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Abstract: Shape memory alloys (SMAs) are smart materials that change their crystalline structures
when subjected to heat or tension, resulting in a macroscopic deformation. When applied to actuators,
SMAs present a remarkable load–weight ratio and flexibility, making them suitable for diverse
applications. However, challenges such as their energy consumption, nonlinear control, and low
displacement must be considered. This paper presents a new strategy for improving the total
displacement while adding neither supplementary SMA wires nor complex external devices. In
addition, a novel control strategy is proposed to improve the nonlinearity of SMAs’ behavior. A
hoist system was developed to linearly increase the displacement with the number of pulleys and
wire turns used. The design also used parallel actuation to increase the load capacity. The actuator
presented a high load capacity with reduced weight, lifting more than 100 times its own mass, with a
low-cost and robust external system. The simplicity of the actuator’s control and production and its
lightness make it a suitable option for a wide range of applications, including wearable exoskeletons.

Keywords: smart materials; SMA-based actuators; high displacement; nonlinear control; wearable
exoskeletons

1. Introduction

Social development has led to new requirements for classical materials, such as a
lower weight, biocompatibility, miniaturization, etc. Smart materials have been studied
to solve these problems due to their capacity for changing their physical or chemical
properties in response to specific environmental stimuli. Shape memory alloys (SMAs)
are a type of smart material that is commonly composed of nickel and titanium, and they
are known for their exceptional mechanical and electrical properties, such as their heat
and fatigue resistance [1]. SMAs exhibit two notable phenomena—the shape memory
effect (SME) and superelasticity effect (SE)—which make them suitable for force generation
and energy storage applications. The SME and SE are the results of a transformation
between two crystalline structures: austenite at high temperatures and martensite at low
temperatures. The use of SMA actuators in various fields has grown over recent years
because the characteristics of the SE and SME make them appropriate solutions in fields of
application in which conventional actuators fail, such as in wearable devices, soft robotics,
automotive applications, and aerospace applications [2].

SMA actuators have become an active research field due to their numerous advan-
tages, including their high load–weight ratio. Compared with hydraulic actuators of the
same size, they can generate a force that is 150 times stronger; compared with magnetic
actuators, the force that they generate is 400 times stronger. Additionally, SMA actuators
are noiseless and adaptable to various applications. However, these actuators have serious
drawbacks that affect their maximum operating frequency. First, the SMA deformation
is only approximately 4% of the total length, which is relatively small compared with
that of other smart actuators. In addition, the material exhibits a sharp hysteresis, and a
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precise and robust model for accurately predicting its behavior is lacking, making control
techniques challenging to apply. Furthermore, the cooling process required by the SMA
wires to recover their original form is slow, which results in a lower operating frequency
than that of linear actuators. SMA actuators also consume more power because the wires
are heated by using the Joule effect.

One of the most promising fields for the application of this type of actuator is soft
robotics. Among the new technologies used in soft robotics, 3D printing is one of the most
popular. Numerous researchers have integrated SMA wires into 3D-printed materials to
enable flexible actuation [3]. In this study, a bioinspired finger actuated by an SMA was
developed by printing both stiff and soft materials together. Other researchers [4] devel-
oped a manufacturing strategy for producing an actuator. Additionally, researchers [5,6]
incorporated SMA wires into a soft matrix with stiffness modulation and modeled their
behavior to predict the deformation and optimize the design.

SMA-based actuators have some limitations, such as their restricted range of displace-
ment, slow cooling stage—which results in low-frequency actuation—and the difficulty
in controlling them. Researchers have addressed the limited displacement range of SMA-
based actuators by developing new designs with SMA springs for wearable technology.
These include fabric shape actuators that use thin wires [7] and adaptable fabrics that
use 10 µm SMA strands [8]. Other designs used SMA wires with a 500 µm diameter to
create fabric muscles that could lift up to 10 kg and present 50% contraction [9]; a suit-type
wearable assistance robot was developed [10]. Researchers [11] recently developed a new
soft fabric muscle by using an 80 µm wire spring embedded into a fabric, which could lift a
mass that was 1500 times heavier with over 50% contraction. However, the production of
the fabric and the nonlinear control strategies pose challenges for these types of actuators.
The solution presented in [12] involved embedding the total length of a wire in a fabric to
achieve better displacement without the need for an external mechanical system. Other
researchers [13] followed a similar approach for designing a high-displacement SMA-based
actuator that was not embedded in fabric. Another strategy was the use of a hoist sys-
tem [14], which increased the total displacement of the SMA wire six-fold through the use
of a pulley block, thus improving the contraction of a hand exoskeleton.

The selected control methodology for SMA-based actuators must consider their spe-
cific design properties and limitations, which vary due to the wide variety of configurations
involved. One possible approach is sliding-mode control (SMC), which can be combined
with modeling strategies [15] or employed in a model-free manner [16]. Additionally, artifi-
cial intelligence (AI) has emerged as a promising tool for SMA-based actuator control [17],
and it can be used with neural networks and SMC to develop a robust feedback controller
for SMA-based artificial muscles. Fuzzy control is currently the most prevalent control
strategy for SMA-based actuators and has been successfully applied in various studies.
In [18], fuzzy logic was integrated with a PID controller. In [19], fuzzy control was used
to accurately control each phalanx of a hand exoskeleton. However, the effectiveness of
these control techniques is reliant on the accuracy of the underlying model or previous
knowledge of the system. Despite recent advancements, the current state of behavior mod-
eling for SMA-based actuators remains challenging, and acquiring actual data for model
identification poses the risks of damaging the actuator, leading to time and material losses.

Another of the main challenges with SMA actuators is their cooling process, particu-
larly in nonagonist–antagonist configurations in which the control is linked to wire heating;
during the cooling phase, no control signal can be sent. Although natural convection is
the most commonly used cooling strategy, it results in a low working frequency. Several
methods have been studied to address this issue. One such method involved implementing
a cool water system [20]. However, this approach required pipes and valves, which can
add complexity to the system and may result in leakage. Other cooling strategies include
using artificial air currents [21] or developing a cooling heat sink [22] to help dissipate heat
and restore the original shape of an SMA. Additionally, an elastocaloric cooling technology
was explored [23]. Various cooling methods have also been compared, such as by using
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thermal grease to create a heat sink [24] or comparing different cooling methods by using
artificial air convection, water, and cryogenic liquid nitrogen [25].

In our research group, SMA-based actuators were successfully applied in different
upper-limb rehabilitation devices [26,27] in which a wearable elbow exoskeleton was
controlled by this technology. A hand exoskeleton for astronauts was also developed [28],
and this improved essential movements such as gripping, which is considered a highly
energetic task in certain situations. Different SMA configurations were studied [29], and the
parameters of the actuator therein were established. Other authors [30] compared the energy
efficiency of such configurations and their potential impacts on the commercialization of
the devices. In [31], various control strategies—both model-based and model-free—were
compared and studied. The advances developed by our research group in the use of these
actuators for their application in upper-limb rehabilitation exoskeletons were described [32].

In terms of SMA-based actuator performance, the percentage of displacement with
respect to the total length is a critical parameter in some applications. The proposed appli-
cation for the developed actuator is a wearable exosekeleton for rehabilitation therapies,
where the size and weight constraints are imposed by the nature of the task. Such challeng-
ing length restrictions were addressed in this study by designing a built-in hoist system
that multiplied the SMA wire contraction and increased the total movement. The design
also included parallel wire actuation to increase the load capacity. In contrast with the
approaches proposed in the literature, using this mechanism did not add complexity to the
system because the behavior of the hoist was linear with respect to the position. Moreover,
the production of the actuator did not require sophisticated sewing methods or expensive
hydraulic devices. When using the actuator in exoskeletons, the relationship between load
capacity and actuator weight increased user comfort and was more portable. In addition,
to comply with movement restrictions during rehabilitation therapy, a novel controller
was developed. The controller was specifically designed for SMA-based artificial muscles
and used a combination of classic approaches and mathematical characterizations of the
reference and error for precise position control without requiring a model. By defining
a few adjustable parameters based on the actuator’s properties, the controller produced
precise and noise-free results that were both accurate and repeatable, making it well suited
for exoskeleton applications.

This paper is divided into five sections: In Section 2, the study’s methodology is detailed;
this includes an analysis of the hoist system, the multiwire configuration, the design config-
uration parameters, and the components of the test bench. Section 3 details the proposed
nonactuable system state controller for the position control of SMA wires; Section 4 provides
the results of the actuator and a comparison of the results of different tests in which the
frequency and task load were varied, as well as a discussion of these results. Finally, Section 5
presents conclusions concerning the achieved results, as well as directions for future studies
and related lines of research.

2. Mechanical and Actuator Design

Based on a hoist system for displacement improvement and parallel actuation, this
section details the design of an actuator and its integration with a previous test bench for
position feedback.

2.1. Hoist System for Displacement Improvement

The central concept of the proposed actuator’s design involves the use of an embedded
hoist system that amplifies the contraction of SMA wires and, thereby, increases the final
displacement. The hoist system consisted of a mobile axis, a predetermined number of pulleys,
and a nylon thread. One end of the thread was attached to the mobile axis, whereas the other
end was connected to the payload, passing through the pulleys. In this design, one pulley
was fixed to the mobile axis; the remaining two were fixed to a stationary support. One of the
fixed pulleys was intended to provide wire support and did not impact the displacement or
the forces involved.
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Figure 1a shows an outline of the hoist design and its integration in the actuator, and
Figure 1b represents a top view. When a small movement of a mobile axis is produced,
∆xSMA, the nylon thread is stretched through each pulley, producing an increment in the
payload movement, ∆xpayload, as seen in Figure 1c. The maximum contraction of SMA
wires is generally within the range of 2% to 5% of their total length. The following equation,
Equation (1), determines the augmentation displacement of the payload linearly with the
number of nylon turns and the contraction of the SMA wires, where l is the length of the
SMA wire, C is the determined percentage of contraction, and N is the number of threads
in the hoist.

∆xpayload = N · ∆xSMA → ∆xpayload = N · C · l, (1)

(a)

(b) (c)
Figure 1. Scheme of the hoist’s working principle. The displacement produced in the mobile pulleys
is multiplied in the payload. (a) A diagram of the hoist and its integration into the developed actuator.
(b) Schematic top view of the hoist. (c) Simplified schematic of the hoist for displacement analysis.

The percentage of displacement achieved varies with the number of nylon turns in
the hoist system. Figure 2a shows a comparison of different hoist configurations and
highlights the single-SMA actuator and the selected number of thread turns in this study.
The actuation range linearly increases with the same SMA wire length, thus substantially
reducing the the size of the actuator, as shown in Figure 2b.

The increase in displacement resulting from the hoist system leads to changes in the
pulling and recovery forces. The arrangement of the fixed and mobile pulleys determines
the forces and tensions in the hoist system. Figure 3a presents the involved forces; assuming
that the pulleys have no mass or moment of inertia due to their relative weight compared
with the rest of the system, the tensions in the system are equal along the entire string
T1 = T2 = T3 = T. The relationship between the force generated by the SMA wires at
the mobile axis, FSMA, and the resulting force in the payload, T, is called the mechanical
advance (MA). Equation (2) determines the MA produced in a system with the contraction
of an SMA.

FSMA = 3T → MA =
FSMA

T
= N = 3, (2)
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(a) (b)
Figure 2. Increase in the total displacement when using the hoist system. (a) Linear growth of the
displacement percentage. (b) The same displacement wire length.

Figure 3b shows the payload lifting force obtained from the MA, T = FSMA/3. When
the SMA wires contract, the force exerted on the moving axis is transmitted through the
pulley system, resulting in a decrease in the maximum payload capacity with respect to
the heating and pulling force of the wires. Figure 3c shows the required force needed on
the system payload for the SMA wires to be subjected to their required recovery cooling
force, Fc, during the cooling state. As, in this case, the hoist force is exerted by the load,
in the mobile axis, this force is divided by the MA. For the wires to experience the required
recovery force, the force exerted on the load must be increased by the MA factor. The ef-
fects of friction are not considered due to their weak impact relative to that of the total
actuator force.

Although the hoist increases the load displacement, it also reduces the maximum force
that the SMA wires can withstand and increases the force required to recover to the original
shape. Figure 4 compares different configurations of h parallel wires for various MA
values. Using a single SMA wire results in a low payload capacity, as shown in Figure 4a,
so using a parallel wire design wires improves the performance. By withdrawing the
parallel actuation, the total intensity and, consequently, the power consumption increase.
During the cooling phase of the actuator, the payload exerts the required force on the
material. To achieve the desired value, the force applied to the payload is multiplied by the
MA. Figure 4b depicts how the required recovery force is always larger than the maximum
pulling force, indicating that the recovery of the wires may be impaired. As shown in
Figure 4c, the force advantage is negative when using the hoist system, which is the
main limitation. However, the aim of this approach is to increase the total displacement.
The recovery of the wires is not totally dependent on the load, so the actuator’s performance
is still suitable for a range of cyclic applications. In addition, the actuator can be used in
multiple single-shot applications.
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(a) (b) (c)
Figure 3. Mechanical advantage of the hoist. The force pulling the nylon thread through the hoist
(red) is diminished at the other end of the thread, and a force divided by the MA (orange) is produced.
(a) Dynamic analysis of the system. (b) Forces in the heating state. (c) Forces in the cooling state.

(a) (b) (c)

Figure 4. Payload capacity in different parallel configurations for a given SMA wire. (a) Decrease in
the pulling force. (b) Increase in the deformation force. (c) Force augmentation.

2.2. Actuator Assembly

In this study, aFlexinol wire by Dynalloy was used for the SMA actuator. This particu-
lar type of wire is known for its high performance and versatility, making it suitable for a
wide range of applications. SMA wires, unlike springs, facilitate actuator control by having
less nonlinear behavior, thus facilitating the validation of the proposed high-displacement
design. Detailed technical information about the different diameters of Flexinol wire was
previously provided [33]. The appropriate parameters for the design were selected after
considering this information and the energy constraints of the system. The final actuator
was composed of h SMA wires with a diameter of DSMA, a length of l m, and an activation
temperature of T ◦C. The final actuator, which is shown in Figure 5, also included the hoist
system that was described, which had a mechanical advance of N, thus increasing the
displacement by N times.
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Figure 5. The actuator’s design and its main components, as well as a real photograph with a power
supply.

The main assembly consisted of three aluminum pieces: two fixed and one mobile.
The mobile piece connected the SMA wire to the hoist and served as a power supply
connector; it was displaced by the wire contraction when heated. One of the fixed pieces
kept the SMA wires stretched and served as a power supply connector, whereas the other
one held the fixed pulleys in place to enable the hoist system to function. Both pieces
also supported the actuator during the tests. The system was supported by a carbon fiber
tube, which had a low friction coefficient and improved the control. The design of the
proposed actuator was intended to minimize the weight while maximizing the payload
capacity. To achieve this, lightweight materials, such as aluminum, were used for the
metallic components, and a hollow carbon fiber tube was used for support.

The developed actuator was lightweight, was adaptable to the human body, and could
exert a high force, so it is suitable for use in wearable exoskeletons. The portability
and assistance of movements without compromising human biomechanics are crucial
considerations in the design of such devices [34]. Muscles’ production of force involves
a series of events that lead to muscle activation, and any changes in the nervous, ionic,
vascular, or energy systems can impair force generation [35]. In rehabilitation devices,
the total weight of an actuator can increase the energy required by the user to compensate for
gravity and can potentially lead to muscle fatigue. The load–weight relationship achieved
in the developed actuator allowed for its direct application in wearable exoskeletons, thus
improving user comfort and acceptance.

2.3. Test Bench

The test bench that was used was composed of two subsystems: mechanical and
electronic. The electronic subsystem was divided into a signal generator that used a 32-bit
microcontroller and a power-electronic stage based on a MOSFET transistor, as previously
detailed [30]. The mechanical system included the axis, pulley, and load needed for
the operation. It also provided support for the SMA actuator and the position sensor.
The structure of the test bench is shown in Figure 6.
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Figure 6. Outline and main components of the test bench. The mechanical system was composed
of a mobile trolley that was pulled by the hoist system. Within, the sensors required for position
measurement were mounted. The load was moved through the pulley on the edge of the table.

The elements in the test bench were:

• Element 1: The SMA-based actuator that was described in Section 2.2.
• Element 2: A mounting system that allowed displacement over its axis. All of the

elements needed for the displacement measurement were mounted over it.
• Element 3: A mobile trolley that was moved by the nylon thread of the hoist sys-

tem, which was moved by the SMA’s contraction, and this was used to measure the
displacement.

• Element 4: A position sensor based on the Hall effect, NSE5310, which was manufac-
tured by ams AG [36], was used with an I2C interface, and had a resolution of 0.488
µm.

• Element 5: A magnetic component that was necessary for the position sensor to work.
• Element 6: A pulley that was fixed to the test bench so that the load could suitably

move. The wire that connected the payload and the mobile trolley was a fishing wire
from Caperlan [37] that could support a maximum weight of 20 kg.

• Element 7: A load that could be attached to the actuator and be displaced.
• Element 8: A table on which the bench was mounted.
• Element 9: A front view of the bench for a better understanding of the setup.

3. Control Strategy

Working with SMAs presents some challenges, with the main issue being their highly
nonlinear behavior. Actuators based on these materials experience intensified hysteresis,
sensitivity to environmental conditions, and inherent material fatigue. These properties
make nonlinear algorithms an appropriate option for SMA actuators, as they are also more
difficult to implement and calibrate than linear controllers. In addition, in the proposed
design that was detailed in Section 2.2, the actuator used parallel actuation, so we could
not confirm that the wires worked at the exact same tension—the values could be slightly
different. The result was a sum of different nonlinear models controlled by a single
controller, which could lead to the breakage of the wire if one of them supported more
force than the others.

According to the material restrictions and properties, the most classical and easy-to-
implement controller is based on the PID method. Assuming that the power electronics
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send a PWM current to the actuator, the controller calculates the duty cycle of the signal
according to

C(z) =
[

Kp +
Ki

1 − z−1 + Kd(1 − z−1)

]
E(z), (3)

where C(z) is the PWM duty cycle, Kp, Ki, and Kd are the proportional, integral, and deriva-
tive gain, respectively, and E(z) is the error between the reference and the output. The PID
gains were adjusted experimentally by observing the SMA’s response.

However, the material temperature cannot be directly controlled, though this is the
variable responsible for the transformation and shape memory effect. Heating an SMA by
using the Joule effect and controlling the intensity that passes through the wire with a PID
does not provide acceptable performance under certain task restrictions, especially during
the cooling phase. In this study, a new strategy was developed for systems that present
states that cannot be controlled, which we call a nonactuable system state (NASS) controller.
The main control loop, as shown in Figure 7, is composed of two additional components
that provide a solution to the instabilities related to the cooling of the wire.

Figure 7. NASS controller scheme. R(z) is the reference, P(z) is the measured position, E(z) is the
error, E′(z) is the weighted error, U(z) is the PID control signal, O(z) is the offset, V(z) is the final
control signal, and I(z) is the intensity given to the actuator.

The first problem with the actuator configuration is related to SMAs’ characteristic
cooling curve. Accordingly, at the start of the cooling phase, the position rapidly recovers,
and then the process slows in the form of a negative exponential function. Due to the
absence of the antagonist configuration, if the load is lighter than the recovery force or if
the frequency is too high, the wire does not return to its original form. Hence, at the end of
the cooling state, a substantial error that cannot be removed is accumulated and increases
the controller signal. At the start of a new cycle, this error increases the control action,
leading to instabilities and a delay. This problem is solved by implementing an anti-windup
block in the controller, which actuates as error preprocessing when the position overshoots
the reference. This is mathematically modeled by using a sigmoid function to preserve
continuous and smooth signal behavior.

E′(z) = E(z) · 1
1 + e−m1(E(z)−n1)

, (4)

where E(z) is the original error signal, m1 is the hardness of the sigmoid function, and n1 is
the threshold error value; the latter two were both adjusted experimentally.

If the SMA overheats, the control signal should be null in order to cool it, so the
error during this phase is weighted to nearly zero. By not accumulating an error signal,
the response in the next step is faster and reaches that of the reference without producing
future oscillations. Moreover, the PID receives a reset signal at each cycle to remove the
integral accumulated error. By combining Equations (3) and (4), the control signal U(z)
is obtained:

U(z) =
[

Kp +
Ki

1 − z−1 + Kd(1 − z−1)

]
· E(z)

1 + e−m1(E(z)−n1)
(5)
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The performance obtained with this modification is acceptable, but two notable prob-
lems that substantially decrease the final results remain. The first is related to the instabili-
ties produced when the position overshoots the reference, and the second one is related
to certain positions that might be susceptible to overshooting. Both of these problems are
solved with the reference gradient adaptive signal smoother (RGASS), a new block that
we designed to improve SMA performance, and it is composed of an overshoot stabilizer
and a critical region variable gain. The final control signal is defined by the following
general equation:

V(z) = [U(z) + O(z)] · KG(z), (6)

where U(z) is defined in Equation (5), O(z) is the overshoot stabilizer, and KG(z) is the
critical region variable gain.

As defined by thermodynamics, for the temperature of a material to decrease, the heat
supplied must be less than the heat dissipated. In non-agonist–antagonist designs, when
the position overpasses the reference because the material is overheated, the only solution
is to turn off the controller’s action. Due to SMA heat dissipation delays, error accumulates,
and the following PID response is intensified; the reference is overshot again and an on–off
controller that produces fluctuations and instability in the position is created. To solve this
issue, a new block called an overshoot stabilizer was implemented. It adds an offset to
the controller when the error is negative, thus keeping the control signal above zero. This
minimal value avoids the oscillations produced in the heating phase and improves the
general performance, thus smoothing the nonactuable state correction. It depends on the
reference gradient and the error and is mathematically modeled as follows:

O(z) =


max(0, c1 − c2 · |E(z)|) i f E(z) < n1 ∧ ∇R > 0

0 otherwise
(7)

where c1 and c2 are temperature constants that are adjusted depending on the actuator’s
thermodynamics and the selected reference, respectively; n is the threshold error value.

The critical region variable gain is defined as an additional gain added to the control
signal to maintain the position at stable values depending on the reference gradient, which
contains information about the system. The sign indicates a heating or cooling state, and the
magnitude indicates the velocity of the transformation. This gain produces a weighting of
the control signal to decrease its value when the region is susceptible to overshooting. First,
the relationship between the current gradient and the total reference amplitude is obtained
with Equation (8) to establish the relative speed of the change. At a position in which this
relationship is close to zero, the position belongs to a critical region. For example, when the
gradient reaches zero and the cooling state is starting, the control signal generated by the
PID is slightly reduced, and the movement is smoothed.

∇R(z)
A

∈ (0, 1), (8)

where ∇R(z) is the reference gradient, and A is the total signal amplitude.
By using this value, we can calculate the variable gain that weights the previous control

signal, which is mathematically obtained by using the following equation in sigmoid form
to maintain continuous signals and smoother behavior:

KG(z) = p +
1− p

1 + e−m2

(
∇R(z)

A −n2

) ∈ (p, 1), (9)

where p ∈ (0, 1) is the reduction coefficient for the signal in the critical regions, m2 is the
sigmoid hardness, and n2 is the gradient threshold, which can be experimentally adjusted
according to the specific application.
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The output of the controller is a signal saturated between 0 and 100, representing the
duty cycle of the PWM signal. This value is computed by the power electronics, which
generate the real signal and send it to the actuator, as shown in Figure 7. The amplitude
of the intensity depends on the electrical properties and configuration of the SMA wires.
In this case, the amperage relies on the single-wire tolerance and the parallel configuration.
With the resistance and longitude of each wire, the voltage can also be obtained.

When applied to the SMA actuator, the NASS controller has the robustness of a
classical PID controller while being able to accordingly respond to the restrictions in the
system that increase control complexity. The nonactuable state is a critical region during
control because this state can easily lead to instabilities and oscillations in the position of
the actuator. For testing, various experiments were conducted, and the loads and work
frequencies were varied. Overall, the controller ensured steady and continuous movement
during the heating stage during various working cycles. The obtained actuator response
was compared with that of the PID controller; an analysis is presented in Section 4 for
different loads and working frequencies.

4. Results

For the specific design parametrization of the developed actuator, h = 8 SMA wires
with a diameter of DSMA = 0.38 mm = 0.015”, a length of l = 0.297 m, and an activation
temperature of 90 ◦C were selected. As the wires were not perfectly tensioned and the
payload was not immediately displaced, we assumed C = 3% as the percentage of wire con-
traction. The designed hoist system exhibited an MA of N = 3; so, the maximum payload
displacement was multiplied by three. The total mass of the actuator was 20 g. According
to the manufacturer’s specifications [33], each wire was able to lift 2.25 kg. After consider-
ing parallel actuation and the hoist system, the final load capacity was 2.25 · 8/3 = 6 kg.
The actuator could theoretically lift 300 times its own weight. However, the design and
calculations did not consider the effect of friction; for this reason, the maximum payload
tested was 2.5 kg to prevent wire breakage. The actuator was found to be able to lift 100
times its own weight, resulting in an efficiency of 41.17%.

The controller parameters, which are detailed in Table 1, were adjusted by observing
the actuator’s response to the reference signal. The position was measured in sensor units,
with a conversion rate of 1 u.s. = 0.48 µm. The reference, position, and error are expressed
as 104, but, for clarity, they are shown in centimeters. Therefore, the PID gains are expressed
as 10−3.

Table 1. NASS-controller-selected hyperparameters.

Parent Block Hyperparameter Value

PID Kp 0.024
PID Ki 0.001
PID Kd 0.001

Anti-windup m1 2
Anti-windup n1 −500

Overshoot Stabilizer c1 2
Overshoot Stabilizer c2 0.002

Critical Region Variable Gain m2 2
Critical Region Variable Gain n2 0.1

4.1. Experimental Results

To study the actuator’s responses to different working conditions, various tests were
executed. The position reference was generated with a sinusoidal signal, the amplitude of
which was within the range of maximum displacement. This signal provided continuous,
smooth movement, which is useful for many SMA-based actuator applications. The actua-
tor’s response was mainly affected by both its attached payload and the reference signal
frequency. These two experimental parameters are important considerations when using
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smart actuators in real-life applications because they directly influence the final perfor-
mance. For this reason, a range of common working settings were tested by modifying
the load in 0.5 kg increments and the frequency in 0.1 rad/s increments. Each test was
conducted for 600 s under the same environmental conditions: at 25 ◦C and isolated from
external airflow convection. To allow the SMA to dissipate heat and return to its original
form between tests, external tension was applied, and the wire was allowed sufficient time
to completely cool.

Figure 8 shows the actuator’s response to one test as an example of the general
behavior that was obtained. Overall, the results demonstrated that the actuator performed
correctly under various conditions, reaching the maximum and following the reference
with a smooth trajectory, as shown in Figure 8a. However, we found that a delay occurred
in the maximum of the signal at the start of the cooling phase. This delay was produced
because of the number of heated SMA wires and the small distance between them, which
caused the surrounding air temperature to increase, which hampered the cooling of the
wire. We also observed that the recovery of the wires decreased with increasing cycles. This
occurred because of the retained heat, which produced an increase in the wire temperature
in each cycle. As a result, two states could be distinguished in each test based on recovery:
the transitional and stationary states.

(a) (b)
Figure 8. Actuator’s response for a frequency of 0.2 rad/s and a load of 2.00 kg. (a) Actuator’s
position with respect to reference. (b) Actuator’s error signal and anti-windup action.

Despite the challenges presented by the cooling state, the actuator achieved the maxi-
mum displacement in each cycle. During the cooling phase, the real error was large because
the wire could not be forced to cool down, as shown in Figure 8b. The anti-windup block
from the NASS controller eliminated the accumulated error, allowing the response at the be-
ginning of each cycle to remain within the stability limits. As a result, the SMA reached the
reference with an underdamped response, and the heating delays that negatively impacted
the actuator’s response were substantially reduced.

4.1.1. Effects of Frequency and Load

The use of SMAs as actuators is associated with certain limitations, such as the require-
ment for a specific cooling time and forcing a return to their initial state. The frequency at
which an SMA transforms between its two states considerably impacts the process. Operat-
ing at higher frequencies results in faster actuation, but can lead to lower displacement due
to the material not having enough time to return to its original form. Conversely, operating
at lower frequencies results in slower actuation, but can also result in higher displacement.
Notably, the selection of the working frequency for SMAs may not be optimal for traditional
engineering purposes, but in fields such as medicine, different standards apply, and SMAs
can still meet the requirements in these fields.
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The response of SMA-based actuators is highly dependent on the frequency of the
reference signal. If the actuator’s configuration is not agonist–antagonist, as in the current
study, its response is even more susceptible to variations in frequency. As depicted in
Figure 9a, when the cooling time is sufficient for the material to return to its original shape,
the observed behavior is predictable and consistent with the theoretical recovery patterns.
However, when the frequency is increased, as demonstrated in Figure 9b, the displacement
produced in each cycle decreases, as the SMA is unable to fully return to its original form.

As a result of the increased frequency, the recovery is not uniform, and each cycle
exhibits oscillation in the minimum position reached, making the behavior more unpre-
dictable and difficult to approximate and model. Furthermore, Figure 9c shows that the
delay produced at the maximum displacement can be disregarded for low frequencies, as it
represents a relatively insignificant time in comparison with the cycle period. However,
when the frequency increases, the delay negatively impacts the recovery of the SMA, as this
delay is notably high with respect to the overall cooling phase, as shown in Figure 9d.

(a) (b)

(c) (d)
Figure 9. Comparison of the actuator’s responses at different working frequencies. (a) Overall
response at a frequency of 0.1 rad/s and a load of 2.00 kg. (b) Overall response at a frequency of 0.3
rad/s and a load of 2.00 kg. (c) Details at a frequency of 0.1 rad/s and a load of 2.00 kg. (d) Details at
a frequency of 0.3 rad/s and a load of 2.00 kg.

Load can also affect the recovery of SMAs. In general, the recovery is influenced by
the amount of stress or strain that is applied. The attached payload can impact the energy
consumption because the deformation requires energy, which depends on the size and
properties of this payload. The temperature is also related to the energy consumption,
so heavier loads require more power, and the temperature reached by the wire is higher.
Figure 10 compares the thermal and strain effects produced by different payloads for a
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given frequency. Studying the position in Figure 10 shows that lighter payloads initiate the
cooling process earlier, whereas higher payloads result in increased heating of the wires
and slower heat dissipation. However, in terms of recovery, higher payloads tend to better
return to their original form because of the higher steepness of the cooling curve. This
occurs because the the wire is more rapidly quenched when the temperature difference is
larger, and the difference between the environment and the wires in these tests was larger.

Figure 10. Comparison of the actuator’s responses with different loads.

4.1.2. Comparison of NASS and PID

The proposed controller produced a proper response for a multiwire actuator with a
high displacement, but we needed to compare the obtained results with those produced by
other controllers proposed in the literature to validate the findings. The primary control
strategy found in the literature for controlling the position of SMA wires was the use of a
PID controller, which presents limitations in nonlinear systems, as discussed in Section 3.
The same tests described in Section 4.1 were conducted again, but while using a PID block
with the established proportional, integral, and derivate gain listed in Table 1.

Neurorehabilitation focuses on the establishment of simple repetitive exercises that
allow a patient to recover the ability to perform daily tasks with autonomy. For this reason,
robotic rehabilitation devices must enable a patient to perform the movements prescribed
by a medical specialist while reinforcing the targeted muscle groups [38]. Consequently,
an evaluation of system trajectory, in addition to the examination of the parameters that
enhanced the actuator’s lifespan, was of paramount importance in this comparison.

The initial tests were conducted at low frequencies to study the system’s response
under optimal conditions. The PID control performed satisfactorily when the wire was
able to return to its original form due to the sufficient length of the signal period. However,
when the frequency increased, the PID controller presented various limitations. A notable
difference observed in the results was the maximum value reached by the two controllers,
as illustrated in Figure 11a. In the first cycle, both controllers achieved the maximum
value and experienced thermal delay, but the PID controller lacked the anti-windup block,
resulting in a delay in the control action during the subsequent cycle. This led to a higher
position integral error and a failure to reach the maximum position. In contrast, the recovery
of the wire was more favorable with the PID, as the wires initiated cooling at a lower
position. This behavior was consistent over multiple cycles, but the maximum displacement
decreased due to the transition to the stationary recovery state and the error accumulated
during the cooling phase.

A closer examination of the signal while focusing on a single cycle, as depicted in
Figure 11b, revealed another notable difference in the generated position. The PID signal
exhibited a stepped behavior, which was typical of on–off control, whereas the NASS
controller produced a smooth movement that closely followed the reference. This was
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further supported by the control signals shown in Figure 11c. The NASS control signal
remained slightly higher and smoother, which increased power consumption, but was
beneficial for the actuator’s response and lifespan. The PID signal extensively oscillated
between zero and higher values, introducing noise into the system and producing an
oscillatory behavior.

(a)

(b) (c)
Figure 11. Comparison of the PID and NASS controllers for a frequency of 0.2 rad/s and a load
of 2.00 kg. (a) General position comparison. (b) Detailed position comparison. (c) Detailed control
signal comparison.

Although the controller presented in this paper demonstrated satisfactory perfor-
mance, it is not without limitations. One major limitation is that the parameters were
initially set based on prior knowledge of the system and were adjusted through observation
of the actuator’s response during testing. Additionally, these parameters were subject to
variation based on the environmental conditions—particularly the temperature. Further
studies are needed to investigate the controller’s response to alternative reference signals,
such as step inputs. Another important consideration is the impact of friction and heat
dissipation on the overall performance of the controller; thus, future developments should
focus on addressing these issues to enhance the controller’s efficiency.

4.1.3. Forced Cooling Comparison

To enhance the performance of the actuator and examine the effect of environmental
temperature on recovery, an additional test was conducted while using a power supply fan
to cool the SMA. This fan was positioned below the actuator and maintained a constant



Actuators 2023, 12, 159 16 of 21

air flow during both the heating and cooling cycles to force the ventilation of the wires.
The results are displayed in Figure 12, in which the actuator’s response is compared
with that achieved with natural and forced air convection. The results revealed that the
environment negatively impacted the performance of the SMA wires by absorbing heat
from them. This resulted in a delayed response and a less efficient cooling curve during the
initial stages of the cooling phase. However, when the environment was refrigerated by
using a fan, the SMA wires were able to start the cooling phase without any interference
from the environment.

Figure 12. Comparison of natural and forced cooling for a frequency of 0.2 rad/s and a load of
2.00 kg.

In both cases, the recovery rate was affected because, although the wires were ex-
ternally cooled, the system was a heat accumulator. This implied that during the cycles,
the internal temperature of the wires increased, and the recovery rate decreased until it
stabilized at a certain value. The natural air convection cooling method produced improved
recovery in the initial cycles of the test; however, forced air convection maintained more
consistent results and ultimately resulted in better overall recovery. Furthermore, the forced
cooling produced a typical SMA cooling curve, thus demonstrating the effectiveness of the
fan in improving the performance of the actuator.

4.2. Discussion

In general, the actuator demonstrated the ability to reach its maximum capacity and
exhibited satisfactory behavior in the majority of the tests that were conducted. However,
when the frequency was set to 0.4 rad/s and a payload of 1.00 kg was attached, the wire
was unable to return to its original form within the allotted time and mass, resulting
in a discarded test outcome. This value was then established as the upper limit of the
actuator’s response.

4.2.1. Recovery Analysis

As previously demonstrated in the results in Section 4.1, one of the primary challenges
associated with the use of SMA-based actuators is the recovery to the actuator’s initial
shape. This issue is closely tied to the cooling of the wires and directly impacts the
operating frequency of the actuator. The recovery process is influenced by a variety of
factors, including the magnitude and nature of the applied payload, the temperature of the
material, the frequency of activation, the composition of the SMA, and the heat treatment of
the material. With this type of actuator, increasing the frequency results in a decrease in the
total displacement produced during each cycle, as the actuator may not have sufficient time
to return its original shape. To further understand this limitation and investigate potential
applications and use cases, Table 2 presents the mean recovered value in comparison with
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the initial wire length, as calculated based on the minimum position reached in each cycle
during the 600-second tests.

Table 2. Percentage of the initial wire length recovered.

Freq (rad/s)
Load (kg)

1.00 1.50 2.00 2.50

0.1 81.44± 2.62% 86.82± 1.86% 93.04± 1.86% 96.14± 2.01%

0.2 69.55± 3.92% 71.55± 3.52% 72.76± 5.38% 75.39± 4.81%

0.3 51.70± 5.78% 53.32± 5.78% 48.06± 6.77% 48.85± 8.13%

0.4 - 28.75± 9.02% 32.90± 6.71% 27.21± 6.64%

The elevated standard deviation observed in the previous results can be attributed to
the transitional recovery phase of the SMA wires; due to their own internal heating, the re-
covery decreased with increasing cycles until the establishment of a stationary recovery
phase. This value was the nominal displacement that the wires produced; even though
the establishment time varied according to the frequency, it was typically observed within
the first three cycles. From the fourth cycle onward, the SMA wires could be assumed
to be operating in their stationary recovery phase, and the mean recovery value for this
phase could be calculated. These values are presented in Table 3, which demonstrates
that, overall, the recovered percentage decreased by approximately 2–4% and the standard
deviation improved.

Table 3. Percentage of initial wire length recovered once stationary recovery was reached.

Freq (rad/s)
Load (kg)

1.00 1.50 2.00 2.50

0.1 77.93± 0.63% 84.51± 0.39% 91.27± 0.26% 94.41± 0.33%

0.2 66.36± 1.54% 68.85± 1.49% 69.04± 1.21% 72.16± 1.56%

0.3 48.68± 4.31% 50.31± 4.2% 44.15± 2.63% 44.75± 3.78%

0.4 - 24.76± 5.01% 29.60± 4.12% 23.57± 2.88%

Overall, the recovery of an SMA is influenced by two main factors: frequency and
load. In the proposed design, because of the hoist system, the maximum heating pull force
was weaker than the necessary cooling force, as shown in Figure 4. When the frequency
was low enough, increasing the attached load improved the recovery. The thermal delay
in this scenario was the shortest, and the cooling curve increased faster for high loads.
By increasing the frequency to 0.1 rad/s, the effect of the load was less pronounced than
in the previous case, but it was still observed. When the frequency was increased to
0.4 rad/s, the wires did not have enough time to cool, and the cooling process could
not occur normally. For this case, lighter loads exhibited better recovery because they
required less temperature to reach the maximum value, resulting in a shorter thermal
delay. The highest frequency considered in this study was 0.4 rad/s because, with this
value, the percent of length recovered was overly small, and the actuator’s response was
unacceptable. With this frequency, the produced delay was substantial and negatively
impacted the results, producing nonuniform recovery data and an unpredictable SMA
response in each cycle. In general, the load is determinant in the percentage of recovery
within a given range of frequencies, but for high values, the results become irregular
regardless of the load.
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4.2.2. Single-Actuator Displacement Comparison

After calculating the nominal displacement produced for this design, we could com-
pare the obtained results with those of a single SMA-based actuator. The hoist system
detailed in Section 2.2 provided an increase in the maximum displacement; for this con-
figuration, where N = 3, the maximum displacement was, therefore, multiplied by three.
In Figure 13, the nominal displacement accomplished for each payload and frequency is pre-
sented and compared with the theoretical maximum displacement of a single SMA-based
actuator without the high-displacement hoist system approach.

Figure 13. The actuator’s nominal displacement in comparison with a single actuator’s maximum dis-
placement.

In this comparison, we did not consider the characteristic transitional phase for SMA
wires for a single actuator because its maximum theoretical displacement value was used.
Therefore, the absence of data on the decrease in the total displacement produced over
the cycles due to the heating of the wires produced an advantage for the single actuator.
However, the actuator with the hoist system developed here accomplished an increased
displacement for a common range of working frequencies. Comparing the results with those
of the nominal displacement of a single actuator for the same range of frequencies would
lead to a larger difference in the range of movement; yet, at this stage, we could validate
the hoist system as a robust high-displacement device for improving SMA-based actuators.
Reducing the total actuator size enables increased implementation of this technology in
wearable robotics and exosuits in different fields of knowledge, such as bioengineering
and rehabilitation.

Low frequencies, as shown in Figure 13, were more responsive to the effect of the load
on wire recovery; as the cycle period decreased, SMA recovery became irregular, and the
payload no longer had such a strong effect on the results. For the test that was conducted
at a frequency of 0.4 rad/s, the cooling time was insufficient for the wire to return to its
original form. Therefore, the achieved displacement was unsuitable because it was under
the maximum displacement of the single actuator. However, for a better comparison at high
working frequencies, an in-depth study of the response of a single SMA-based actuator
must be performed. Overall, the working frequency may be improved by eliminating the
delay at the beginning of the cooling phase and by studying and modeling the effects of
friction and the thermal responses of materials.

5. Conclusions

The results obtained here prove the advantages provided by the proposed design.
The main contributions of this study are:
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• The development of a high-displacement SMA-based actuator that is capable of
lifting loads over 100 times its weight. This high load–weight ratio is a considerable
advantage, as it makes the actuator ideal for wearable applications, increases user
comfort, and reduces user fatigue.

• The development of a high-displacement device based on a hoist that simplifies the
system by linearly increasing displacement with the SMA’s contraction. The device’s
production does not require complicated manufacturing, resulting in low economic
costs, and it is easier to maintain than the other systems reported in the literature
because the wires can be easily replaced without compromising the rest of the actuator.

• The development of a novel control strategy for optimizing the actuator’s response
and increasing the working frequency. The NASS controller improved the SMA’s
performance by considering the impacts of uncontrollable states in the system and
maintaining a stable control signal, even in critical regions.

• The validation of the design by using both trajectories and single values, such as
the load–weight relationship and the total strain. The smoothness of the obtained
trajectories validated the applicability of the actuator for biomedical robotics and
soft exoskeletons.

Regardless of all of the different contributions that were mentioned, no studies re-
ported in the literature are as comprehensive as this one, in which we combined a design
with the controller that was used. The resulting actuator produces the desired response for
smooth trajectories while maintaining the working frequency and displacement. The trajec-
tories that were obtained, the load–weight relationship, and the simplicity of the design
validate the actuator for use as a qualified artificial muscle in biomedical applications.
Moreover, this paper presented a new philosophy of tackling problems related to SMAs by
using mechanical solutions when approaching material restrictions.
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