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Abstract— The present work has as objective to develop and execute the project of an experimental platform

to obtain the electro thermomechanical responses of a class of actuators based on nylon fishing lines. The
methodologies used for the hardware and software development were the Model-Based Design, automatic code
generation, and the V Model methodology. The tests for validating the platform demonstrated a capacity of a
120 mm in length and 1 mm diameter actuator perform work and lift a load of 150 g, contracting up to 15.2 mm
(12.67%), and to generate a force of up to 2.36 N, when submitted to a temperature of 156.4 °C in response to
an input signal of electric current of average value of 6.6 A controlled by PWM that flowed through a 0.8 mm

diameter copper wire wrapped on the actuator.
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1 Introduction

Haines et al. (2014) reported an important phe-
nomenon of practical application: if a monofila-
ment nylon fishing line (MNFL) is subjected to
a torsion process under tension, and acquires a
spring shape, then it may be used in actuators for
generating repetitive and reversible contractions
under heating/cooling cycles. This phenomenon
motivates a promising alternative in relation to
the shape memory alloys (SMA). The SMAs tipi-
cally exhibit non-linearities, hysteresis and linear
displacement capacity of 4 to 5%, according to
Seelecke and Muller (2004). The MNFL exhibit
linear behavior, low hysteresis and linear displace-
ment capacity of the order of 20%, according to
Haines et al. (2014). Futhermore, the manufactur-
ing process is simple and inexpensive. However,
it has a limitation: nylon monofilament does not
conduct electric current, so to heat it by means of
the Joule effect, as is commonly done with shape
memory alloys, it is necessary to provide a heating
structure, such as a wrapped conductive wire to
the actuator, for example.

According to Mirvakili et al. (2014), the actu-
ation mechanism presented by Haines et al. (2014)
suggests that the torsion process reorients the
polimeric chains of the nylon in a helicoidal man-
ner, decreasing the length and increasing the di-
ameter of the fibers. During the heating, these
helicoidal chains suffer an anisotropic thermal ex-
pansion which produces an axial contraction and
at the same time a linear expansion, inducing a
distortion of the fiber. As the thread is coiled, this
reversible twisting is converted to a linear move-
ment, triggering the actuator’s contraction.

This type of linear actuator has been the sub-

ject of considerable interest on the part of the
academy, due to its elastic similarity with human
muscles as demonstrated by Yip and Niemeyer
(2015) and wide range of operation in temper-
ature, functional for automotive and aerospace
applications as demonstrated by Kianzad et al.
(2015). Although this technology is promising, it
is still in its early development phase. In this con-
text, this work had, as objective, developing and
executing the project of an experimental platform
to characterize the behavior of a nylon actuator
triggered by the Joule effect.

The experimental platform design was based
on the Model-Based Design methodology pro-
posed in Aarenstrup (2015), automatic code gen-
eration, and the V-Model approach for hardware
and software development. These methodologies
were chosen because they require verification and
validation tests at all stages of the project, re-
ducing the risks of failures and ensuring correct-
ness. In addition, aiming at a later phase of mod-
eling and control, the software was developed by
means of the blocks diagrams in simulation envi-
ronment, verification and automatic code genera-
tion for hardware.

Some platforms have been presented in the
literature with different characteristics and pur-
poses. The one developed in this work has impor-
tant functionalities to study the dynamic behavior
of nylon actuators. One of them is the control and
measurement of the input, an electric current, in
contrast to the works of Yip and Niemeyer (2015),
Sutton et al. (2016) and Arakawa et al. (2016) that
use the electric voltage as the system input. By
means of the platform developed in this work it
is also possible to perform isotonic and isometric
tests in the same structure, in counterpart to those



developed by Moretti et al. (2015) and Cho et al.
(2016).

The remaining of this text is organized as fol-
lows. In Section 2, we present the theoretical
model of the nylon actuator, which is the basis
for the definition of the system requirements. In
Section 3, we present the stages of the platform
design and the methodology of the experiments.
In Section 4, are presented the results of the ac-
tuator electro thermomechanical characterization.
The conclusions of this work are presented in Sec-
tion 5.

2 Actuator model

Yip and Niemeyer (2015) and Sutton et al. (2016)
have shown that the force exerted by a nylon ac-
tuator may be modeled by a mass-spring-damping
system with a linear term dependent on the tem-
perature. This system is represented in Figure 1,
where m is the mass of a load, x is the length of
the actuator without the load, x; is the actuator’s
length with the load in equilibrium, x is the dis-
placement of the actuator when heated, k is the
elasticity coefficient of the spring [N/m], b is the
damping coefficient [N/m-s|, p is the thermal con-
stant [N/°C], T is the actuator temperature and
T, is the room temperature.

2.1  Thermomechanical model

The thermomechanical model may then be rep-
resented by the differential equation in (1). The
temperature dependent term, Fr, is given by (2).
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Figure 1: Free body diagram.
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In part 1 [see Figure 1-1], the actuator is at
its initial length and free of forces. In part 2 [see
Figure 1-2] a load is hung at the actuator’s end,
increasing its length from zy to z; and the load’s
weight is balanced by the elastic force. In part 3

[see Figure 1-3] a force due to the temperature ris-
ing displaces the actuator (implying the existence
of an elastic force related with the displacement
z), and a viscous friction force due to speed i.
As the nylon actuator contracts due to the tem-
perature increase, the displacement x is typically
negative. Thus, the model given by (1)-(2) may
also be described by

X(s) _ s
Pr(s) 24+ Ltstk ®)

In the next section, we present the relation-
ship between the force Fr and the electric sig-
nal by which the actuator’s temperature 7T'(t) is
changed will be discussed.

2.2 Thermoelectric model

The nylon actuator is triggered thermally. Thus it
may be heated by means of the Joule effect caused
by a flowing throught which surrounds the actua-
tor, as shown in Figure 2.

- Thermocouple

Figure 2: Heating the actuator by means of the
Joule effect.

In this context, considering the basic concepts
of thermodynamics, energy conservation, and heat
transfer, the thermoelectrical model may be ex-
pressed by the equation of thermal equilibrium of
heat transfer presented in (4), where C' is the ac-
tuator’s thermal capacity [J/°C], I?R is the power
from Joule effect [W], and G is the actuator ab-
solute thermal conductivity [J/°C-s] at room tem-
perature [T,].



CT =I’R - G(T — Ta) (4)

The electrical resistance of a wire conductor
varies with the temperature, according to (5),
where Ry represents the wire resistance [Q] at
room temperature 7T, and « is the wire temper-
ature coefficient [°C™1]

R=Ry[l+o(T —T,)] (5)

Based on (2), (4) e (5), the thermoelectrical
model presented in (6).
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2.8  Electro-thermo-mechanical model

The nylon actuator electro-thermo-mechanical
model is represented by the block diagram in Fig-
ure 3, where the relations between the thermo-
mechanical and thermoelectrical subsystems are
presented. In this model, the system input is the
electric current, and the output is the actuator
displacement.
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Figure 3: Block diagram of the nylon actuator
model.

3 Materials and Methods

The design phases of the project are represented in
Figure 4 and are detailed in the following sections.

3.1  High-Level Specifications

The electro thermomechanical characterization of
the the third order thermomechanical model, and
the position control of the nylon actuator must all
be performed by means of a single experimental
test platform. Thus, such plataform must be com-
posed of: sensors for measuring the position, the
force exerted by, and the temperature of the nylon
actuator, along with the current flowing through
the wire which surrounds the actuator; and a drive
circuit for such current.

The acquisition and data processing of the
sensors and the control signals for the actuators
must be performed by means of a microcontroller.
The software for the microcontroller may be de-
veloped by means of block diagrams, from which
the code may be automatically generated.
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Figure 4: Steps of the V-Model methodology.
Own authorship.

3.2 System requirements

To fulfill the high-level specifications presented in
Section 3.1, it is necessary to find the ratios of in-
puts and outputs of the system, according to the
equations presented in Section 2. The experiment
consists of heating and cooling the actuator by
means of electric current flowing through a con-
ducting wire; and measuring the output signals:
temperature, pulling force and displacement.

The requirements that the platform must
meet have been defined through preliminary ex-
periments to identify the operating limits of the
actuator, and these are the following: apply and
measure an electric current of up to 7 A, measure
a temperature between 25 °C and 160 °C, mea-
sure the exerted traction force, of up to 2.5 N, and
measure displacement of up to 15 mm caused by
the actuator contraction.

3.8  Hardware subsystem design

In this section, the requirements and design of the
hardware units and subsystems will be presented.
For each project, simulations were conducted in a
simulation software of electronic circuits and the
components specifications were determined as a
function of the obtained results.

Electrothermal Triggering

This subsystem function is to inject an electric
current of up to 7 A, controlled by a pulse width
modulated (PWM) signal, in a 0.8 mm diameter
copper wire which surrounds the actuator, and a
circuit to measure such current.

In order to meet these specifications, a circuit
was designed for controling PWM signal, which is
applied to a MOSFET IRFZ46N transistor, which
works as an ON/OFF switch between a 3 V power
source and the copper wire.

An electric circuit was designed for measur-
ing the electric current. Such circuit is composed



of a Shunt resistor of 13 mf2, whose characteristic
curve will be presented in Section 3.6. Such shunt
resistor is connected in series with the 0.8 mm di-
ameter copper wire. As the maximum current is
of 7 A, the voltage drop on the Shunt is of up
to 104 mV. Therefore, this sensor signal was con-
ditioned by an instrumentation amplifier INA101
and was later applied to a low-pass RC filter to
eliminate the PWM’s DC component. A gain
value of 41 was obtained by connecting an exter-
nal resistance of 1 k€2 to the INA101 for an output
signal of 5 V maximum.

Temperature Measurement

This subsystem’s function is to measure the
actuator’s temperature of up to 160 °C during
the electrothermal triggering. A type k microther-
mocouple whose diameter is 0.3 mm was selected.
Such diameter is appropriate for the actuator’s di-
ameter of 1 mm.

The microthermocouple output signal is not
directly related to the measurement joint tem-
perature, but to the temperature gradient, that
is, the difference between the measurement joint
temperature and the reference joint temperature.
Thus, it is necessary to know the reference joint
temperature, which must always be in an isother-
mal environment. A circuit was designed with the
AD595 device, which is an instrumentation am-
plifier and a cold joint thermocouple compensator
on a monolithic chip. It combines an ice point ref-
erence with an amplifier pre-calibrated to produce
an analogical output of 10 mV/°C directly from
a thermocouple signal. An RC low-pass filter was
connected to the AD595’s output for eliminating
the noise.

Mechanical Force Measurement

This subsystem function is to measure the
traction force of up to 2.5 N generated by the ac-
tuator due to its heating. The chosen transducer
was a strain gauge cell that has a nominal capac-
ity of 5 kg and an analogical output signal of 0 to
24 mV.

This transducer output signal is related to a
traction force in kgf. In Section 3.6, we present
how the characteristic curve of this transducer
was determined. The conversion to N was per-
formed by means of the software (microcontroller
programming).

In order for improve the data acquisition by
the microcontroller, a circuit was designed with
INA-101HP with a 200 €2 gain resistor to amplify
the output signal by 200. A RC low-pass filter was
connected to attenuate the noise.

Displacement Measurement

This subsystem function is to measure the lin-
ear deformity of up to 15 mm caused by the ac-
tuator contraction. The selected transducer was
an LVDT with a measurement band of -25 mm to
25 mm, output analogical signal band of -5 V to
5V, and resolution of 0.2 V/mm.

A circuit with the LM324 amplifier was de-
signed for conditioning the transducer output sig-
nal to a microcontroller input. Such amplifier was
used as a buffer with an offset adjust and a voltage
divider, generating an output of 1.75 V to 4.25 V|
corresponding to the measurement band of 0 to
50mm. This relation is not linear. The charac-
teristic curve that relates the output signal to the
displacement is presented in Section 3.6.
Microcontroller

A microcontroller must be used for the data
acquisition, signal generation, and signal pro-
cessing required by the subsystems presented in
the previous sections. The minimun hardware
specifications for such microcontroller are four
analogic inputs and a PWM output. The AT-
MEL ATmega2560 microcontroller on the Ar-
duino Mega2560 board satisfies such. It provides
8 bits PWM outputs and 10 bits resolution analog
inputs.

At the microcontroller inputs A0, A2, A4
and A6, the conditioning circuits outputs of the
Shunt, thermocouple, load cell and LVDT were
connected, respectively. A microcontroller PWM
output was connected to the electrothermal drive
circuit input. The integration between the hard-
ware subsystems is show in the block diagram in
Figure 5. In the Section 3.5, the software sub-
systems developed for the microcontroller will be
described.

3.4 Testing of hardware units and subsystems

In this step, each component of the subsystem
was individually tested on a protoboard aided by
a power source, function generator, oscilloscope,
and multimeter. Afterwards, the projects were
implemented on printed circuit boards, integrat-
ing the components. After the hardware integra-
tion, the hardware verification was performed.

3.5 Design and simulation of software subsys-
tems

The software subsystems were designed and sim-
ulated using block diagrams. It was not necessary
to test each component because these are elemen-
tary reading blocks of the microcontroller A / D
converter and basic math operations.

For each input signal from a hardware sub-
system, a block was used for acquiring the signals
read by the A/D converter and a block for con-
verting these values for their voltage values. The
acquisition blocks were set for the inputs A0, A2,
A4 and A6 for the input signals from the Shunt,
thermocouple, load cell and LVDT, respectiveky.
The conversion blocks were set in 5/1023. Then,
for convert to physical values, the respective char-
acteristics curves of the sensors and the functions
were implemented along with the output blocks.
The characteristics curves will be presented in the
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Figure 5: Block diagram of the hardware subsystem.

next section, because it corresponds to the inte-
gration hardware and software.

A funtion generator block and a PWM writing
block were used for generating an input current
signal controlled by PWM for the actuator’s trig-
gering software subsystem. In order to excite the
system in different operation points of the actua-
tor, the function generator block was designed for
varing the amplitude of the electric current start-
ing from the duty cycle of 10% to 100%, at a steps
of 10%.

The software subsystems integration, which is
the routine of the dynamic experiment, consisted
on selecting and grouping the subsystems: actua-
tor triggering, electric current measurement, tem-
perature measurement, force measurement, and
displacement measurement, as show in Figure 6.
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Figure 6: Block diagram of the software subsys-
tem.

3.6 Hardware-software integration

The hardware and software integration of each
subsystem was accomplished by automatically
generating the code of the software system for the

microcontroller to which the other hardware sub-
systems were integrated. In this step, the char-
acteristic curve of each sensor was obtained. The
procedures are presented in this section.

For the Shunt resistor characterization, the
circuit described in Section 3.3 was modified by
connecting an amperemeter and a power resis-
tor of 10  serially with the Shunt. The power
source’s voltage was varied from 1V to 20 V every
10 s, at steps of 1 V| the current and voltage values
were read and saved. The curve fitting equation
is i(v) = o=z -

For the load cell characterization, the circuit
presented in Section 3.3 was used. The calibrated
weights varying from 50 g to 1 kg, at steps of 50 g,
were connected to the load cell hook. For each
weight, the load cell output signal was read and
saved. The characteristic curve found is shown in
Figure 7.
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Figure 7: Load cell characteristic curve and the
respective curve fitting m(v) = 1.9v — 0.7745.

For the LVDT characterization, the circuit
presented in Section 3.3 was used. The axis of
a step motor was connected by a toothed belt to
a pulley’s axis that was connected to the LVDT
stem, in such a way that one step of the motor cor-
respondeds to a linear movement of the LVDT’s



stem of 0.25 mm. For each step of the motor, the
LVDT’s displacement was measured with a vernier
caliper and the voltage signal was read by means
of the microcontroller. The characteristic curve
found is presented in Figure 8.
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Figure 8: LVDT characteristic curve and the re-

spective curve fitting equation d(v) = —3.9v% +

63.60° — 417v* 4 1389.80% — 2409.4v% + 1918.8v —
352.

The procedure for obtaining the characteristic
curve was not performed for the thermocouple,
because the association of the AD595 with the RC
filter has a linear output of 10 mV/°C. Then, the

characteristic curve equation is t(v) = 15ig=s -

3.7 Hardware-software integration tests

By means of the same procedures presented in Sec-
tion 3.6, validation data sets were obtained. For
the adjustment of the Shunt curve, a maximum er-
ror of 4% was found; for the load cell curve a max-
imum error of 9% was found; and for the LVDT
curve, a maximum error of 4.5% was found.

3.8 System integration

In this phase, the whole system was integrated.
A dynamic experiment code was generated. Such
experiment is divided into two parts: (i) isotonic
test, in which the load is held constant and the
displacement is measured, and (ii) isometric test,
in which the actuator length is held constant and
the contraction force due to the heating is mea-
sured. The electric current and temperature are
also measured.

3.9 Experimental test platform

The experimental platform is presented in Fig-
ure 9. A photograph of the platform is shown
in Figure 10.

In the isotonic test, the higher end of the actu-
ator is connected to the load cell and the lower end
is connected a trail (with a 150 g weight) which is

+ Load Cell
Thermoco‘lkjple v

=

Step Motor

Figure 9: Experimental test platform.

fixed to the LVDT mobile stem. When the actua-
tor is contracting, it pulls the LVDT stem and the
displacement is measured. The LVDT body was
installed on the platform in a way that stem would
not cause any friction due to the actuator con-
traction and distension. In the isometric test, the
LVDT stem is held completely raised and fixed, in
a way that, during the heating, the actuator can-
not contract, and the force with which it actuates
is measured.

3.10 Actuator manufacturing

To obtain a nylon actuator, we have applied the
process of coiling induced by twisting the pre-
cursor fiber (untwisted nylon fiber), described by
Cherubini et al. (2015). The 500 mm length pre-
cursor fiber was a monofilament of 0.4 mm diam-
eter nylon.

This process consists of fixing the higher end
of the fiber to a rotary motor axis and fixing the
lower end to a weight of 100 g, that keeps the fiber
tensioned. The lower end is fixed to prevent the
rotation around the vertical axis. This way, each
turn of the motor axis adds up one turn of the
fiber torsion. The weight is free to slide up and
down. As the motor rotates at a speed of approx-
imately 600 rpm, the fiber is twisted and shrinks
in length. When the torsion is above the critical
torsion density, the coiling process starts sponta-
neously, and the nylon assumes a spring shape.
By the end of the process, the actuator obtained
is 90 mm in length and 1 mm in diameter.

After the actuator manufacturing process, it
is necessary to perform a cyclic thermal training
of heating and cooling to ensure a reversible and
stable thermal actuation with minimum hysteresis
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Figure 10: Photograph of the platform.

(Sharafi and Li, 2015). The procedure adopted
is similar to the static experiment, in which the
actuator is heated by Joule effect caused by the
electric current in the 0.8 mm diameter copper
wire. The actuator was heated up to 160 °C, that
was the maximum temperature the actuator could
withstand without damage, and cooled naturally
by convection down to room temperature (about
25 °C). The steady state was reached after six
cycles and the actuator final length was 120 mm.

4 Results and discussion

For characterizing the nylon actuator, of 1 mm di-
ameter and 120 mm in length obtained from the
procedure presented in Section 3.10, we have per-
formed the whole system integration test, which
consisted in the performing the dynamic experi-
ment.

4.1 Acceptance tests

The responses of temperature, force, and displace-
ment to the electric current input signal are pre-
sented in Figure 11. Such input signal is controlled
by a PWM signal, whose duty cycle varies from
10% to 100%, at steps of 10%. In this experi-
ment, both the heating and cooling time intervals
were of 50 s.

As shown in Figure 11, the input signal gen-
erated a current of up to 6.6 A, heating up the
actuator from 26 °C (room temperature) up to
156.4 °C, which generated a force from 1.63 N (be-
fore actuator triggering) up to 2.36 N, and reached
a 15.2 mm displacement, that is the equivalent to
a 12.67% contraction of the 120 mm initial ac-
tuator length. The actuator response has a time
constant of 4 s from the input signal variation.

The plots of force x temperature for 40%,
60%, 80%, and 100% duty cycle are shown in Fig-
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Figure 11: Results of the dynamic test experi-
ment.

ure 12. These are the actuation force versus tem-
perature profiles of the actuator.
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Figure 12: Force x temperature profile for the
nylon actuator.

As shown in Figure 12, the relationship be-
tween force and temperature has almost no hys-
teresis at all operating points. It is also possible
to conclude that the curves slopes, that can be
approximated by a straight line, are similar, indi-
cating that the expression in (2) is acceptable.

The curves of displacement x temperature are
shown in Figure 13, for 40%, 60%, 80%, and 100%
duty cycles.

5 Conclusion and future work

This work presented the design, implementation
and tests of an experimental platform to obtain
electro thermomechanical responses of an actua-
tor based on a nylon thread. The Model-Based
Design Methodology with automatic code genera-
tion allowed greater productivity and avoided en-
gineering rework, because imposes verification and
tests along all the project phases.

By means of an isotonic test, we have demon-
strated that a 120 mm in length and 1 mm diam-
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Figure 13: Displacement x temperature plot.

eter actuator may lift a load of 150 g, contract-
ing up to 15.2 mm (12.67%) when submitted to
a temperature of 156.4 °C in response to an elec-
tric current as an input signal of average value
of 6.6 A that flows through a 0.8 mm diameter
copper wire which surrounds the actuator. For
the same conditions of electric current and tem-
perature, by means of an isometric test, we have
demonstrated the actuator capacity of generating
a force of up to 2.36 N.

The force generated by the actuator when
heated has a linear relationship with the temper-
ature, while the displacement has an hysteretic
response.

In future works, using the data acquired in
this work, the parameters of the actuator model
will be estimated, whose input is the electric cur-
rent and output are temperature, force and dis-
placement, in order to demonstrate the validity of
the models proposed in 3 and 6. Furthermore,
a control system position will be designed and
tested.
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