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Abstract: Soft-robotics for biomedical applications, such as rehabilitation robots, is a field of intense
research activity. Different actuation solutions have been proposed in the last decades, involving
study and development of soft actuators of different types and materials. The purpose of the
paper is to present procedures for an optimized design, and for easy and low cost production and
characterization of monolithic PneuNets soft-actuators. An innovative design approach has been
developed. The parameterization of the geometry, combined with FEM simulations is the basis for
an optimized design of the actuator, as a function of the obtained bending and of the generated
forces. Simple and cheap characterization setup and procedures have been identified for the actuator
characterization and for simulation results validation. An easy and low-cost fabrication method
based on lost wax core obtained through a silicone based mold has been developed for a monolithic
PneuNets soft-actuator. The proposed solution performs well in bending, without the need for a strain
limiting layer. Experimental results validated simulations, confirming the feasibility of adopting an
optimized simulation-based design approach.

Keywords: soft actuators; pneunets; robotic rehabilitation; monolithic structure; FEM analysis;
experimental characterization

1. Introduction

Loss of hand movement control plays a major role in assessing an individual’s qua-
lity of life: indeed the effectiveness of basic and instrumental tasks of daily life can be
compromised following a neurological damage or an accident [1]. In recent years, the
scientific community has increasingly shown interest in the application of robotic solutions
for rehabilitative practices [2,3]. Since these practices are costly in terms of time, labor and
based on repetitive movements [4], robotic systems can be exploited in order to carry out
autonomous or supervised rehabilitative routines [5–9]. Results-wise, data concerning the
effect of robots usage in hand rehabilitation can be gathered from numerous researches
showing promising outcomes [10–14], in particular on stroke patients [15–18].

Soft robotics is a growing field that involves the use of compliant materials (such
as rubber and silicone) and mechanisms to create robots that are safer, more adaptable,
less expensive, and more effective at interacting with the human body than traditional
rigid robots [4,19,20]. A classical approach often adopted in rehabilitation robotics is
to build rigid exoskeletons with a fixed number of degree of freedom [14,21,22]. These
structures are generally robust and capable of driving considerable amount of forces, but
some problems may arise when they are applied to human joints. Misalignment between
human and robot joint axis may in fact be cause of user’s discomfort and therefore design
and production must be carried out with great care. Moreover, actuation often requires
motors, transmission gear trains, linkages or tendons at the possible cost of making the
final structure bulky and complex.

The use of a soft actuator can ultimately make the rehabilitation process more acces-
sible both from the perspective of trained personnel and patients than the use of a rigid
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exoskeleton. In addition, through integration with sensors or vision systems, practices
such as mirror therapy [23] can be implemented, which could be performed by the patient
himself after appropriate training by experienced technicians.

Researchers have evaluated several different actuation techniques for soft robots over
time and some of the most common ones include: pneumatics, hydraulics, electric motors,
actuators based on shape memory alloys, and electro-magnetic soft actuators, or more in
general soft-actuators. Pneumatic [4] and hydraulic [24] based actuators share a common
physical working principle: the application of an input force, provided by compressed air
or other fluids, results in a deformation of their structures exerting forces and/or moments
on the external environment. Shape memory alloys (or SMAs) are materials that deform
when exposed to heat: SMAs systems can be used in order to realize wide varieties of
configurations due to their flexibility, but actuation is generally slow in time and complex
to control [25]. Electric motors driven systems are often based on flexible tendon connected
to a linear [26] or rotary motor [27]: this choice allows precise and controllable movements.
Electromagnetic soft actuators embed in their structure magnetizable elements that can
either attract or repulse themselves resulting in a deformation of the device [28]. Over
the years, numerous varieties of pneumatic soft actuators have been imagined, created,
and put to the test, since these devices are low cost, relatively easy to realize, and they are
particularly suitable for applications where there is an interaction with man due to their
intrinsic compliance. Diverse constructive solutions fall within the broad description of
pneumatic soft actuators, and they can be divided into the following four major categories:
Pneumatic artificial muscles (PAMs, also known as McKibben muscles), fluidic elastic
actuators (FEAs), also known as soft elastic actuators (SEAs), such as Pneu-Nets actuators
or soft bending actuators (SBAs), fabric-based actuators, and finally 3D printed actuators
are examples of artificial muscles. There are various constructive solutions in each class,
some of which define subclasses [19].

This article is focused on the design, production and characterization of a pneuma-
tic soft actuator; more specifically, a silicon PneuNets design based actuator [29] will
be investigated.

PneuNets are a type of bio-inspired [30] pneumatic soft actuators that embed in their
structure a variable number of chambers connected by a channel. Movement is achieved
by pressurizing the internal walls of the actuator: deformation will occur in the least stiff
regions causing a bending effect in the structure [31].

Polygerinos et al. proposed in [32] a PneuNets actuator made in silicone (Elastosil)
using a two parts mold. The final products are then glued together and a strain limiting
layer is added at the bottom part of the actuator. To test the FEM analysis data against
experimental results, the position of a single point on the tip of the structure is recorded
using a high resolution camera and a third party software to track its trajectory at defined
pressure increments. Stano et al. described in [33] the production of a monolithic TPU
PneuNets actuator with an embedded strain limiting zone exploiting 3D printing. As stated
by the authors the price per part using this technique is around 5€. Characterization is
carried out by taking a picture of the inflated actuator placed on a millimeter squared sheet
at few pressure samples: the bending angle of the structure is then recorded. FEM analisys
has not been performed due to the model complexity. Jiang et al. presented in [34] a fiber
reinforced silicone soft actuator obtained from molds, realizing the inner cavity thanks to a
prismatic lost wax core. FEM analysis results are verified only through fatigue endurance
tests. Bhat et al. in [35] proposed a revisited PneuNets silicon (Dragon Skin 10) based,
consisting of an embedded strain limiting 3D printed TPU structure and PLA plates to
condition the deformation. The inner cavity is obtained through the use of a hydrosoluble
3D printed PVA core. Characterization is carried out by plotting the position (captured by a
high resolution camera) of markers drawn on the actuator on a plane (data is gathered using
a third party software). FEM analysis has been conducted but results are not compared to
experimental ones.

In this paper simple, cheap and reliable methodologies to produce, characterize and
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validate a PneuNets based soft actuator are proposed. The aim is to build a structure similar
to the one presented in [32], but exploiting the monolithic design proposed in [33], in order
to cut production times and minimize ruptures during inflation. For the sake of simplicity,
the strain limiting layer adopted in numerous researches is substituted by a thicker actuator
bottom end, to reduce even more the manufacturing steps. A lost wax core is exploited as
in [34] in order to obtain a more complex inner cavity geometry compared to the simple
prismatic one proposed by Jiang et al.

FEM analysis is conducted on the actuator and experimental deformation data are
compared with the theoretical results in order to validate the model. The bending curvature
radius is chosen as main characterization parameter; as a matter of fact it can be computed
without a fixed reference. A simple and fast characterization routine based on image
processing without the need of expensive high resolution cameras is described.

The paper is structured as follows. In Section 2 the main material choice is described
and justified, a geometry design is proposed, FEM analysis and data post processing
processes are featured, molds production and the actuator manufacturing technique is
presented as well as a mechanical characterization setup, and procedural, hardware and
software characterization aspects are discussed. Results of the characterization are reported
in Section 3. Section 4 contains some key aspects emerged during the various steps of the
work. In Section 5 the obtained results are lastly summarized, and future activities are
briefly described.

2. Materials and Methods
2.1. Actuator Material Choice

To fabricate a Pneu-Nets soft actuator a good strain tolerant material is needed [36].
The actuator is also expected to regain its initial shape once the deformation is over and to
exhibit tolerance to long repetitive cycles. For these reasons, elastomers are often adopted
as preferred material for pneumatic soft actuators and more in general for pneumatic soft
robotic applications [19]. Marechal et al. in [37] evaluated the mechanical qualities of
several different kinds of elastomer, highlighting their stress-strain curves. At first glance,
the best possible choice is represented by materials that can reach high values of strain
with low stresses, but it has to be taken into account that these properties define a very soft
elastomer. At a fixed deformation state, this kind of material will require less input pressure
to stay in shape compared to a stiffer one, however it would also exert less force [36]. On
the other hand, a highly stiff material will require high values of pressure, making the
overall project design more complex in terms of hardware and safety precautions. A silicon
rubber with Shore 30A such as Dragon Skin 30 (Table 1 by Smooth-On, Inc., Macungie, PA,
USA) seems to represents a good trade off between these two cases [37].

Table 1. Silicon rubber Dragon Skin 30 technical data.

M
ix

ed
V

is
co

si
ty

[c
ps

]

Sp
ec

ifi
c

G
ra

vi
ty

[g
/c

c]

Sp
ec

ifi
c

V
ol

um
e

[c
u.

in
./l

b.
]

Po
tL

if
e

[m
in

]

C
ur

e
Ti

m
e

[h
]

Sh
or

e
A

H
ar

dn
es

s
[A

]

Te
ns

il
e

St
re

ng
th

[p
si

]

10
0%

M
od

ul
us

[p
si

]

El
on

ga
ti

on
at

B
re

ak
%

D
ie

B
Te

ar
St

re
ng

th
[p

li
]

Sh
ri

nk
ag

e
[i

n.
/i

n.
]

Se
rv

ic
e

Te
m

pe
ra

tu
re

R
an

ge
[°

C
]

20,000 1.08 25.7 45 16 30 500 86 364 108 <0.001 −53 ÷+232



Actuators 2023, 12, 299 4 of 24

2.2. Actuator Geometry

The geometry of the developed soft actuator is based on the PneuNets design, firstly
presented by Polygerinos [32], but with a monolithic structure as proposed by Stano in [33].
A mold based fabrication is adopted, with a lost wax core, eliminated through heating.

A section of the overall structure with parametric geometric dimensions is provided
in Figure 1.

At the beginning of the design process values of the geometric dimensions have
been adopted according to Table 2. Subsequently, FEM analysis (described in detail in
Section 2.3) was performed to optimize the value of the thickness of the actuator bottom
end (dimension f), by parameterizing the simulation and increasing f at each performed test
by 1 mm. The actuator base deformation under pressurization was the quantity considered
to identify an optimal value of f. Some constrains were then applied to the results: the
maximum bottom face elongation is considered acceptable if it is less then 10% of its initial
length, while the total maximum actuator’s height has been limited to 20 mm to avoid
excessive bulkiness.

 a
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Figure 1. Actuator geometry: starting numerical values of the geometric dimensions are listed in
Table 2.

Table 2. Geometric dimensions: symbols and initial values.

Parameter Value [mm] Description

a 19.50 Actuator height
b 116 Actuator length
c 13.75 First and last chamber profile length
d 1 Space between chambers
e 5 Chamber cavity length
f 2 Bottom end thickness
g 11.5 Chamber profile length
h 2 Connection radius between chamber and bottom cavity profiles
i 15 Actuator thickness
l 11 Chamber length

m 2 Bottom cavity height
n 12 Chamber height
o 2.5 Top chamber edge-to-edge connection radius
p 7 Bottom cavity thickness
q 12.5 Consecutive chambers step length
r 105 Bottom cavity length
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Instead of introducing a strain limiting layer [32], thicker walls have been selected
for the regions in which the inner walls deformation should be minimized, as the bottom
part and the left and right ends of the structure; thinner regions have been adopted for the
opposite purpose. However, it has to be taken into account that thinner walls can cause
possible ruptures during inflation and excessively wide chambers will increase the air
volume needed to bend the actuator, making the bending movement slower. At the initial
stage of the project, manufacturing techniques still needed to be tested: for this reason the
here presented geometry does not represent the best possible design, but a starting point
that favoured feasibility but which can be largely optimized.

2.3. FEM Analysis and Data Post-Processing

FEM analysis has been conducted in ANSYS environment, on a 3D model of the
actuator created with solid modeling CAD. This method proved to be a valid approach for
testing the soft actuator motion, forces and stresses, before its actual physical production,
i.e., in the design phase. This preliminary analysis allows the optimization of the design
choice, as shapes and dimensions.

A valid material model has to be selected: in various researches the Yeoh hyperelastic
model is often exploited as it can accurately represent the behaviour of an elastomer under
external forces [38]. Two sets of Yeoh parameters for Dragon Skin 30 silicon rubber have
been gathered from literature: for our application, the one proposed by Marechal et al. [37]
proved to describe a too stiffer model while the Matheus et al. [39] has shown to represent
a too soft actuator. This is probably due to the geometry of PneuNets design and to non-
idealities between theoretical and experimental characterization. A new model has been
built using a mean between the two sets of parameters (Table 3).

Table 3. Yeoh hyperelastic model parameters.

Reference C1 [MPa] C2 [MPa] C3 [MPa]

Marechal et al. [37] 1 × 10−1 1.19 × 10−1 6.04 × 10−4

Matheus et al. [39] 1.1488 × 10−1 1.262 × 10−3 0
Proposed model 1.0744 × 10−1 6.01 × 10−2 3.02 × 10−4

At this point, a coordinate system has been defined at each external chamber sector of
the geometry, for a total of eight (Figure 2a). Noted that the deformation will occur along
a circular profile, the idea was to gather the position of eight points on the surface of the
actuator (initially resting at the center of their defined coordinate system) and to extract the
radius of the circle, calculated through interpolation, in order to describe the deformation
state at each input pressure with just one parameter.

The input pressure has been defined as a ramp between 0.1 bar and 1.15 bar acting on
the internal walls of the structure (Figure 2b): since the maximum tolerable pressure of the
actuator is not initially known, the final ramp value was increased at each FEM simulation
run until the overall structure’s safety factor was in the range of 2 to 3. The pressure ramp
acts over a simulation time span of 1 s.

The safety factor (SF) is defined as:

SF =
Ultimate Tensile Strength

1st principal stress
(1)

By providing to ANSYS engineering data Dragon Skin 30 tensile strength, declared
as 500 psi (Table 1), the safety factor can be automatically computed by the software.
Its minimum value was chosen as 2 to compensate for any discrepancies between the
simulated and real models. In this way, the actuator should be able to withstand twice the
breaking stress claimed by the material manufacturers. From tests conducted, a minimum
safety factor value greater than 3 is achievable, without changes to the already optimized
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geometry, by significantly reducing the actuator inlet pressure, but this causes heavy drops
in force development. The final value was therefore chosen in the described range.

SF is obtained by applying a stress probe in ANSYS once the simulation setup is
complete (Figure 2h).

Additional geometry (Figure 2c) has been inserted in order to simulate the physical
interaction between the soft actuator and the mechanical characterization setup (in-detail
described in Section 2.5). Two small plates made of structural steel will lock the first
chamber in its resting position during the characterization process and represent fixed faces
in the simulation.

The action of gravity is defined along the Z axis described in Figure 1: this is consistent
with the configuration that will be adopted during the experimental characterization process.

Finally, meshing has been carried out optimizing aspect ratio, jacobian ratio and
skewness parameters of the finite elements (Figure 2d). In order to perform geometry
optimizations as above described, meshing has been carried out with the aim of obtaining
a fast simulation: in this way a good number of simulations could be performed within a
reasonable time. The use of linear and quadratic elements is investigated in Section 3.1. All
the FEM operations in this article are executed using the adopted mesh. A comparative
analysis is carried out over different number of elements. The numerical description of the
adopted model is presented in Table 4.

Once a static structural type simulation is complete, deformation data for each point
are presented by Ansys in a chart as 3 linearly interpolated curves, reporting the related
movements, with respect to time, along X, Y and Z direction relative to the resting positions
(Figure 2i). Data represented by the movements of the single eight points, can be exported
in .txt format for post processing procedures: this file will contain the position of each
point relative to its coordinate system center at multiple pressure increments. Stress data
has also been exported with the same method (Figure 2e).

Force evaluation has been conducted inserting in the model a fixed face in contact
(assumed frictionless) with the bottom part of the actuator: the force reaction of the upper
face has been then probed and exported (Figure 2f). Results are represented by the reaction’s
magnitude in Newtons with respect to simulation time.

The overall elapsed time needed to carry out the FEM simulation was 8 min.
To check whether a strain limiting layer is needed a mean strain probe is applied to

the bottom face of the actuator (Figure 2g): its mean absolute elongation is then evaluated
as ε = δ

L , with ε being the mean strain, δ the mean absolute elongation and L the actuator’s
bottom face length while not pressurized.

Overall, simplifications made are as follows:

• Contact between pressurized chambers is assumed frictionless;
• Contact between the locking mechanism and the involved actuator portion (Figure 2c)

is assumed bonded;
• Contact between the fixed face adopted in force evaluation and the involved actuator

portion (Figure 2f) is assumed frictionless;
• The mean elongation of the bottom face is assumed to be acting exclusively along the

direction of the X axis (Figure 2g);

Data post processing has been carried out by passing the ANSYS measurements to a
MATLAB script. To track movements under inflation, this script builds multiple structures
containing the position of the eight points relative to their coordinate system at a defined
pressure step. Then, a circle is fitted through the points position using the Pratt numerical
method [40] which is fast in terms of computation and can provide good approximations
for our application. The calculated radii at each stage are then fitted in order to obtain a
theoretical radius-pressure mathematical model.
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(a) Coordinate systems. (b) Pressure, inner walls. (c) Additional geometry.

(d) Mesh. (e) Stress. (f) Force reaction.

(g) Strain analysis. (h) Safety factor. (i) Deformation results.

Figure 2. ANSYS static structural stages.

Table 4. Mesh parameters, AVG = average, SD = standard deviation.

Parameter Value

Aspect ratio AVG: 1.88 SD : 0.46
Jacobian ratio AVG: 1 SD : 0

Skewness AVG: 8.78 × 10−5 SD : 0.13
Element quality AVG: 0.83 SD : 9.64 × 10−2

Element type LINEAR
Capture curvature YES
Capture proximity YES

Nodes 21,962
Elements 99,592

2.4. Mold and Core

In order to adopt a cheap solution for the manufacture of presented soft actuators,
the technique of casting silicone with a wax core is considered. For this purpose, the
elastomer needs to be poured into an appropriate mold. A first version of the mold has
been realized in ABS by 3D printing in two parts, as shown in Figure 3a: with this choice
extraction problems arise, as the elastomer sticked to the mold walls due to their rough
texture, causing ruptures (Figure 3b). To avoid this, a new version of the mold in three parts
(upper, middle, bottom) has been built in three parts (Figure 3c). With this constructive
choice, it is possible to exert an even force on the bottom part of the cast to slowly extract it
(Figure 3d).
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(a) First version. (b) Broken actuator, first version.

(c) Final version. (d) Successful extraction, final version.

Figure 3. Mold versions.

Hollow cavities of the structure are obtained through the use of a lost core. At first,
an hydro-soluble material such as PVA [41] had been considered, as it can be 3D printed
with high precision. However, the time required for the PVA to melt is long. To speed up
the process, of dissolution but also of production of the core, wax was preferred. Thanks
to wax low melting point, the core can be easily produced with an overall good precision
with a casting melted wax process. A silicone mold (done with Dragon Skin 30 silicone), as
shown in Figure 4b, has been realized from a PLA hard one (Figure 4a). Figure 4c shows
the wax core in the silicone mold. The mold flexibility makes the extraction process fast
and reliable.

(a) ABS mold. (b) Dragon Skin 30 mold. (c) Poured wax.

Figure 4. Wax core production.

The actuator production consists of the following steps:

• production of the wax core by casting in the silicone mold;
• 60 mL of elastomer are produced (30 mL part A + 30 mL part B of Dragon Skin

30 silicone) and hold in vacuum for at least 10 min to extract air;
• silicone casting in the ABS + wax core mold;
• silicone cure for at least 24 h;
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• the actuator is heated in an oven at 70 °C until the whole wax core melted. Silicone
properties should be preserved since the melting temperature is within the operating
range described in Table 1.

A tube could now be inserted into one of the leftover hollow cavities, held in place by
a flange (Figure 5b,e) made of Dragon Skin 30 and glued to the actuator with silicon glue
(Sil-Poxy by Smooth-On Inc.). In order to minimize air leaks, a kevlar wire can be wrapped
around the cylindrical part of the flange. The other end of the actuator is simply sealed
with silicon glue (still Sil-Poxy glue). The finished product is shown in Figure 5c.

It is worth noticing that if the top part of the mould is not properly sealed and the
air extraction process from the silicone is not efficient, bubbles can generate damaging the
structure (Figure 5d): if so, a filler of Dragon Skin 30 is needed.

(a) Mold and wax core. (b) Flange (red part).

(c) Final product. (d) Damaged actuator.

(e) Flange mold.

Figure 5. Actuator production.

2.5. Experimental Characterization Setup

A mechanical structure (Figure 6) has been realized in order to support the actuator
during the characterization procedure. It is composed of three parts: base, slider and clamp.
The slider mechanism is used to adjust the height of the actuator from the base, while the
clamp holds the system in place during pressurization.
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(a) 3D model. (b) Real part.

Figure 6. Mechanical structure for the actuator fixing for the characterization process.

An open loop pressure control is adopted for the actuator characterization. Two
different modes to control pressure have been provided and compared:

• Electronic pressure control. Pressure is provided by an electronic pressure regulator
(Regtronic, Metal Work SpA) controlled by an Arduino Uno microcontroller through
0–5 V PWM output (Figure 7a).

• PWM pressure control. Another purpose of this research is to evaluate actuation
through direct PWM pressure control: to do this, an electrovalve (V114-5G, SMC) is
controlled by an Arduino Mega at a frequency of 20 Hz. Schematics are provided in
Figure 7b,c.

In both cases, a GoPro Hero 7 Silver camera is mounted in front of the mechanical
setup to catch the soft actuator deformation state at each input pressure value. The camera
choice was driven by its low price and the possibility to provide a local WiFi network
through which commands can be sent from an external device.

A blank white sheet is put behind the mechanical structure to minimize background
disturbances and light reflections: this is important in order to minimize object detection
problems during image processing, as further described in Section 2.6.2.

(a) Electronic pressure control.

Figure 7. Cont.
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(b) PWM pressure control, electrical schematic.

(c) PWM pressure control, pneumatic diagram.

Figure 7. Developed and compared pressure control modes for actuators characterization.

2.6. Experimental Characterization Procedure
2.6.1. Data Acquisition

A Python script has been realized in order to send the desired pressure value to an
Arduino Uno via serial port. Once the message is deployed, Arduino will communicate
with the Regtronic pressure regulator through a PWM signal. The script will then wait for
a customizable stabilization time: the actuator will in fact oscillate for a brief period due to
inertial effects every time a new pressure value is set. When the waiting time expires, the
script will send to GoPro a video start signal followed by its duration: once the video is
ended, the routine will start again. Communications between script and camera are made
possible thanks to the goprocam Python library. At the end of the procedure, videos can be
downloaded to a PC for image processing. The chosen camera requires additional care in
image processing due to its fisheye len. A workflow summary is presented in Figure 8.
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Figure 8. Data acquisition flow.

2.6.2. Image Processing

All the image processing procedures are executed in the MATLAB environment. The
procedure is graphically summarized by the diagram in Figure 9.

Figure 9. Image processing workflow.

Red markers are drawn on the actuator at the same locations in which the coordinate
systems were defined in FEM analysis (Figures 2a and 10a). During videos acquisition the
camera must stay as parallel as possible to the scene and always at the same distance. To get
the current field of view, a picture to a metric reference should be taken at the beginning of
the operation with the same camera in the same position (Figure 10b). A camera calibration
procedure is therefore required.

The single tasks of the image processing sequence are described in detail below.
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1. Camera calibration Fisheye lens distortion needs to be corrected (Figure 10e). A sample
of 20 checkerboard images shot from different angles and distances are sent to MA-
TLAB’s Camera Calibrator App exploiting the fisheye distortion option (Figure 10c).
The app provides camera intrinsic and extrinsic parameters as output by defining the
real squares dimensions composing the checkerboard.

2. Color mask generation. We are only interested in the red markers position: therefore,
every other element contained in the videos can represent disturbances. A single
frame of a video is loaded into MATLAB’s Color Thresholder App. By excluding other
colors but red, only the markers should be visible on the preview image (Figure 10d).
Once this is achieved, the obtained mask can be exported as a MATLAB function.

3. Frame extraction. Every video shot is referred to a different pressure value applied to
the actuator. For each video, every frame composing it is extracted to be processed as
a single image.

4. Image undistortion. Each single frame is undistorted (Figure 10f) using the undistort-
FishEyeImage function (previously generated intrinsic parameters are passed as inputs).

5. Image cropping. Image undistortion can cause the presence of black areas at the border
of the frame due to the “shrinking” effect generated by fisheye correction. The frame
should be cropped in order to exclude those areas.

6. FOV evaluation (to be performed once before the characterization program starts). An
undistorted, cropped image of a metric reference is used to evaluate the resulting
image field of view (Figure 10b).

7. Image masking. The red mask is applied to each frame by calling the generated
function: a black and white image is returned (Figure 10g). If markers appear to be
inhomogeneous, the imfill function can be used with the ‘holes’ parameter to “fill”
the white objects.

8. Centroids detection. At this point, red markers should be represented as white, distinct
objects over a black background. The MATLAB function regionprops with the
‘Centroid’ parameter provides as output the x and y coordinates of these object
centroids in pixels (Figure 10h).

9. Circle fit. X and y centroid coordinates are then passed as input to the Pratt circle
fit method function (the same used in FEM analysis data posto-processing) and the
radius value is extracted and stored (Figure 10i). The final radius is set as the mean
value between the radii extracted from each frame of a single video.

10. Iteration. Steps 3 to 9 (except 6) are repeated for each video acquired in the characteri-
zation run.

11. Pixel to millimeter conversion. With the last video processed, the radius values are

converted to millimeters using the formula radius[mm] = radius[px]× FOV[mm]
f rame lenght[px] .

12. Pressure-radius fit. Finally, pressure-radius values are fitted in order to obtain a proper
mathematical relation.

2.6.3. Experimental Force Evaluation

Force evaluation has been carried out by placing the actuator on a kitchen scale with
1g resolution while locked on the mechanical setup (off the scale). The slider was put on
the same level of the scale in order to avoid tensions in the actuator due to misalignment
between the two planes (Figure 11): to do this, a good method is to first weight the “free”
soft actuator and then to slowly move the slider until the weight is about the same. Data
has been collected at given pressure values, converted in Newtons and then compared to
the theoretical FEM forces.
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(a) Red markers. (b) FOV. (c) Camera calibrator.

(d) Color thresholder. (e) Fisheye image. (f) Undistorted frame.

(g) Masked black and white frame. (h) Centroids detection. (i) Circle fit.

Figure 10. Image processing procedural steps.

Figure 11. Force evaluation procedure.

3. Results

In this section the results of characterization based on FEM analysis and on experi-
ments are reported, for the correlations and quantities listed in Figure 12 and 13.

FEM results

Meshing Yeoh models comparison Deformation

Bottom end
thickness

selection criterion

Profile
on plane

Pressure
vs. radius

curve

Force

Pressure
vs. force

curve

Figure 12. FEM results diagram.



Actuators 2023, 12, 299 15 of 24

Experimental results

Deformation

FEM vs. experimental

Pressure
vs. radius

curve

Bottom face
elongation

Pressure
vs. radius

error

PWM pressure
vs. radius

curve

Force

FEM vs. experimental
pressure-force curve

Figure 13. Experimental results diagram.

3.1. Meshing

As described in Section 2.3, a suitable mesh model for a “fast” simulation was needed.
The mesh model presented in Table 4 resulted from a comparative test conducted with
linear and quadratic elements adopted in the same model. Numerical values for tested
cases are reported in Tables 5 and 6. Simulations with mesh based on linear elements
proved to be much faster compared to the one with quadratic elements. Moreover, in the
former the minimum safety factor falls in the range 2–3, while in the latter is greater than 3.
For speed of simulation and safety reasons, this was the chosen model.

Table 5. Mesh parameters, linear elements.

Parameter Value

Element type LINEAR
Nodes 21,962

Elements 99,592
Safety Factor 2.4

Simulation time 448 s

Table 6. Mesh parameters, quadratic elements.

Parameter Value

Element type QUADRATIC
Nodes 153,618

Elements 99,463
Safety Factor 3.1

Simulation time 2499 s

Deformation-wise, pressure vs. radius curves, gathered as described in Section 2.3,
show a trend of convergence to the same final value as represented in Figure 14.

The same test was then repeated for meshes with different element count as reported
in Table 7 with M1 being the model built automatically by the software and M4 the
initial model proposed in Section 2.3. As presented in Figure 15 the curves are practically
overlapping. However, the safety factor value is shown to decrease as elements count
increase. Since it was over 1 in the M1 case and simulation time was over 28 min, it was
decided to test the actuator’s resistance to pressurization experimentally. As reported in
Section 3.4, the structure was able to handle pressure values up to 1.15 bar without any
issue during the whole characterization procedure.
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Figure 14. Deformation data, linear vs. quadratic elements.

Table 7. Mesh models tested, linear elements.

Model Name Nodes Elements Safety Factor Simulation Time

M1 (automatic) 95,853 427744 1.3 1709 s
M2 76,249 328,517 1.5 1331 s
M3 45,355 213,369 1.8 687 s
M4 21,962 99,592 2.4 448 s

Figure 15. Deformation data, tested mesh models.

3.2. Bottom End Thickness Selection Criterion

Parameterized FEM analysis tests have been conducted as described in Section 2.2.
Resulting total bottom face elongation modulus and total actuator height are plotted against
different bottom thickness values (Figure 16). The first elongation modulus point to fall
among the acceptable elongation values is the one identified at the bottom thickness value
of 6mm. This particular value was then selected as the actuator final bottom end thickness.
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Figure 16. Bottom end thickness selection criterion results.

3.3. Actuator Characterization Based on FEM Analysis

Yeoh model have been evaluated by obtaining the actuator radius at different pressures,
as described in Section 2.3. The characterization points and the curve of the radius as a
function of the pressure are plotted in Figure 17. The results based on the presented model
(Section 2.3) are compared with the ones presented in literature by Marechal et al. [37] and
Matheus et al. [39].

Figure 17. Yeoh models comparison.

The actuator’s deformation state at different pressures is represented by the position
of the considered eight points using the developed Yeoh model, as shown in Figure 18.

In Figure 19 the punctual values of the calculated radius at different pressures are
reported, with the interpolating curve superimposed.

The developed force at the actuator extremity for different input pressures estimated
through the FEM analysis (Figure 2f) is reported in Figure 20: single points and the fitting
curves are practically overlapping.
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Figure 18. Deformation and fitted circle (p = pressure value).

Figure 19. Theoretical pressure-radius curve.

Figure 20. Theoretical pressure-force curve.

3.4. Actuator Experimental Characterization

For the experimental determination of the radius vs pressure correlation the routine of
Figure 9 has been executed for two actuator samples and experimental deformation data
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are compared to the simulated ones (Figure 21). A deviation curve between simulated and
experimental data is plotted in Figure 22. The results of the experimental force estimation,
compared with the ones obtained in simulations for the Sample 1, are shown in Figure 23.
PWM pressure input is tested and deformation data are plotted in Figure 24.

Figure 21. Deformation: theoretical vs. real (2 samples).

Figure 22. Deformation: simulated and experimental curves deviation.

Figure 23. Force: simulated vs. experimental.
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Figure 24. Deformation: simulated vs. experimental (PWM).

All fitting operations are executed with MATLAB’s fit command using the power2
model. Therefore, the mathematical expression between output (y) and input (x) data is:

y(x) = a × xb + c (2)

with a, b, c being appropriate constants.
The fitting curves parameters values for the radius vs pressure and force vs pressure

simulated and experimental curves are resumed in Table 8.

Table 8. Fitting curve parameters.

Experiment a b c

Deformation: FEM
(Ansys) data 35.29 −1.04 −2.72

Deformation: sample 1 14.08 −2.28 15.37
Deformation: sample 2 8.94 −3.00 21.97
Force: FEM (Ansys) data 0.74 1.52 0.012

Force: sample 1 0.52 2.22 0.22
Force: sample 2 0.50 2.38 0.27

3.5. Actuator Experimental Bottom Face Elongation

From FEM results, the theoretical mean absolute elongation at the bottom face of the
actuator is 9.6% of its initial length. Two undistorted frames (deflated and final experimental
pressure value) are loaded into Solidworks to check the starting and final length of the
bottom face. In that case the elongation value is about 9.1% (11 mm), validating the
theoretical value and describing a shrinking effect due to high deformation in the top part
of the actuator. The value was considerate as acceptable since the ends of structure will be
locked on a subject’s finger in some way. Measurements shown in Figure 25 don’t represent
the actual scale since only a ratio between the two cases was needed.
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Figure 25. Experimental length estimation for comparison with simulations.

4. Discussion

From obtained results, the following conclusions arise.
A wax core and a 3D printed mold can be used in the actuator production with good

results. No damage is reported after heating the structure in order to melt the core.
A strain limiting layer is not strictly needed with the proposed geometry.
The cost per part is about 1.8 €/pc. Molds costs are not included since their production

is to be performed once.
By choosing an appropriate material model, FEM analysis can be conducted with good

results in order to predict a PneuNets soft actuator’s real behaviour under pressurization:
error curve shows a deviation from theoretical radii data of just above 3 mm in the pressure
range 0.6–1.15 bar (the maximum adopted pressure). Force-wise deviation is about 0.02 N
in the same pressure range.

For “low” input pressure, deformation and force values significantly deviates from
theoretical ones, probably due to non-idealities in the characterization setup: as a matter
of fact external forces, such as friction between the actuator and the mechanical structure
elements, can distort experimental results. Furthermore, for low pressure values the
Pratt method tries to interpolates a huge circle with few points very close to each others.
Another non-ideality can be represented by mechanical tensions generated by the connected
tube stiffness.

A GoPro camera can provide enough image quality to perform a characterization
procedure upon proper calibration.

Experiments developed with PWM pressure control with SMC V114-5G valves reveal
that this does not represent a good pressure supply control approach: not only the actuator
exploded at about 50% of the test work cycle, but also deformation data shows high
deviations from the theoretical ones. Since the valves maximum operating frequency was
only 20 Hz, tests should be repeated with better performing valves.

A final test has been conducted by gluing a Velcro stripe on the actuator bottom end
using Sil-Poxy silicon glue. The whole system has then been fixed on a healthy subject’s
hand and a 1.15 bar pressure value has been provided. The soft actuator exerted enough
force to bend the index finger (Figure 26b).

Data have not been gathered from this test since the focus of this research was on
the actuator production and characterization. Future researches will relate more on the
actuator application for robotic rehabilitation matters.
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(a) Deflated actuator. (b) Inflated actuator.

Figure 26. Final test.

As an example of applying the actuator to an exoskeleton for hand rehabilitation, a
very preliminary version with only one actuated finger is shown in Figure 27: the actuator
is connected to a wrist support and fingers through Velcro stripes.

(a) Top view. (b) Lateral view.

Figure 27. Assembled glove.

5. Conclusions

The paper presents methodologies to design, produce and characterize PneuNets soft
actuator. In particular, a design method which allows optimization, a rapid and econo-
mical manufacturing technique and a simple characterization method, with inexpensive
equipment has been proposed.

The cheap and easy production is guaranteed by a monolithic design realized through
the use of 3D printed molds and a lost wax core: this allowed to cut production steps
and costs compared to other related approaches. FEM analysis has been conducted to
gather preliminary data about the structure properties and results have been evaluated
and confirmed with experimental tests, featured by image processing techniques. The
experimental validation of the FEM based simulation justifies the use of this tool for the
optimized design of different geometries.

With production methodologies validated, future work will be related on geometry
optimizations for hand rehabilitation purposes.

A further development can be represented by the insertion of a sensor in the pro-
duction phase in order to have movement feedback directly integrated in the actuator.
The integration in the actuator of graphite-based flex sensors [42] or sensory actuating
hydrogel [43] or other sensors [44] could allow the development of soft actuators with
greater functionality and complexity, also with the potential to develop AI based condition
monitoring solutions [45,46].
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