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Abstract
Twisted and coiled polymers (TCP) muscles are linear actuators that respond to change in
temperature. Exploiting high negative coefficient of thermal expansion (CTE) and helical
geometry give them a significant ability to change length in a limited temperature range.
Several applications and experimental data of these materials have been demonstrated in the
last few years. To use these actuators in robotics and control system applications, a
mathematical model for predicting their behavior is essential. In this work, a practical and
accurate phenomenological model for estimating the displacement of TCP muscles, as a
function of the load as well as input electrical current, is proposed. The problem is broken
down into two parts, i.e. modeling of the electro-thermal and then the thermo-elastic behavior
of the muscles. For the first part, a differential equation, with changing electrical resistance
term, is derived. Next, by using a temperature-dependent modulus of elasticity and CTE as
well as taking the geometry of the muscles into account, an expression for displacement is
derived. Experimental data for different loads and actuation current levels are used for
verifying the model and investigating its accuracy. The result shows a good agreement
between the simulation and experimental results for all loads.

Keywords: phenomenological modeling, smart materials, actuators, artificial muscles, lumped
parameter

(Some figures may appear in colour only in the online journal)

1. Introduction

The use of thermal actuation for creating desired motion has a
long history. It is the most simple and easy to use method for
making displacement in mechanisms, but the low coefficient
of thermal expansion limits this method to applications with
small displacement. This value ranges from near zero for
some alloys, such as Sitall, to large values for specific types of
polymers. Even for a material with a large CTE, the expected
linear displacement cannot exceed few millimeters in an
allowable temperature range of the chosen material. The
convenience of using thermal actuation has motivated
researchers to work on finding materials with a higher
response to heating, with higher CTEs, or proposing

modifications in geometry to magnify the limited thermal
displacement into a large motion. To have high actuation,
several types of materials with a high CTE have been
developed and tested. The alternative method, i.e. using an
amplifying geometry, is proven to be less expensive and
easier to achieve. Using the alternative geometries, instead of
a single straight actuator, a wound structure adds to the
possible stroke. The most well-known of such configurations
is helix which shows significant stroke with an equal load as
compared with a single rod under axial load. Using polymers,
instead of metal wire, as the precursor fiber in a helical spring
and exploiting a large negative CTE of polymers, which is
magnified by the helical geometry, is the cornerstone of a
newly proposed actuator called TCP muscles [1–5]. Due to an
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increase in the actual length of the fiber and also reducing
the effective stiffness of a TCP muscle, it can exhibit a con-
siderably larger displacement in response to heating. These
muscles are heated up by electric current sent through con-
ductive precursor fibers used in the preparation of the muscle
or using a liquid flow to flow over the muscle for heating and
cooling. The TCP actuator can be used in many applications
where low cost, ease of use, compact size, and low weight are
necessary. These qualities, make TCP muscles a very good
choice for light weight and economic robots [6, 7]. It also has
found popularity in actuation of humanoid robots [8] and a
soft robot or morphing structures [9], multilayer robot skin
[10], tensegrity robot [11], orthotic hand [7, 12], prosthetic
hand [13], musculoskeletal system [14, 15] demonstrated
from our group. These show that the actuators are easy to use
for practical applications. The coiled form has been shown to
be effective with shape memory alloys (SMA). Using SMAs
in a helical form can significantly increase the linear dis-
placement comparing with a wire form of SMA of the same
length [16].

To use these newly proposed artificial muscles in appli-
cations which need length control, it is necessary to derive a
mathematical model to link the input electric signal to the
output displacement or force. This model should describe the
thermomechanical behavior of a TCP muscle to give a pre-
diction of the length based on geometry, temperature, and
load. The modeling problem can be broken down into two
disciplines: thermal and mechanical. The thermal aspect of
modeling concerns with finding a relation between the elec-
trical actuation and the rise and fall in temperature of a TCP
muscle. There are different physics taking roles in this
phenomenon, such as the electrical behavior of the conductive
part, and heat transfer between members inside muscles and
the surrounding environment. The electrical resistance and its
effect on the overall performance of TCP muscles are not
investigated so far. The heat transfer mechanism consists of
conductive heat flow through the muscle, convective heat
transfer between the muscle and the surrounding medium, and
energy exchange via radiation. Among the possible heat
transfer mechanisms, the convection heat transfer is the matter
of interest and the others have fewer effects on the actual
thermal behavior of the muscle. Due to stretching of the heat
source, the conductor inside the muscle elongates along the
length of muscles and negligible dimensions in thickness, the
conductive heat transfer contribution would be negligible. On
the other hand, radiation dominates the heat transferring in
high temperature, e.g. higher than 1000 °C, and it can be
ignored in room condition at which muscles are used. Similar
assumptions were taken in modeling related composite
actuators [17].

The actuation method used in this work is based on Joule
heating (electro-thermal) of the muscle via passing electrical
current through a conductive fiber woven among polymer
fibers. The resistance of the conductive material, commonly
made by metal, causes an energy conversion from electrical to
heat. This heat would raise the temperature of the muscle with
respect to boundary conditions. Heating up of metals causes
an increase in the electrical resistance and, consequently, an

increase in the amount of heat generated. Polymers are sen-
sitive to temperature, so heating changes the mechanical
properties significantly. Given that TCP muscles are mainly
made of polymers, it is necessary to investigate the change in
characteristics, during the actuation process, to make any
modeling more reliable. There is much research for every type
of polymers and their characteristics in different temperature
levels. There are also related works dedicated to developing a
quantified model for temperature dependent characteristics of
polymers [1, 18, 19].

Regarding modeling of TCPs, a modified spring-mass
linear model system has been used to express the behavior
of TCP muscles [20]. There are some other works focusing
on the mechanical behavior of these actuators. In [21], a
top-down approach is exploited to find a relation between
microscopic properties of the material and macroscopic
behavior of TCP muscles. In this work, the authors focused
on the static and steady-state behavior. In the other work, a
statistical thermodynamics approach is used to explain the
change in the structure of the polymers with respect to
the temperature [22]. They proposed that mechanical
characteristics are a function of the volume ratio of different
phases inside the polymer structure. They also adopted the
normal distribution to predict the phase conversion by
taking the temperature as a random variable, and for
mechanical part, linear model of helical springs was used.
In [23], a kinematic relationship between the elastic
constants of the material and the twisted member is
proposed and the effect of geometry, as the helix angle of
muscles, on the elastic behavior of the muscle is investi-
gated. The dynamic behavior of the TCP muscles is
investigated briefly so far [20, 24]. Yip and Niemeyer [20]
have proposed a linear invariant first order model of TCP
muscles and implemented it for a control application using a
mass-spring-damper system. In their work, they consider
the TCP muscles having constant characteristics over the
temperature range. In the other work, Arakawa et al have
used a black box model and system identification to obtain a
dynamic model, regardless of the physical phenomena, to
position control of a similar actuator [25]. Zhang et al
proposed a model of hysteresis and a compensation method
for TCP muscles [26].

There are some works focusing on heat transfer coeffi-
cients, mainly h as the convection heat transfer coefficient of
TCP muscles and similar actuators. Research on finding the
coefficients for the cylinders, wires, and rods, which are
generally the shape of TCP muscles, is a well-established
topic and there are many papers and book chapters dedicated
to this topic [27]. The problem with using their results is that
the shape of the TCP muscles is not an exact cylindrical wire
and the closely packed helical shape makes a considerable
deviation from smooth wires characteristics. Saharan and
Tadesse studied the characteristics of TCP muscles and effect
of different coiling speed on their performance focusing on
1-ply, 2-ply and 3-ply [28]. Another issue with TCP muscles
is the speed of response to an actuation. These muscles are
generally considered as slow actuators due to the slow cooling
rate. To overcome this problem, some solutions are proposed
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in the literature. This behavior is similar to SMAs, they need
sufficient cooling time to return to the initial temperature.
This cooling time can be reduced by active cooling methods,
which in turn decrease the cooling time by increasing the
convective heat transfer rate. For doing so, the first method is
to use forced convection cooling method such as air or fluid
flow over the muscle. The other proposition is to change the
media in which muscle works. Haines et al [1] showed that a
frequency of up to 7 Hz can be achieved by using helium gas
to cool the actuators. In this paper, active cooling is not
employed but such process will have influence in the con-
vective heat transfer as was observed in similar actuators in
SMAs [29]. The active cooling will have an effect on the
convective heat transfer coefficient which will be discussed
later in the paper.

The purpose of this work is to develop a model of TCP
muscles’ displacement through a phenomenological approach
using a control volume. The effect of temperature on the
electrical resistance of the conductor is modeled as a variable
heat source and a modified differential equation for predicting
the temperature rise is obtained. The parameters of the con-
vective heat transfer are estimated by using a curve fitting on
an experimental result and then applying to the rest of
simulations. The model output and the test result are in a good
agreement and accuracy of the electrical input current-temp-
erature output model is assured. The displacement of the
muscle is expressed as a function of temperature and load.
The change in geometry, due to load, has been found to have
a crucial effect on the behavior of the muscle. This effect is
modeled by using a helical geometry, which is in accordance
with the structure of TCP muscles. Two material properties
have been identified to shape the response of the muscle to an
actuation signal: CTE and modulus of elasticity which both
are dependent on temperature. Then, expressions for both, as
functions of temperature, are obtained and used in the model.
For verifying the model, experimental data are used for dif-
ferent actuation levels. This data consists of the time history
of displacement and temperature as well as actuating current.
In this work, the hysteresis of the actuator is pointed out and
an explanation is proposed.

2. Modeling

The behavior of TCP muscles can be investigated in two
distinct yet related domain. The first one is the thermo-elec-
trical part which consists of the heat transfer and electrical
properties of the actuator. The second is the thermomechanical
part that mostly explains how the actuator responds to the load
in a certain temperature. These relationships are briefly shown
in figure 1 as a block diagram.

We considered a scenario where the muscle is tested by a
dead weight hung at one end and fixed at the other. This
configuration can guarantee to have a constant load inside the
actuator during the test. The muscle is exposed to still air in the
absence of any forced air flow. The geometry of TCP muscle is
a long string in longitude direction with negligible dimensions
in the two others. Given that heat flux flows from the muscle

along the surface due to convection, and with an assumption of
uniform resistance, heat flow due to conduction along the
muscle can be neglected. On the other hand, the thickness of
the muscle, in which the flux travels, is very small compared to
its length. These lead to a small Biot number and validity of
lumped parameter assumption, similar to the modeling of
SMAs [29, 30]. Taking the length of the TCP muscle as control
volume, the boundary conditions would be free convective heat
transfer with the surrounding. There is also a heat generation
by Joule heating inside the control volume. The overall thermo-
electric configuration of a TCP muscle loaded with the dead
weight at the end is shown in figure 2.

Using the first law of thermodynamics for the defined
control volume, we have:

= - - +¥( ) ( )mc
dT

dt
hA T T i R 1p

2

Where m is mass, cp is the specific heat capacity, h is the
coefficient of convection heat transfer, A is the area exposed
to the ambient air, i is the electrical current provided to the
muscle, T is the temperature in the muscle, T∞ is the ambient
temperature and R is the electrical resistance of the TCP
muscle. The resistance of conductors is a function of material
and geometry. It is defined as:

r= ( )R
l

A
2

In the above equation, ρ is the resistivity of the conductor, l is
the length and A is the section area of the conductive part. It is
well-known that the resistivity of the metals varies with
temperature. Studies on the precursor fiber used for making
the TCP muscles showed that the diameter of a typical fiber is
200 μm and the silver coating is 100 nm thick [31]. The step
by step fabrication process of the silver coated TCP muscles
are described in our recent work [6]. For metals, such as
conductive fibers inside TCP muscles, the resistivity is
modeled by a linear relation as follows:

r r a= + -( ) ( ( )) ( )T T T1 30 0

Where α is called temperature coefficient of resistivity, ρ0 is
resistivity in a reference temperature and T0 is the reference
temperature. Assuming a constant geometry, the resistance

Figure 1. Block diagram of a TCP muscle model. (i is electrical
current, T is temperature, q is heat flux, F is load, d is displacement,
K is elastic modulus and α is CTE).
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equation can be rewritten in term of initial resistance and the
change in resistance due to temperature by combining
equations (1) and (3):

a= + -( ) ( ( )) ( )R T R T T1 40 0

Here Ro is the initial resistance of the muscle corresponding to
equation (2). Substituting equation (4) in equation (1), one
can write:

a= - - + + -¥( ) ( ( )) ( )mc
dT

dt
hA T T i R T T1 5p

2
0 0

It is convenient to assume the same resistivity reference
temperature T0 and ambient temperature T∞, so one can
rearrange equation (5) to the following form:

a
-

= - + - +¥
¥

( ) ( )( ) ( )mc
d T T

dt
hA i R T T i R 6p

2
0

2
0

The interesting result of the above equation is that if the
magnitude of i2R0α is more than hA, then the differential
equation will be unstable and the temperature rises constantly.
The solution of the above equation for an initial temperature
equal to ambient temperature is:

a
- = -

- +
-

a
¥

- +
( ) ( )T T

R i

hA R i
e1 7

hA R i
mc t0

2

0
2

p
0

2

The elastic coefficients of nylon 6/6, which is commonly
used as the precursor for TCP muscles, considerably depends

on temperature. At high temperature, as experimental finding
indicates, the elastic modulus of nylon 6/6 drops to a 50% of
its value at room temperature. Granted that the displacement
and force of a TCP muscle are related to the elastic modulus
of its material, high temperature can change the performance
of TCP muscles. Figure 3 shows the elastic modulus versus
temperature. The figure is replicated from an experiment data
by Haines et al [1].

The best-fitted function of the modulus E as a function of
temperature T is obtained from the following form:

= +( ) ( )E T a T a 8a
1 32

Where a1, a2, and a3 are constants. According to the standard
model of compression/extension springs, there is a linear
dependency between the elastic coefficients of the material
and the stiffness of a TCP muscle. The following equation
shows this relation:

= ( )k
D G

d N8
9

4

3

Where D is the coil diameter, G is the shear modulus, d is
the precursor fiber diameter and N is the number of coils.
Using the relation between modulus of elasticity, modulus of
shear and Poisson ratio for isotropic linear materials, the

Figure 2. Configuration of a TCP muscle actuated by electricity, exposed to ambient air and subjected to an external load (W).

Figure 3. Elastic modulus of nylon 6/6 versus temperature [1].
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equation (9) can be rewritten in the following form.

m
=

+

⎛
⎝⎜

⎞
⎠⎟( )

( )k
D

d N

E

8 2 1
10

4

3

Where E is the elastic modulus and μ is the Poisson ratio of
the material. Substituting the E from equation (8) into the
equation (10) we have:

m
=

+
+

⎛
⎝⎜

⎞
⎠⎟( )

( )k
D

d N

a T a

8 2 1
11

a4

3
1 32

With the assumption of an unaltered geometry during the
actuation, one can express the stiffness as a function of only
temperature and convert the equation (11) to the following
form:

g=( ) ( )k T T 12b

The γ coefficient, which represents all temperature-indepen-
dent parameters, is obtained from a load-displacement test at
room temperature. The elongation of the muscle due to a
tension is obtained by:

D = ( )F

k
13el

Where F is the load in the muscle. The experimental result of
the testing the modeling approach and parameter values are
presented in the simulation and experiment section. The main
characteristic that made some materials suitable for use in a
twisted and coiled configuration, as an actuator, is their high
negative coefficient of thermal expansion. According to
Harris [2], there is a temperature dependent relation between
thermal expansion coefficient (CTE,aT ) and temperature in
certain polymer materials such as liquid crystalline elasto-
meric actuators. Similar temperature dependence of thermal
expansion coefficient of nylon 6,6 in the axial direction was
described by Yang and Li [21]. We adopt a linear function of
axial thermal expansion which is presented as:

a = + ( )c T c 14T 1 2

This value can be used for calculation of contraction in a
straight member, but, the change in the length of coiled
muscles is different from the change of the precursor fibers
defined by the linear thermal expansion equation. To find the
change in height of TCP muscles, the geometry of the muscle
should be taken into account. In figure 4, a description of a
TCP muscle geometric parameters, used in this part of the
study, is shown.

The height of the helix has the following relationship
with diameter and length:

p= - ( )H L N D 152 2 2

Where, D and H are diameter and height of the helix,
respectively, and L is the length of the precursor fiber.
Assuming linear thermal expansion relation, by differentiat-
ing the equation (15) the following equation for the change in
a TCP muscle height is obtained:

d
d

p

p d

p

a
p

a

D = =
-

-
-

= - - -^
⎛
⎝⎜

⎞
⎠⎟( ) ( ) ( )

H
L L

L D

D D

L D

L

H
T T

D

H
T T 16

th
2 2 2 2

0
2

0
0

0
2

0
0

Where a is the CTE in longitudinal and â is the CTE in the
transverse direction. Ignoring the negligible dimension of the
muscle in thickness (radial axis), compared with its length,
the second term of the above equation can be neglected. Since
there is a reciprocal relationship between the initial height
of the muscle and the overall displacement due to thermal
contraction, as the initial length increases the total achievable
thermal displacement will decrease. The subscript in each
parameter H0, L0 and T0 indicate the initial values of the
corresponding parameters.

We are considering the homochiral TCP actuators that
contract in response to heat in this modeling and analysis. The
whole change in the length of the actuator can be considered
as having two separate contrasting components. One is the
elongation due to the load and the second is contraction
caused by heating. These two components, with an assump-
tion of unchanged geometry during actuation, can be added
independently to give the total displacement of the muscle, as
it follows:

D = - D + D ( )H H 17th el0

Which, Δth is thermal displacement and Δel is elastic dis-
placement due to tension. Substituting the thermal displace-
ment from the equation (16) and the linear spring model from
the equation (11) into the equation (17) yields:

p

m

D = - - + -

+
+

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

( ) ( )( )

( )
( )

H T H
L

H

D

H
c T c T T

D

d N

aT
F

8 2 1
18

b

0
0
2

0

0
2

0
1 2 0

4

3

This is an algebraic equation giving the displacement as a
function of temperature and load. Along with the differential
equation in the equation (6), this equation can give a pre-
diction of displacement as a function of input actuation
(electric current) and load.

High loads cause large deformation and consequently a
deviation in the actual stiffness from the value predicted by
the equation (13). The reason is a significant increase in the
helix angle that makes the assumption of pure torsion no
more valid. To take the effect of this phenomenon into the
formulation, one can use the energy method with axial,
torsional and shear terms as well [32]. The geometry of load

Figure 4. Geometry of a TCP muscle in coiled and uncoiled
conditions (d is precursor diameter, D is coil diameter, L is precursor
length, and H is coiled length).
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on a TCP muscle as a helical spring is shown in figure 5. It
yields:

ò
b b b

= + +
⎛
⎝⎜

⎞
⎠⎟ ( )U

F

EA

F

GA

R F

GJ
dx

sin

2

cos

2

cos

2
19

L

0

2 2 2 2 2 2 2

Where U is the term for total elastic energy, β is the helix
angle, A is the cross-section of the precursor, J is the polar
moment of the precursor section, and R is the radius of the
coil. In writing the above equation, given that the supports
of TCP muscle allow free rotation around the longitudinal
axis, it is assumed that there is no torsional torque applied to
the muscle. Using Castigliano’s theorem, the deflection due
to F can be found by the following relation:

òd
b b b

=
¶
¶

= + +
⎛
⎝⎜

⎞
⎠⎟

( )

U

F

F

EA

F

GA

R F

GJ
dx

sin cos cos

20

L

0

2 2 2 2

During the actuation, the number of the coils and length of
the precursor fiber remain constant and the diameter and
height change according to the applied load. From the
geometry of helix, the expressions for the changing geo-
metric parameters are as follows:

b
p

= ( )ND

L
cos 21

p
=

- ( )D
L H

N
22

2 2

The height of the actuator can be expressed in terms of the
initial height and the deflection, as is shown in the next
equation:

d= + ( )H H 230

Substituting β and D from the equations (21) and (22) into
the equation (20) and integrating yield:

d d d

d d

=
¶
¶

= - - - -

+ + - - -

⎛
⎝⎜

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎞
⎠⎟

( )

( ) ( )

U

F

F

EA
L

N

L
L H H

F

GA

R F

GJ

N

L
L H H

2

2 24

2
2

0
2 2

0

2 2
2

0
2 2

0

The above equation gives a polynomial of four degrees in
terms of δ in the following form.

d d d d+ + + + = ( )a a a a a 0 254
4

3
3

2
2

1 0

In low helix angles at which the sine of the angle approach
to zero, the equation becomes the conventional linear load-
displacement equation with a constant stiffness. In this
study, the linear region of stiffness and low helix angles are
focused. It is also supported by the fact that owing to sig-
nificant elastic elongation, which is in contrary with thermal
contraction, the actuator doesn’t have a desirable perfor-
mance in higher loads in terms of displacement.

3. Experiment and discussion

In this section, the simulation and experimental results for
verifying the mathematical model are presented. The mus-
cles were prepared according to our prior work [33], silver
coated nylon of 200 μm diameter fiber was twisted and
coiled from 500 mm long fiber, annealed and trained. The
resulted muscle has a coiled diameter of 0.75 mm and a
length of 150 mm. The TCP muscle actuated by a power
supply using a well-controlled (controlled environment and
disturbance) test stand. Temperature and displacement of
the muscle were measured by a thermostat and a laser
sensor, respectively. The muscle is fixed from one end and a
weight is hung at the other. The experimental setup is
shown in figure 6. It consists of a laser displacement sensor
(Keyence LK-G152), a load cell (Futek LSB200), a power
supply (BK Precision 1687B), type-E thermal couple and a
National Instrument DAQ for data collection. The same
experimental setup was used to generate experimental
results for the TCP muscles in this paper [34, 35]. The tests
were performed at four different step input current magni-
tude (0.18 A, 0.21 A, 0.24 A, and 0.27 A) and each test had
3 repeating cycles. The main objective of this work was to
derive a model to predict the behavior of a TCP muscle and
then verifying the model with an experiment. Therefore, we
tried to obtain the most accurate measurement we could
have by using the laser sensor and these measurement
sensors were not intended to be a permanent part of the
actuator in every application. The level of actuation is
chosen according to the observed performance of the TCP
muscle. The muscles start to move by a value near to
the lowest actuation current and the neighboring coils
come to contact with each other in a current value slightly
higher than the highest actuation current. Therefore, we
investigated 0.18–0.27 A actuation current. The number of
repeating cycles is chosen to assure the repeatability of the
tests. As it was observed, the TCP muscles show the same

Figure 5. Geometry of load applied on a TCP muscle.
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behavior in the consecutive actuation cycles and go vir-
tually the exact trajectory each time. For all tests, the
actuation time was 25 s and the cooling time was 45 s, a
period of total 75 s. The experimental data was stored for
further analysis. Geometric parameters of the muscle, used
in the test and simulation, are listed in table 1.

The CTE is adopted from [21], which was obtained
from experiment for nylon 6,6 and the expression has the
form of a = ´ +- -T1.35 10 4.2 10 .T

6 4 We used this initial
value and changed the coefficient to fit one of the
displacement versus time plot and used it throughout the rest
of the simulation. The longitudinal thermal expansion is
expressed as:

a = - ´ + ´- - -( ) ( )T T K3.50 10 4.20 10 266 4 1

Figure 6. Experimental setup for TCP muscle characterization. (a) Schematic diagram, (b) the photograph of the setup and (c) SEM images of
the 1-ply muscle.

Table 1. Parameters of the 1-ply TCP muscle used in the test.

Parameter Symbol Value Reference

Initial Length L0 500 mm Measurement
Initial Height H0 150 mm Measurement
Initial Coil Diameter D0 0.75 mm Measurement
Specific heat cp 1700 J kg−1 K [36]
Mass m 0.1 gram Measurement
Stiffness at Room
Temperature

k 23 N m−1 Measurement

Resistance at Room
Temperature

R0 14 Ohm Measurement

Ambient/Reference
Temperature

T0 23 °C Measurement

Resistance Temper-
ature Coefficient.

α 0.003 K−1 [37]
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Where T is the temperature in Kelvin. A curve fitting to find
elastic modulus versus temperature, based on the data of
figure 3 is done. It leads to the following equation:

= - +( ) ( )E T T MPa0.4655 536 271.381

The material of TCP muscles affect the model through
parameters and the way their electromechanical properties,
such as their coefficient of thermal expansion and modulus
of elasticity, and the change of these variables with temp-
erature. They should be entered into the model for every
other material, but there will be no change in the formula-
tion of the mathematical relationship.

Another issue in the modeling of TCP muscles is the
inductance due to the coiled geometry. The inductance can be
determined by the standard solenoid equation:

m= ( )L k
N A

L
28H p

2

Here LH is the inductance of the actuator, N is the number of
winding, A is the area, L is the length. m m= k ,o p mo is the
permeability of space (4π×10−7 T A−1 m−1), and kp is
the relative permeability. Considering the tested TCP muscle
(L=150 mm, D=0.75 mm, N=280), the magnitude of
the inductance value in the order of 10−6 H and this was
ignored in this paper. However, this will be interesting to
investigate in the future.

It is required to have the stiffness of the actuator at room
temperature as a reference for calculating it in other tem-
peratures. Generally, there are two methods for obtaining the
stiffness. The first method is based on the geometric para-
meters together with appropriate assumptions on the
mechanical model of the actuator. This method required a
precise knowledge of the parameters, which are not easy to
measure in general. The other is to conduct an isothermal
load-displacement test at the room temperature, extracting the
stiffness coefficient from the test result, and using it as a
reference value. Figure 7 shows the load versus displacement
for the TCP muscle using dead weight and measuring the
displacement. There is a linear relationship between two
quantities on the lower displacement (10–40 mm), which is
associated with a low helix angle, but it deviates from the

linear behavior as the load, and accordingly, the helix angle,
increase. This result confirms the model proposed in the
equation (25). At higher loads, due to the altering geometry
from helical to straight form, the stiffness increases con-
siderably and the total achievable displacement falls below
the value of practical interest. According to the test results
presented in figure 7, the linear relation is held up to 1N
external load. In this work, the focus is on the linear response
of the actuator, so its behavior beyond that limit is out of the
scope of this work.

The first step for evaluating the proposed model is ver-
ifying its accuracy in predicting temperature, as the most
influential factor on the behavior of the actuator. To quantify
and validate the thermal model of TCP muscles, the test result
of an actuation including heating and cooling periods was
used. To assure the validity of the model, the coefficient of
heat transfer was extracted from one of the test results. Due to
high complexity in the geometry of the muscle, finding the
exposed area would be a difficult task. Therefore, the value of
convection heat transfer times exposed area (hA), instead of
only convection coefficient (h), was identified. The hA value
extracted from curve fittings, using the equation of heat
transfer for cooling ( equation (7)), was 0.15 with an error
margin of 5% for all experimental data. This value was used
for simulation of heating part. Figure 8 shows the simulation
results and the test result for both heating and cooling cycle at
different applied loads ( 30, 60 and 100 g) and current mag-
nitudes(I=0.18, 0.21, 0.24 and 0.27 A). As it is shown, the
thermal model has a good accuracy and could follow the
experimental data very well. The highest temperature was
about 80 °C, corresponding to the highest actuation current
magnitude. It is also observed that as the temperature rises, a
slight divergence between the experimental and simulation
result shows up. It is clear that the model predicts the temp-
erature rise in the TCP muscle with a good accuracy for all its
working linear range (for the electrical current magnitude of
0.18–0.24 A). It is worthy to note that for higher current
levels (0.27 A), due to the excessive contraction of the mus-
cle, the coils come to contact with each other and more dis-
placement is prevented. Therefore, there should be a limit for
actuation current in practical applications. This limit depends
on the geometry and material of the muscle and also on the

Figure 7. Displacement versus load in an isothermal experiment with the 1-ply TCP muscle of diameter 0.75 mm and initial length of
150 mm.
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applied load. A temperature rise is needed to actuate, similar
to shape memory alloy (SMA) actuators in order to have the
phase transformation. In the case of SMA, the temperature
change enables phase transformation from martensite to
austenite and vice versa for actuation. Similarly, in TCPs,
the temperature change (up to 80 °C with the input current
of 0.27 A) causes the change of crystalline phase to rubber
(amorphous) phase of the precursor polymer. This relatively
high temperature will not be a major problem for this
actuators compared to the numerous benefits as discussed
before such as high actuation stroke, high energy density,
and low cost.

The final analysis is dedicated to studying the displace-
ment of the TCP muscle. The aim is to find the validity and
accuracy of the model proposed for displacement of the
muscle. The performance of the muscle is studied at three

different load levels, the same as temperature study, and four
current levels. The result of the simulation using
equations (18) and (7) for the input temperature/current and
the corresponding experimental results are shown in figure 9.
As it is shown in the figure, the model exhibits accurate
performance in predicting the dynamic displacement of the
muscle for all studied current levels. In the heating cycle,
where the displacement rises, the simulation result agrees
with the experimental data; on the other hand, at the cooling
phase, unlike the temperature simulation, there is a difference
between two curves. Comparing temperature and displace-
ment curve, there is some difference in the rising and falling
part of the curve (after ∼30 s) that makes the result deviate
from the predicted value. For investigating this phenomenon,
the experimental displacement versus temperature curve is
plotted for one of the loads (30 grams) as shown in figure 10.

Figure 8. Simulation and experimental result of temperature in the TCP muscle during an actuation and cooling cycle for four actuation
current levels and three load levels. Parameters of the muscles are as shown in table 1.
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Figure 9. Simulation and experimental result of displacement in the TCP muscle during an actuation and cooling cycle for four actuation
current levels and three load levels.

Figure 10. Experimental data of displacement versus temperature for 30 grams load and four different current levels of 1-ply TCP muscle.
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As it is clear in figure 10, the muscle displacement goes
different ways in cooling and heating phases. The top part of
each curve corresponds to the heating and the bottom one to
the cooling process and it repeats in successive actuation cycles
for the same current level. There is a slight difference between
the heating and cooling trajectories in the displacement-temp-
erature plot. As the maximum temperature being raised, by
increasing the actuation current, the difference grows. This
phenomenon is more obvious at the temperatures above the
glass transition temperature for the Nylon 6/6 which is around
50 °C. There is an active research on quantifying the hysteresis
in twisted and coiled polymer actuators, and it was shown that
generalized Prandtl-Ishlinskii model fits experimentally
observed hysteresis [26]. It is to be noted that the hysteresis in
TCPs is not as significant as shape memory alloy actuators as
stated in Haines et al work [1]. In general, given that this
phenomenon only shows up in the cooling phase, it has a little
practical importance for the majority of applications.

4. Conclusion

In this paper, a practical electro-mechanical model is pro-
posed for predicting the behavior of a TCP muscle actuated
by Joule heating method. First, a differential equation of heat
transfer is developed for predicting the temperature rise. The
effect of a change in electrical resistance due to heating is also
incorporated into the model and the simulations show a
considerable contribution of this factor in the overall beha-
vior. Second, the effect of temperature on the displacement of
TCP muscles is modeled and quantified by modeling its effect
on the length, through thermal expansion, and on the stiffness
through changing the modulus of elasticity. The geometry of
the muscle has also been found to have a considerable effect
on the mechanical behavior. This effect is investigated and a
comprehensive model including the helix angle of the muscle
is derived. The outcome of this analysis is a nonlinear alge-
braic equation yielding the magnitude of displacement as a
function of temperature and load. For verifying the obtained
model, a set of simulations was done and results were com-
pared with the experimental data. The model shows a good
accuracy in predicting the temperature of muscles based on
the electrical current magnitudes. Finally, the performance of
the displacement model is investigated. The model exhibits
very good accuracy in the heating phase for all the current and
load levels. There is a difference between simulation and
experimental results for displacement in the cooling phase
which can be explained with the hysteresis theory but it needs
further investigation. This model can be very useful for
model-based control systems and robotics applications.
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