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ABSTRACT The field of Soft Robotics proposes the use of flexible and compliant materials in the
fabrication of soft actuators that can interact with humans in a safer way than conventional robots. While soft
pneumatic actuators operate with positive pressure inflating their chambers and creating movement, vacuum
actuators operate with negative pressure collapsing their chambers to generate movement. The latter have
the benefit that they do not burst due to excessive pressure during contraction and since they shrink in size
when activated, they can fit into tight spaces and are therefore more compact, aside from possibly being
able to expand with positive pressure. This work presents a soft pneumatic linear actuator designed as a
bellow-shaped structure made of silicone rubber that operates with negative pressure to contract and with
positive pressure to extend. A Finite Element Method dynamic analysis was performed, using the SIMULIA
Abaqus software, to predict the actuator’s behavior. From the definition of the geometry, molds composed
of modular pieces were designed and 3D printed to fabricate the actuator prototype. A test platform was
designed to perform tests to characterize the actuator and then implement a position and pressure cascade
control system, designed with a fuzzy pressure controller in the inner loop and a PI position controller in the
outer loop, to regulate both the contraction and the extension of the actuator.

INDEX TERMS Soft Robotics, soft pneumatic actuator, finite element method, cascade control, graphical
user interface.

I. INTRODUCTION
Soft actuators enable safer interaction between robots and
humans and have applications in fields that can benefit
from their mechanical characteristics. Robotic grippers made
of soft bending actuators, such as the Pneunet, can grasp
delicate and frail objects, which makes them useful in
collaborative robots or in minimally invasive surgery, while
soft linear actuators, such as the McKibben pneumatic
artificial muscle (PAM), can be used in assistive devices [1].
In general, conventional robots are made up of rigid

structures connected by joints and moved by electromechan-
ical devices [2]. The inertia of the structure of industrial
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robotic manipulators, for example, results in a possible
danger to the environment in which they are in. Exoskeletons,
which are devices that enhance the user’s strength, endurance,
and dexterity [3], are usually built in a similar way, which
makes them capable of lifting heavy loads and supporting
the user’s body. However, their rigid structure is heavy, bulky
and difficult to adapt to patients with different limb lengths,
which might result in joint misalignment and discomfort [4].
Rehabilitation exoskeletons and orthoses should be compliant
and lighter, to be more comfortable, adaptable [5] and
biocompatible [6]. Therefore, the use of soft actuators has
been seen as a possible solution to the aforementioned
concerns.

Two of the most used soft pneumatic actuators are the
Pneunet and McKibben pneumatic artificial muscle (PAM).
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The first is comprised of a series of chambersmade of silicone
rubber that, when pressurized, inflate and bend due to the
inextensible bottom layer [7]. It is used more commonly as
a finger for soft robotic grippers to grasp more fragile and
delicate bodies, but has also been used in robotic gloves
for rehabilitation [8]. The second is a contractile actuator
composed of an elastic tube inside a braided fiber wrapping
that, when pressurized, inflates radially and contracts axially,
due to the longitudinal constriction of the fibers [9]. It is
usually used as an artificial muscle in upper and lower limb
exoskeletons and in biomimetic continuum robots [10].
Alternatively, there are soft actuators that operate with

negative pressure, in which their body collapses to generate
a certain motion. Some benefits of this kind of operation
are that the actuators cannot burst due to excessive pressure
and their volume decreases during actuation, which makes
them more compact and capable of fitting into narrower
spaces [10]. In addition, they can also operate with positive
pressures, that make them inflate and expand. Tawk et al. [11]
proposed the Linear Soft Vacuum Actuator (LSOVA), 3D
printed with thermoplastic polyurethane (TPU), with a
cylindrical bellow-shaped structure, which collapses under
negative pressure, generating motion in a straight line, which
makes it an alternative to conventional linear actuators and to
the McKibben PAM. Similarly, Oguntosin and Akindele [12]
created the Soft RoboticMuscles (SRM), a prismatic actuator
made of silicone rubbers of different hardness in the outer
walls and inner chambers. Joe et al. [13], on the other hand,
created the Ultralight Hybrid Pneumatic Artificial Muscle
(UH-PAM), composed of a cylindrical bellow-shaped skin
made of silicone rubber, with rigid inner rings and a foam
backbone to prevent buckling during contraction.

The soft contractile actuators mentioned above can be used
as artificial muscles in exoskeletons as pairs in antagonistic
configuration, emulating the skeletal muscles of the human
body, either by attaching their ends to straps around the
limb [12] or to cables that rotate a pulley aligned with
the wearer’s joint [14]. They can also be used as linear
actuators to pull tendons that are routed through the fingers
of robotic grippers [15]. Multiple actuators can be used in a
parallel configuration, in which their pulling force is summed
when activated at the same time, while they can also be
activated antagonistically to bend, acting as a continuum
robotic arm [16]. Soft vacuum actuators, in particular, since
they are more compact and act by shrinking, can be used as
crawling robots to navigate inside tubes [17].
However, the downside of soft actuators is the complexity

of their modeling and control, as they have complex geome-
tries, their operation is based on continuum deformations, and
the materials used to make them have nonlinear mechanical
properties [2]. Initially, quasi-static models derived from
free body diagrams can describe the interaction forces and
deformations of the actuator [18]. A phenomenological
dynamic model often used to represent McKibben PAMs is
a three-element model consisting of a spring, a damping,

and an active contractile element [19]. As soft actuators
have non-constant elasticity and damping, the model should
include higher-order terms, approximated by polynomial
expressions of the actuator’s inner pressure [20].

An alternative is the Finite Element Method (FEM),
a popular numerical tool that is capable of approximately
simulating the behavior of soft actuators by calculating
their displacement, stress tensions and output forces using
hyperelastic constitutive models defined from experimental
stress-strain test data [21]. A benefit of this technique is the
ability to iteratively simulate and optimize the topology of
soft robotic systems toward the desired behavior before their
fabrication, preventing the potential waste of resources in
experimental tests during the development of soft actuators.

Another commonly used technique is the parametric
identification of soft actuator dynamic models [20] or
closed box models [2] based on experimental data. It is
well known that flexible systems can be modeled in this
way [22], [23]. Since soft robots in general have nonlin-
ear characteristics [24], convenient models are nonlinear
autoregressive exogenous model (NARX) or Hammerstein-
Wiener’s model [25]. Algorithms for identification that
could be used are regression algorithms, such as least
squares methods, neural networks [26] or support vector
machines [27].
In the initial stages of the design of a soft robot control

system, the dynamic behavior may be analyzed based on
experiments with an open-loop pressure control, with pumps
and solenoid and pressure regulator valves [28], to identify
certain operation parameters of the system, such as dead
zones of pumps and valves, and saturation pressure of
the actuators. From such data, it is possible to design a
pressure feedback control system to regulate the pressure
around setpoints within the operating range [29]. However,
often the control variable of a soft robotic system is the
position or force, making it necessary to design a cascade
control system, with a pressure controller in the inner loop
and a position or force controller in the outer loop [30].
In order to compensate for the nonlinearities of the soft
actuators, the design should include nonlinear controllers.
Some of the strategies found in the literature are adaptive
Proportional-integral-derivative (PID) [31], [32], fuzzy [33],
sliding-mode [26] and impedance control [14].
In this work, one designs position and pressure cascade

control system for a soft pneumatic linear actuator, based
on the LSOVA [11], but made of silicone rubber, like the
SRM [12]. Initially, the geometry of the actuator was defined
using FEM analysis. The molds for the fabrication of the
soft actuator were designed and 3D printed. A 10-chamber
prototype was characterized by means of experiments with
different setpoint input signals on a platform with distance
and pressure sensors. From the data analysis, the cascade
control system was designed, with a fuzzy pressure controller
and a PI position controller in the inner and outer loops,
respectively. The control system was validated through step
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response analysis to different setpoint values and through
tests with the application of external loads.

A. PAPER’S ORIGINAL CONTRIBUTIONS
As long as the author’s knowledge go, the paper presents
several original contributions, which are pointed out in the
following;

1) The development of an easy-to-use and low-cost
technique to fabricate soft actuators with silicone
rubber using molds composed of modular pieces;

2) The dynamic analysis of the FEM model of the
proposed actuator;

3) The design of a position and pressure cascade control
system to regulate both the contraction and the
extension of the actuator.

II. FINITE ELEMENT METHOD ANALYSIS
In order to define the actuator’s geometry and analyze its
dynamic behavior, a FEM analysis was performed, using
Dassault Systèmes SIMULIA Abaqus for both the static
and dynamic simulations. The actuator was modeled as an
axisymmetric body with quadrilateral elements with eight
nodes, with reduced integration and hybrid formulation
(CAX8RH). The geometry of a single chamber actuator was
based on the LSOVA’s, but manually modified so as to have
a similar behavior with a different material, with radius
of 20mm, outer bellow-shaped walls with thickness of 2mm
and 90-degree angle fold, top and bottomwalls with thickness
of 3mm, and a feeding hole with a diameter of 6mm, as shown
in Fig. 1.

FIGURE 1. Geometry of the actuator’s section.

The material chosen for the analysis was the Smooth-On
Dragon Skin 20 silicone rubber. The model was defined as
a material with density equal to 1.08g/cm3 and with the
Yeoh hyperelastic constitutive material model, given by the
strain energy density functionW , defined in terms of the first
invariant I1 of the Cauchy-Green deformation tensor [34]:

W = C10(I1 − 3) + C20(I1 − 3)2 + C30(I1 − 3)3

The model coefficients presented in Table 1 were obtained
from the stress-strain data extracted from the Soft Robotics
Materials Database [35].
The boundary condition was defined as an encastre of the

upper wall. The auto contact between the inner walls was

TABLE 1. Yeoh material model coefficients.

defined as tangential. The loads were defined as pressures on
the inner walls. The actuator deformation was measured in
the center node of the bottomwall. The initial static tests were
performed with pressures of −4kPa, −3kPa, −2kPa, −1kPa,
2kPa, 4kPa, 6kPa and 8kPa. The resulting deformations are
organized in Table 2. The actuator’s final states are shown in
Fig. 2. The pressure of −4kPa resulted in full contraction of
the actuator, when the top and bottom walls of the chamber
meet, with a displacement of 10.31mm, which is close to the
chamber’s height. On the other hand, the pressure of 8kPa
resulted in a displacement of 6.05mm.

TABLE 2. Static deformations resultant of pressure steps.

FIGURE 2. Deformations of the actuator in response to different
pressures.

The dynamic analysis was performed through simulations
with a period of 2.0 seconds, sample time 0.001 seconds
and pressure steps applied at t = 1.0 second. Analyzing the
results, shown in Fig. 3 and Fig. 4, it is possible to note that
the displacements are not proportional to the pressure loads
and present different percentage overshoot, which points to
nonlinear characteristics, since the gain and dampening of the
system vary according to the load input.

A. MULTIPLE CHAMBERS
The geometry of the actuator with multiple chambers is
illustrated by Fig. 5, with the section of a 2-chamber actuator.
The walls separating each chamber, with a width of 3mm and
an orifice of a diameter of 6mm, prevent radial deformations,
prioritizing the axial deformation.
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FIGURE 3. Negative pressure step responses.

FIGURE 4. Positive pressure step responses.

FIGURE 5. Dimensions of a 2-chamber actuator.

Based on the FEM analysis, it is reasonable to estimate
that the full contraction deformations, when the top and
bottom walls of each chamber touch each other, should be
close to the number of chambers of the actuator times their
height of 10mm.

III. FABRICATION
The actuator molds were designed in Autodesk Fusion 360
3D CAD software as modular pieces, as seen in Fig. 6,
to facilitate assembly and disassembly in the molding
process so that they can be stacked to mold prototypes
with multiple chambers. The pieces were 3D printed
with PLA.

The actuator fabrication is divided into two steps. Firstly,
the silicone and catalyst mix, still liquid, is poured into
the assembled mold. After the curing process, in a few
hours, the mold is disassembled and then more silicone is
poured into the brim molds to seal the extremities. Lastly, the
fastener pieces are attached to the actuator brims, as shown
in Fig. 7.

A prototype with two chambers was initially made
using blue tin-based silicone rubber to validate the pro-
cess. Then, two prototypes with four and eight chambers
were made to verify the feasibility of longer series of
chambers, as shown in Fig. 8. Subsequently, two pro-
totypes with eight and ten chambers were fabricated
with the Smooth-On Dragon Skin 20 silicone rubber,
as shown in Fig. 9.

IV. TEST SETUP
A test setup was designed to perform experimental character-
ization tests and implement the control system. The assembly
is shown in Fig. 10. The structure is composed of 20×20mm
aluminum profiles. The actuator is attached to the top of the
structure and a PVC pipe is used as a sliding rail attached to
linear guides.

The diagram in Fig. 11 illustrates the operation of the setup.
Through a graphical user interface (GUI), in MATLAB, the
system parameters and the input signals are defined and sent,
via a USB cable, to an Arduino Mega 2560 microcontroller,
which sends the signals to the pneumatic system’s drivers.
The pneumatic system has two circuits: 1) one for positive
pressures and 2) another for negative pressures. In the first,
the pressure source is a Parker 12V D1001-23-01 pneumatic
pump, the pressure is controlled by the SMC ITV1010
pressure regulator valve, and the circuit is switched by a
3/2-way solenoid valve. In the second, a pneumatic pump of
the samemodel is used as a vacuum pump, connected directly
to another solenoid valve. The pressure is measured by the
NXP MPX10DP differential pressure sensor, and the dis-
placement of the sliding rail is measured by a ST VL53L0X
optical distance sensor.

V. CHARACTERIZATION
In order to characterize the actuator, static tests were initially
performed to measure the deformations of full contraction
and extension of each prototype in response to negative
and positive pressures, respectively, and the results were
compared to the FEM model. In order to design the control
system, dynamic step response tests were performed to
analyze the system’s transient response.

75976 VOLUME 13, 2025



L. S. Goia et al.: Fabrication, Modeling, and Design of Position and Pressure Control System

FIGURE 6. 3D model of the mold.

A. STATIC DEFORMATIONS ANALYSIS
Table 3 shows the deformations of the blue prototypes and
Table 4 shows the results of the Dragon Skin ones. The
registered deformations show that the full contractions result
in deformations with more than double the displacement
compared to the extensions. However, the prototypes might
be capable of slightly greater extensions, since the pressure
was not increased up to their rupture point.

Based on the height of the inner chamber, which is 10mm,
and the deformation of a single chamber obtained in the
FEM analysis, it was expected that the actuators would have

FIGURE 7. Fabrication process: (a) fabrication of the open body,
(b) sealing of the extremities and the fastening brims, and (c) assembly of
the fastening pieces.

FIGURE 8. Prototypes made of the blue tin-based silicone rubber.

full contractions proportional to the number of chambers,
that is, deformations of 20mm, 40mm, 80mm and 100mm.
However, the experimental measurements were smaller than
those. The reason behind this might be the fact that the
distance sensor measures the sliding rail displacement instead
of the actuator’s lower extremity, which was the reference
point in the FEM analysis, and that the fastening pieces are
rigid, limit the deformation of the upper and lower extremities
of the actuator and increase its total weight, in addition to the
possible irregularities in the inner walls due to air bubbles and
impurities.
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FIGURE 9. Prototypes made of Dragon Skin 20 silicone rubber.

FIGURE 10. Test setup.

B. TRANSIENT RESPONSE ANALYSIS
In order to analyze the system’s dynamics, tests were
performed with the application of step signals of different
amplitudes and the corresponding PWM duty cycle sent to
the drivers. In the case of the negative pressure circuit, the
signal is sent to the vacuum pump, whereas in the case of
the positive pressure circuit, the signal is sent to the pressure

FIGURE 11. Setup operation diagram.

TABLE 3. Deformations of the blue prototypes.

TABLE 4. Deformations of the Dragon Skin 20 prototypes.

regulator valve, while the pneumatic pump is maintained
at 100%. In the initial tests, it was observed that the pumps
and the pressure regulator valve have dead zones of up to
20% of PWM duty cycle. Therefore, step response tests
were performed applying values from 30% to100%, with
increments of 10%.

The graphs in Fig. 12 show that in response to steps
applied to the vacuum pump’s PWM signal, the pressure
and distance decrease with fall time between 6s and 9s.
However, the actuator resting state is not always the same,
varying between 160mm and 170mm. The pressure saturation
point is around 21.0kPa in response to signals over 70%.
However, the actuator reaches full contraction, moving from
the distance of 165mm to 84mm, under the pressure of around
−15.0kPa, in response to the signal of 40% of PWM duty
cycle. Some changes in inclination of the lines can be noted,
possibly due to the saturation of each inner chamber, that do
not happen at the same instant and make the actuator’s body
more rigid.

During positive pressure circuit tests, the pressure regulator
valve was configured to maintain the pressure below 20kPa,
preventing the actuator from rupture. The graphs in Fig. 13
show that in response to steps applied to the pressure regulator
valve’s PWM signal, the pressure and distance increase with
rise time of 3s to 4s. The pressure and distance values seem
close to proportional in response to signals of up to 80%,
probably due to the pressure regulator valve’s controller.
The maximum distance measured was around 202mm, under
pressure of around 18.5kPa, in response to signals over 90%.
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FIGURE 12. Step responses to vacuum pump’s PWM steps.

FIGURE 13. Step responses to pressure regulator valve’s PWM steps.

VI. POSITION AND PRESSURE CASCADE CONTROL
Cascade control is a common approach used to achieve
high-performance and high-robustness control systems [36].
It is common to use the inner loop to linearize the plant and
the outer loop to give robustness to the system. A cascade
control system was designed with the goal of controlling
the actuator’s position, both under contraction and extension,
by regulating its inner pneumatic pressure, as illustrated
in Fig. 14. The input is the position setpoint, defined by
the user on the graphical user interface (GUI). In the outer
position feedback loop, a proportional-integral (PI) controller
generates the pressure setpoint, which is the input of the
inner pressure feedback loop, in which a fuzzy controller
regulates the control signal sent to the pressure regulator
valve, for positive pressure, and to the vacuum pump, for
negative pressure.

A. PRESSURE CONTROL SYSTEM
The inner loop is the pressure control system, which receives
its setpoint from the outer loop position controller.

FIGURE 14. Block diagram of the position and pressure cascade control
system.

1) FUZZY CONTROL
The pressure controller was designed as a fuzzy controller,
with the pressure error e and the error change 1e as inputs,
and changes in the PWM duty cycle 1u as output. Positive
PWMvalues are sent to the pressure regulator valve, while the
pneumatic pump PWM is kept at 100%, whereas the module
of negative values is sent to the vacuum pump.

The membership functions were defined as triangular type.
The fuzzy sets were named ‘‘Negative Big’’, ‘‘Negative
Medium’’, ‘‘Negative Small’’, ‘‘Zero’’, ‘‘Positive Small’’,
‘‘Positive Medium’’ and ‘‘Positive Big’’, for all inputs and
outputs. The inference rules were defined as shown in Table 5.

TABLE 5. Inference Rules for the fuzzy control.

Regarding the inputs, the minimum and maximum values
were defined as −50kPa and 50kPa, as shown in Fig. 15,
so as to cover the range from −25kPa up to 25kPa. For the
output, the range was defined as −50% to 50% of PWM duty
cycle, as shown in Fig. 16(a). The points of each set were
experimentally tuned so as to make smaller changes when
the pressure value is near the setpoint, avoiding overshoots,
and bigger ones when it is far from it, resulting in the output
surface shown in Fig. 16(b).
Since the behavior of the actuator under positive and

negative pressures are different, two gains Kp = 0.28 (for
positive) and Kn = 0.068 (for negative) were added to
the system’s output for manual fine tuning, as illustrated
in Fig. 17, aiming at responses with overshoot under 10% of
the setpoint.

2) RESULTS
The control system was validated by analyzing the step
responses of different setpoint values, from −10kPa to
−18kPa and from 10kPa to 18kPa. As seen in Fig. 18
and Fig. 19, it presented results according to the criteria,
with overshoots and absolute error below 1kPa, therefore
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FIGURE 15. Input fuzzy sets.

below 10% of the setpoint values. It is possible to note a delay
of about 2.0 seconds due to the dead zones of the pressure
regulator valve and the vacuum pump.

B. POSITION CONTROL
1) PROPORTIONAL-INTEGRAL CONTROL
The PI controller, in continuous time, can be given by:

u(t) = Kpe(t) + Ki

∫ t

0
e(t)dt

FIGURE 16. Output fuzzy sets and output surface.

FIGURE 17. Pressure control diagram.

By differentiating both sides and discretizing the derivatives
by backward step, the controller becomes:

u(k) = u(k − 1) + Kp(e(k) − e(k − 1)) + KiTse(k)
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FIGURE 18. Closed-loop system step responses to negative pressures.

FIGURE 19. Closed-loop system step responses to positive pressures.

where Ts is the sampling time. Since the system behaves dif-
ferently for negative and positive pressures, two PI controllers
were designed, with the same structure, but with different
proportional Kp and integral Ki gains. In order to design
the position controller, a System Identification procedure for
the pressure closed-loop control was performed, with the
pressure setpoint as input and the position as the output.
The identification data used were response signals to square
waves of amplitude of 10kPa to 18kPa and of −10kPa
to −15kPa, with steps of 1kPa and period of 50s. The
validation data used were responses to step signals of the
same amplitudes. The identifications were performed using
MATLAB’s System Identification Toolbox, to find ARX,
ARMAX, Box-Jenkins and Output-Error models for each
pressure amplitude [37].
The gains of the PI controller were then estimated for the

models with highest fit rate, for each pressure amplitude, and
the smaller ones were used as the controller’s initial tuning,
from which they were manually adjusted, aiming for step
responses with overshoot below 10% of the setpoint value.
The gains are shown in Table 6.

TABLE 6. PI controller gains.

2) RESULTS
The position control system was validated by analyzing
the step responses to setpoint values of −45mm, −55mm,
−65mm and −75mm as negative positions and values of
20mm, 25mm, 30mm and 35mm as positive positions. The
graphs in Fig. 20 (for negative positions) and Fig. 21 (for
positive positions) show that the system presented results
that satisfied the criteria of overshoot and absolute error
below 10% of the setpoint value.

FIGURE 20. Closed-loop system step responses to negative positions.

FIGURE 21. Closed-loop system step responses to positive positions.

3) EXTERNAL LOAD TEST
The disturbance rejection properties were tested by verifying
the lifting capacity. Experiments were performed with
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FIGURE 22. Lifting loads of 285g, 375g, 450g, 550g, 660g and 750g.

FIGURE 23. Lifting loads of 835g, 945g, 1035g, 1110g and 1245g.

FIGURE 24. System response to external loads.

metallic weights of 285g, 375g, 450g, 550g, 660g, 750g,
835g, 945g, 1035g, 1110g and 1245g. The loads were
manually added to a tray attached to the pipe. The position
reference was defined as a step from the resting position of
0mm to the setpoint of −65mm, at t = 10s. The weights
were then loaded at t = 50s. The final deformations of the
actuator are shown in Fig. 22 and Fig. 23. It is possible to
observe in the graphs in Fig. 24 that up to the load of 835g,
the system was capable of returning to the position setpoint,
which is expected in PI controllers. In the rest of the loads,
some of the actuator’s chambers collapsed radially, making
it mechanically impossible for them to fold to reach the

FIGURE 25. Pressure and control signals of the system response to
external loads.

position setpoint, even with control signals of 100% of PWM,
as shown in Fig. 25.

VII. CONCLUSION AND FUTURE WORKS
In this paper, a new low-cost design method for a complacent
pneumatic contractile actuator is presented. Those actuators
are based on models found in the literature and are made with
silicone rubber. The innovation is in the molds, which are 3D
printed and easily escalated tomake larger actuators. Through
the finite element method (FEM) analysis, the geometry
could be modified to achieve a deformation of the actuator
similar to the original model, but made of a different material
and, therefore, with different mechanical properties. The
FEM dynamic analysis shows that the actuator is nonlinear,
that is, there is a gain variation to different pressure load
inputs and saturation at full contraction or extension.

The 3D printed mold designed and the actuator’s fabrica-
tion method proved to be practical and efficient, considering
that it can be replicated several times to build prototypes
with different number of chambers and, therefore, different
lengths. In addition, the fastener pieces were designed so
that they can be interchanged between different prototypes.
A test setup was designed, in which the controllers are
implemented in a graphical user interface (GUI) connected to
a microcontroller, designed to make it possible to analyze the
system’s behavior in real time and process the data. Certain
nonlinearities were noted, in addition to the ones seen in the
FEM analysis, such as the dead zone of the pump and the
pressure regulator valve at around 20% of PWM duty cycle.

A cascade closed-loop position control is developed, with
the inner controller being a fuzzy controller for air pressure
in the actuator, and the outer controller being a PI controller
for position. The control systems presented reasonable
results, with step responses with overshoot and absolute
error below 10% of the setpoint signal, and were shown to
be capable of reaching the desired position even with the
addition of loads of up to 835g. The fuzzy controller provided
nonlinearity compensation for the actuator PWM-position
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functional relation. The PI controller was tuned based on
transfer functions of the pressure-position functional relation
(which is approximately linear and invariant in time) obtained
by system identification techniques.

In future research, the actuator might be used in the design
of an assistive device, such as an upper limb exoskeleton.
In order to achieve the equipment’s torque requirements,
some modifications to the actuator design could be explored,
such as different materials and the addition of rigid parts to
increase its lifting capacity, rigidity and to prevent the radial
collapse seen in the experiments with loads. Furthermore,
repeatability tests may be conducted so as to evaluate the
reliability and durability of the actuator. The pneumatic
system could bemodified, changing pumps and valves to ones
with higher power and flow, to make the system stronger and
faster and to decrease time delay.

Multiple actuators might be used together in a parallel
configuration to achieve greater pulling strength when
activated simultaneously or to bend when activated antag-
onistically, one with positive pressure and the other with
negative pressure, making up a system with more degrees
of freedom in addition to the linear motion of a single
actuator. Furthermore, a fault-tolerant control system could
be implemented so that if an actuator ruptures, the controller
could isolate it and compensate by increasing the effort of
another one in parallel, in an attempt to keep the device
working or to shut it down safely without an abruptmovement
or a sudden stop.
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