cont. 2 Cont. 3 Cont. 4 Cont. 5

Vmax 4.5 5.0 5.5 6.0 6.5
mNB −0.1 −0.1 −0.1 −0.1 −0.1
σNB 0.010 0.010 0.010 0.010 0.010
σS 0.017 0.017 0.020 0.025 0.040
mPB 0.020 0.030 0.037 0.045 0.100
σPB 0.002 0.002 0.002 0.002 0.010
kp 350 360 375 370 190
ki 60 65 75 88 80
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governed by convective heat transfer. Therefore, overshoot sig-
nificantly increases the settling time. Thus, overshoot must be avoided
by parameter tuning.

In short, the controller parameters affect the closed-loop system
behavior. The kp parameter of the PI controller affects the transient
behavior of the system. The transient time decreases as kp increases and
the applied voltage in the sharp part of a trajectory (like step or square
wave) increases as kp increases. However, higher applied voltage breaks
the TCP muscle (discussed in section 5.2). Therefore, there is a physical
upper-bound limit for the parameter kp. The pair of kp and ki affect the
behavior of the closed-loop system after rise time and before settling
time. Increasing ki up to a certain value (generally unknown, but de-
pendent on kp) reduces the settling time, and increasing ki after this
value adds overshoot and increases the settling time (as seen in Fig. 7,
the 4th row in the right side). The Vmax of the TSK controller depends on
the physical characteristic of TCP actuator such as electrical resistance,
length, etc., as well as the hardware including power supply and DAC.
The other parameters of the TSK controller are highly nonlinear, which
is shown in Eq. (10). For tuning the PI parameters, we suggest using H∞

method to find the most robust values. For tuning the TSK parameters,
we suggest solving Eq. (11) in simulation and then fine-tuning with trial
and error. If the user wants to tune the TSK parameters in shorter time
(sub-optimal), he/she can find the kp and ki with H∞ and substitute in
Eq. (11) and find other parameters with cross-entropy method (CEM)
[80, 81] in simulation, then do fine tuning with covariance matrix
adaptation evolution strategy (CMA-ES) [82-84] with real system.

6. Application

Currently, many humanoid robots use rotary electrical motors, such
as permanent magnet DC motors, brushless motors, stepper motors, etc.
Although rotary electrical motors are energy efficient, they are too
bulky for some applications. Therefore, substituting the rotary electrical
motor with artificial muscle is beneficial. The TCP muscles can be used
in the humanoid robot as linear actuators. We have developed a hu-
manoid robot HBS-1 [20] that uses several Dynamixel servomotors as
well as shape memory alloy (SMA) actuators that were later replaced by

TCP muscles [20]. The latest version of the robot, HBS 2.0, that is
shown in Fig. 13, consists of 5 TCP muscles for actuation of fingers. One
side of each TCP muscle is connected to a linear spring and the other
side is connected to a tendon. This design provides one degree of
freedom for each finger.

The HBS 2.0 uses an NVIDIA Jetson TX2 developer kit as the main
computational board, which run Robotics Operation System (ROS) on
top of Linux Ubuntu 16.04 LTS. The kit has Serial Peripheral Interface
(SPI), Inter-Integrated Circuit (I²C), Universal Asynchronous Receiver-
Transmitter (UART), and Controller Area Network (CAN) bus, which
enables it to communicate to most of the digital to analog converters,
analog to digital converters, and Pulse Width Modulation (PWM) dri-
vers available on market. Therefore, the HBS2.0 can measure force by
using force sensitive resistor (FSR) and can drive the TCP muscles by
either PWM or DAC.

Each object has its own mechanical property such as stiffness and
coefficient of friction. Therefore, the amount of force that the hand
should apply to the object directly depends on the objects. Thus, con-
trolling the force of each finger is required. The proportional-integral
controller, which is explained in this paper, can be used for this purpose
as it shows the robustness to variation of the muscle model parameter.
Also, the Takagi–Sugeno–Kang controller can be used for a faster re-
sponse.

7. Conclusion

In this paper, we presented the modeling of TCP muscles using
discrete-time state space systems, and the model parameters were es-
timated using prediction error method. Experiments were performed,
and a first order model. showed a better fitting accuracy as compared to
higher order models. These experiments are consistent with some of the
control works on TCP muscles. The proposed model showed a fitness
better than 90%, which is sufficient for controller design.

In the literature, feedforward-proportional controllers have been
used to regulate the force of the muscle. Sensitivity to model para-
meters is the main disadvantage of the feedforward-proportional con-
troller. In this work, instead of a feedforward-proportional controller, a

Fig. 13. Application of TCP muscle in a humanoid robot (HBS) include hand circuits controlled by NVIDIA Jetson TX2 developer kit.
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proportional–integral controller was used. The proportional–integral
controller is faster than the previously discussed controllers, and its
steady-state error converges to zero. The proportional–integral con-
troller is robust to the model parameters, especially the DC gain of the
model, which is crucial because the models always contain some un-
certainties.

Moreover, the Takagi–Sugeno–Kang (TSK) view of a general fuzzy
inference system (FIS) is used to design a force controller that is even
faster than the proportional–integral controller. In this controller, the
muscle receives the maximum actuation voltage when the error is po-
sitive large. On the other hand, the muscle receives the proportiona-
l–integral controller output when the error is small, and the voltage will
be zero when the error is negative large. The transitions between these
three rules are smooth. The Gaussian membership function was used as
a fuzzifier, and a weighted average method is used as defuzzifier. The
experiment shows the advantages of the fuzzy controller over the pro-
portional–integral controller.

The proposed controller can be used in many mechatronic and ro-
botic systems which use TCP muscles as actuating mechanism. For ex-
ample, a humanoid robot must provide some amount force to objects
during picking and placing. The amount of force depends on object's
mechanical property such as stiffness and coefficient of friction. The
proposed controller can be used in the humanoid robots that are ac-
tuated by the TCP muscles.

In this paper, tuning the TSK parameters (by trial and error) pre-
sented a notable challenge. Online tuning of TSK parameter (fuzzy
adaptive controller) should be addressed in the future. Transferring the
tuned parameters of a TSK controller for a TCP muscle to a new con-
troller for another TCP muscle (similar, but not identical) and further
fine-tuning the parameters will be studied in the future. Controlling a
pair of actuators (to create bidirectional behavior), controlling the ac-
tuator along with active cooling (fan, or cooling water), studying the
behavior of muscle in response to pulse (less than 10ms), and pulse
control of the actuator will all be considered in the future.
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