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Soft Pneumatic Actuators with Controllable Stiffness by
Bio-Inspired Lattice Chambers and Fused Deposition

Modeling 3D Printing

Mohammadreza Lalegani Dezaki, Mahdi Bodaghi,* Ahmad Serjouei, Shukri Afazov,

and Ali Zolfagharian

This article shows how changing 3D printing parameters and using bio-inspired
lattice chambers can engineer soft pneumatic actuators (SPAs) with different
behaviors in terms of controlling tip deflection and tip force using the same
input air pressure. Fused deposition modeling (FDM) is employed to 3D print
soft pneumatic actuators using varioShore thermoplastic polyurethane (TPU)
materials with a foaming agent. The effects of material flow and nozzle tem-
perature parameters on the material properties and stiffness are investigated.
Auxetic, columns, face-centered cubic, honeycomb, isotruss, oct vertex cen-
troid, and square honeycomb lattices are designed to study actuators’ behaviors
under the same input pressure. Finite-element simulations based on the
nonlinear hyper-elastic constitutive model are carried out to precisely predict the
behavior, deformation, and tip force of the actuators. A closed-loop pneumatic
system and sensors are developed to control the actuators. Results show that
lattice designs can control the bending angle and generated force of actuators.
Also, the lattices increase the ultimate strength by controlling the contact
area inside the chambers. They demonstrate variable stiffness behaviors and
deflections under the same pressure between 100 and 500 kPa. The proposed
actuators could be instrumental in designing wearable hand rehabilitative
devices that assist customized finger and wrist flexion-extension.

1. Introduction

Soft robots are created to address the lim-
itations of traditional robots when dealing
with people and delicate Dbiological
items."™  Soft pneumatic actuators
(SPAs) work by injecting regulated positive
or negative pressure into a sealed chamber
within a flexible structure. These actuators
can bend, twist, extend, or shrink.”! The
actuator’s reaction to applied pressure is
determined by the material as well as the
shape of the chambers. The actuator’s geo-
metric form or multi-material distribution
can be improved in a broader sense. The
autonomous design of soft actuators and
robots may benefit from optimizing wall
thickness and changing chamber struc-
tures. The soft actuator may produce rela-
tively passive deformations and modify
itself to the shape of an object being
handled due to soft robotics’ inherent
compliance.!” Hence, the chamber effects
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on bending and actuating are vital to

enhancing the capability of the soft actua-

tor. Also, finite element method (FEM)
can be employed to improve the soft robots, predict their move-
ments, and eliminate future issues after fabrication.”! A wide
range of novel developments has been employed to increase soft
robot efficiency and many novel designs have been used to
achieve the versatility and enhanced conformability of soft
robotic actuators.®"!

Soft actuators can also provide a safer type of connection
with hard bodies because of their compliance, which allows
for normal joint motions during rehabilitation."* 3D printing
of soft robots has yet to become a widespread manufacturing
technology.!"” One of the most widely used 3D printing
technologies in producing soft components is fused deposition
modeling (FDM).*®! A wide range of soft and hard materials has
been used to produce soft components and molds for commer-
cial elastomer casting."”"*® The most printed materials for soft
robotic applications include silicone, thermoplastic polyurethane
(TPU), and hydrogels. FDM enables the creation of enhanced
internal features in products, as well as more control over
the structure’s mechanical qualities and performance.!'”)
For example, Yirmibesoglu et al.?” demonstrated a bespoke
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extrusion-based 3D printer that could print silicone directly,
which can be used as a soft actuator. This technique reduced
the fabrication time by more than 50%.

Numerous studies propose different designs and develop-
ments using 3D printing technology.”'** FilaFlex material
was used to print the soft monolithic fingers and gripper by
Anver et al.* To minimize the use of supporting rafts during
printing, air chambers were specifically constructed with
increased lateral support. Tawk et al®®) used a low-cost and
open-source FDM and printed fingers of the soft gripper, as well
as the mechanical metamaterial, which integrated a soft auxetic
structure and compliant ribs. Results showed that the gripper
could successfully grab a broad variety of items in three distinct
configurations, including two, three, and four fingers. Yan
et al.”® proposed bio-inspired proprioception, which was inner-
vated into a soft hand, allowing for a more robust perception of
textures and object forms. With top grip and side grasp, the soft
hand could detect 10 different types of items that varied in shape,
with maximum accuracies of 96.33% and 96.00%, respectively.
Rosalia et al.””) presented a new form of 3D-printed soft pneu-
matic actuators that allowed bending modalities to be customized
based on geometry. In this study, the 3D-printed SPA capable of
helical motion was developed thanks to a unique feature of cus-
tomizable cubes at an angle to the structure’s longitudinal axis.

Ogawa et al.®® developed a reconfigurable and vacuum-
actuated soft matter modular block known as MORI-A.
Depending on the 3D-printed structure contained in a unit, it
achieved various uniaxial bending, shear deformation, and
non-deformation behaviors. MORI-A could display elastic anisot-
ropy depending on the density of the 3D structure it contained
and the manufacturing process it followed. Ang et al.*”!
described the design and preliminary testing of a completely
3D-printed soft robotic hand exoskeleton for stroke victims called
a print-it-yourself (PIY) glove. Tawk et al.*” created bio-inspired
soft vacuum actuators that worked with a negative pressure. The
actuators were completely 3D printed and tailored for each
application. The robot was able to accomplish different tasks with
16 N force and 5.54 Hz actuation speed. Hu et al.?! introduced a
novel soft actuator that consisted of a row of internal chambers
with the same helix angle that might create simultaneous
bending and twisting movements. Under the same amount of
input pressure, the helical actuator exhibited a higher mechanical
output than the regular bending actuator (with a maximum
blocking force of 1.19 N).

As the literature review shows, controlling SPAs in terms of
deflection and tip force has been a challenging task when the
input pressure is constant. No research work has examined
the use of lattice-shaped chambers to control soft actuators’ con-
figurations. Also, in all previous research works, the capability of
FDM 3D printers to control the material stiffness of actuators
with the same filaments has not been studied.

This study aims to show how lattice structures inside the
actuator’s chambers and 3D printing parameters can control
the force and bending angle. The potential of controlling the stiff-
ness of the lattice actuators via adjusting 3D printing parameters
is revealed via a set of parametric studies. It is also shown that
lattice structures in the air passage can help to increase the stift-
ness of soft actuators in specific areas based on the requirements.
Hence, a customized deflection can be achieved using lattice
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structures inside the chambers when the air pressure is constant.
It is experimentally demonstrated that using the lattice structures
can boost the final strength of actuators. The manufacturing
approach allows for modifications in the actuator’s design, allow-
ing for various bending profiles to be achieved. The conceptual
design and methodology presented in this study could be used
for other applications such as soft robotic grippers where soft-
ness and force are important to handle brittle objects.

The followings are the article’s main contributions:
1) Implementing FDM with a foaming agent varioShore TPU to
design and fabricate innovative SPAs with lattice-shaped chambers
in a single run. 2) Controlled and adjustable bending angle and tip
force with the same input pressure for simple systems with no addi-
tional components such controllable valve and electronic board.
3) Characterization of the 3D-printed foaming agent varioShore
TPUs in terms of shore hardness A. This is the first time that
varioShore TPU is used to make soft actuators with various shore
hardness and stiffnesses. 4) Choosing nozzle temperature and
material flow parameters as control parameters to investigate their
effects on the shore hardness A. 5) Development of a closed-loop
control system, bending, and force sensor to control the actuator
and generate data. 6) Studying the hyper-elastic properties of the
varioShore TPU utilized in FDM. 7) Design and development of
variable stiffness actuators bio-inspired from the natural straw.
8) Implementing FEM based on the tensile testing of 3D-printed
samples to model the bending angle and the blocked force of
the actuators. 9) Comparing experimental and numerical data to
quantify the performance of soft actuators. 10) Investigating the ulti-
mate strength of actuators against air pressure.

2. Experimental Section

2.1. Material Foaming Agent

The material used in this research is varioShore TPU from
Colorfabb. Variable shore hardness, density, and a soft touch
are all benefits of this filament. The goal is to have the softest
sample which is highly important in soft robotics. Changing
the nozzle temperature and material flow rate leads to adjusting
the material density. Hence, investigating the material properties
is vital to achieving the softest form in soft robotic actuators.
Ultimaker S3 machine was used to print all specimens.
Simple circular cubes with a diameter of 15 mm and a thickness
of 10 mm were designed. The 3D printer parameters were con-
stant for all specimens except material flow and nozzle tempera-
ture. The constant parameters are shown in Table 1. Moreover,
the parameters that influence shore hardness A and density were
evaluated as well. To have a comprehensive investigation of this
material, 35 circular cubes were printed with different material
flows and nozzle temperatures. The temperature was set from
200 to 240 °C and the flow rate was set between 60 and 120%.

Table 1. Constant printing parameters for varioShore TPU.

Parameters  Build Nozzle Filament Layer Infill  Printing Bed
orientation diameter  diameter thickness density pattern temp

[mm] [mm] [mm] [%] ra

Value Horizontal 0.4 2.85 0.2 100 ZigZag O
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A manual Sauter HB analogue shore hardness tester was used to
measure the shore hardness A of 3D-printed specimens
followed by ASTM D2240. The value of shore hardness A was
between 0 and 100.

2.2. Hyper-Elastic Constitutive Models

A uniaxial tensile test was utilized to obtain the varioShore TPU’s
stress—strain relationship to examine its behavior. To test the influ-
ence of alternative nozzle temperatures and material flows on the
material behavior, the parameters which achieve the softest sam-
ples were chosen for printing dog-bone samples. In this case, three
samples with 60% material flow and 220 °C were printed using a
longitudinal infill pattern. The tests were carried out on samples in
accordance with ASTM D638, with all the samples being stretched
at a rate of 5mmmin~" using an electromechanical Shimadzu
AG-X plus machine, and TRViewX recorded the data accordingly.
This test was carried out in a single 3D printing orientation since
the stress—strain curves of longitudinal and transverse directions
have similar trends in all orientations.*”

Figure 1a shows the sample size and Figure 1b illustrates the
average stress—strain chart of 3D-printed dog-bone samples.
The constitutive model fitting was examined for the material
printed in the longitudinal orientation since the bulk of the
stresses occurred in the longitudinal direction during actuation.
Table 2 summarizes the strain energy equation for each hyper-
elastic model. The parameter values derived for the strain energy
function are reported in Table 3. For modest strains (less than
50%), the Neo-Hookean model demonstrated good agreement.
The Yeoh model captured elastic behavior accurately across a

www.aem-journal.com

Table 3. Parameter values for four hyper-elastic models.

Model Parameter value
Neo-Hookean u 2.9554
Mooney—Rivlin Cio 0.87897
Cor 1.634
Yeoh Cro 2.038
Co 0.039
Cso 0.00057
Ogden I 7.623e-05
@ 7.5277
W 7.6286e-05
o 7.5293
M3 7.6287e-05
a 7.5281

wide range of strains and can predict stress—stretch behavior
in various deformation modes using data obtained from simple
uniaxial testing. The average longitudinal data was fitted to Yeoh’s
hyper-elastic model. The experimental data from mechanical test-
ing in the strain range of 0-5 was fitted using this model.**

2.3. Bio-Inspired Design

The initial stage in the design process was to create the 3D
computer-aided design (CAD) models of the soft actuators.
Actuators having lattices inside the chambers were more

=
o
1

Stress (MPa)

O N M O ®©
1

Strain

Figure 1. a) 3D modeling of dog-bone shape sample. b) Average stress—strain curve of tested 3D-printed varioShore thermoplastic polyurethane (TPU).

Table 2. The strain energy function of hyper-elastic models.*

Model Strain energy equation

Neo-Hookean W=C(h-3)=5(h-3)

p is the shear modulus, Iy = 22 + 42 + 4% is a principal invariant, and 4; = I;/L;A? is the ratio of deformed length I; to undeformed length L;
W= Cio(h —3)+ Ca(lz - 3)
Cyo, Co1 are material-specific parameters, while Iy, I, are the first and second deviatoric strain invariants

Mooney—Rivlin

Yeoh W = Cyo(h = 3) + Cao(hh = 3)* + Cyo(h = 3)°
Cio, Ca0, and Csq are material-specific parameters, while I, is the first deviatoric strain invariant
Ogden W= 800+ + 5 -3)

A, A2, and 3 are deviatoric major stretches, whereas y; and ; are empirical parameters
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challenging to design and produce than hollow actuators. Lattice
shape-chambered design inspired by the natural straws was sug-
gested in this article to have adjustable 3D-printed pneumatic
actuators (see Figure 2a). The internal structure of natural straw

Square honeycomb

IAuxehc ‘ ‘
Isotruss i i

Honeycomb Columns

Face centred cubic

EEELEIrrT

Figure 2. a) Natural straw with microstructure view.*® 3D modeling of:
b) lattice structures, c) base-design actuator, d) chambers’ sizes,
e) auxetic, f) columns, g) face-centered cubic, h) honeycomb,
i) isotruss, j) oct vertex centroid, and k) square honeycomb structures
for SPAs. ) 3D-printed soft TPU actuators.
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was covered by lattice structures. This bio-inspired design allowed
for variable stiffness actuators in a single system using a constant
air supply instead of using different moduli. The bio-inspiration
from the natural straw aided in developing lattice structures
inside the chambers to achieve variable stiffness actuators.?*"!

The base design of the actuators was designed in SolidWorks
software as shown in Figure 2b. Auxetic, columns, face-centered
cubic, honeycomb, isotruss, oct vertex centroid, and square hon-
eycomb lattice structures were used in this study. Their designs
were modified to be implemented inside the chambers
(see Figure 2c). The dimensions of the chambers are shown in
Figure 2d. Seven lattice structures were designed and assigned
to the chambers to find out their effects on actuators’ behavior,
as shown in Figure 2e—k. To increase the precision of the actuator
manipulation inside their respective workspaces, a higher number
of cavities can be utilized. In this case, 11 chambers were used to
achieve better results. Hence, the actuator design was determined
by the application and performance. The number of separate pneu-
matic sources or simultaneous controllers employed in the pneu-
matic system was considered when choosing an actuator design.

The samples were meant to be 3D printed without the usage of
support materials or postprocessing techniques. Cura software
was used to slice the models. The SPAs were 3D printed using
varioShore TPU utilizing Ultimaker S3 FDM 3D printer. The
slicer was used to modify the 3D printing parameters to 3D print
entirely airtight, dependable, and functioning SPAs. The optimum
printing parameters are shown in Table 4. To reduce the amount
of material needed during 3D printing, additional support settings
were not used. The process took around 30 h to print all actuators.
An example of a 3D-printed sample is shown in Figure 2.

The actuators with a sidewall thickness of 2 mm were found to
be airtight in this study. As a result, it was recommended that
sidewall thickness should be at least 1 mm. The size of all actua-
tors was constant and similar. To accommodate lattice structures
inside chambers, the actuators were scaled up to achieve accurate
results. A simple chamber with a hole was developed to fix the air
inlet pipe and the actuator during testing as shown in Figure 2.
Also, the thickness of lattice structures should be at least 1 mm to
avoid material drop or poor binding. No postprocessing and sup-
port structures were required for the actuators generated in this
investigation. When the actuator was fabricated, it was obvious
that gravity plays a significant role in its bending ability. The FEM
and experimental methods were used to accommodate this.

Table 4. Printing parameters for SPAs.

Printing parameters Value
Build orientation Horizontal
Nozzle diameter [mm] 0.4
Filament diameter [mm] 2.85
Layer thickness [mm] 0.2
Infill density [%] 100
Printing pattern Linear
Material flow [%] 100
Nozzle temp. [°C] 220
Bed temp. [°C] 0

© 2022 The Authors. Advanced Engineering Materials published by Wiley-VCH GmbH
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The model was simulated for gravity and pressure after a steady
state situation is attained. The actuator was fixed at its base and
modeled horizontally to consider the gravitational influence.

2.4. Air and Motion Control

A Clarke air compressor with an 8-bar maximum working pres-
sure was used to actuate the soft actuators. A simple air pressure
gauge was used to control the amount of air coming to the actu-
ator. An electronic board was developed to control the airflow
accordingly. An open-source Arduino board was used to program
the system. An electro-pneumatic solenoid valve (5/2) was used
to control the input air supply. Since the TPU material was
tougher compared to the silicone and the size of the actuators
is large, the used pressure in this study was from 2 to 6bar
to investigate the soft actuators bending with various applied
pressures. An electrical 5V relay switch was used to turn off
and turn on the solenoid valve. As soon as the actuator achieved
the highest bending, the relay switched off the air outlet of the
solenoid valve. The schematic of the system is shown in Figure 3.
The motion of the actuator was captured using a video camera,
and the bending angles were measured with a bending resistive
sensor. The actuators were horizontally clamped, and data were
recorded simultaneously during the procedure. A force-sensing
resistor (FSR) was also used to measure the generated force by
each actuator. The force sensor was calibrated using the voltage
divider technique to achieve accurate results in terms of the
actuator’s force. The resistance of the force sensor was measured
using various weights, as shown in Figure 4a. By increasing the
weight, the sensor’s resistance was decreased gradually. Hence,

the output voltage was calculated by Voyr = Vin ﬁ, as

shown in Figure 4b. This calibration was used to measure the
blocked force of each actuator. Also, Kinova software was used

www.aem-]ournal.com
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Figure 4. a) Output voltage and force curve of the force-sensing resistor
(FSR) sensor. b) A schematic of output voltage to calculate the generated
force.

to capture the motion and provide the trajectory path of soft
actuators.

2.5. FEM of Soft Robotic Actuator

The simulation added value to the research since the digital
model can be used for further digital designs without any need
for manufacturing and experimentation. The stress—strain data
from the tensile test were used in the simulation. The data were
loaded into the ABAQUS/CAE (Simulia, Dassault Systemes, RI)
software. The material model was produced to simulate the soft
actuators, predict their behavior, and enhance their performance.
The simulation was repeated until the required performance was
attained, which can be compared with 3D-printed actuators. The
simulations were carried out with a static analysis. ABAQUS was
suited for static structural simulations employing hyper-elastic
materials. An adaptive mesh with higher order tetrahedral

5V relay

DC power supply

—

Actuator e e e

Bending sensor

5/2 Solenoid valve

Force sensor

Compressor

Figure 3. A schematic of the air control system with force and bending sensor.
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elements was used to mesh the models of the soft actuators. It
was assumed that the material is isotropic and incompressible.
A sizing function was used when a mesh with a certain element
size was required. The actuator’s material has hyperelastic char-
acteristics and a density of 1.2 gcm™.

Tetrahedron meshes employed were acceptable for hyper-
elastic materials. An extremely fine mesh was not suggested
since such actuators can experience substantial deformations.
Convergence required a mesh that is quite coarse. The mesh size
was chosen with care to ensure that the solution is not reliant on
it. All surfaces that come into contact during deformation were
characterized as frictional self-contact pairs. The contacts’ behav-
ior is changed to be symmetric to minimize penetration, produc-
ing more accurate results and realistic behavior. A pressure of up
to 500 kPa was applied to the internal surfaces of their hollow
chambers and a fixed support boundary condition was applied
to their base. Gravity was also assigned to achieve accurate
results. Solid tetrahedral quadratic hybrid elements were used
to simulate all the actuators’ components (ABAQUS element
type C3D10H). The actuators’ proximal ends were subjected
to the ENCASTRE boundary condition. The inlets of the actua-
tors were ignored for computational efficiency, and air pressure
was delivered directly to all the interior cavity walls.

3. Results and Discussions

3.1. Material Shore Hardness
A few specimens failed during the printing due to the non-
optimized 3D printing parameters. The shore hardness A values

are recorded in Table 5. The Taguchi method is implemented
using Minitab software to find out the effects of nozzle temperature

Table 5. The variable 3D printing parameters of circular cubes.

Sample Flow  Temp. Shore Sample  Flow  Temp. Shore
[#] [%] [°q] hardness [#] [%] [°’q hardness
1 60 200 65 19 90 230 70
2 60 210 64 20 90 240 Failed
3 60 220 63 21 100 200 65

4 60 230 65 22 100 210 64

5 60 240 67 23 100 220 65

6 70 200 Al 24 100 230 67

7 70 210 76 25 100 240 68
8 70 220 77 26 110 200 Failed
9 70 230 78 27 110 210 Failed
10 70 240 Failed 28 110 220 67
11 80 200 67 29 110 230 69
12 80 210 70 30 110 240 7
13 80 220 74 31 120 200 Failed
14 80 230 78 32 120 210 Failed
15 80 240 Failed 33 120 220 67
16 90 200 Failed 34 120 230 68
17 90 210 64 35 120 240 74
18 90 220 65 - - - -
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and material flow rate on the shore hardness. It is also used to
optimize the printing parameters in terms of achieving the softest
3D-printed samples. The input variables are material flow and noz-
zle temperature, and the output is shore hardness.

The material expands to around 1.4-1.6 times its original vol-
ume at temperatures between 200 and 240 °C. The samples are
printed without foaming property between 190 and 200 °C,
resulting in distinct haptics and tougher prints than foamed sam-
ples. This means the greater the temperature, the more CO, gas
is produced, leading to the softest 3D-printed objects. The size
and number of bubbles grow as the printing temperature is
raised. The foaming agent increases the volume and decreases
the density.’”) The flow rate should be adjusted in accordance
with the printing temperature to offer excellent adhesion and
connection between printing layers since the material density
and printing temperature are related. The value of shore hard-
ness fluctuates between 60 and 78 accordingly.

The Taguchi method indicates that the optimum parameters
to print the softest TPU samples are a 60% flow rate and a 220 °C
nozzle temperature. Figure 5a shows the mean material flow rate
using the Taguchi method. The smaller value leads to a lower
hardness. The lowest shore hardness A value of 63 is achieved.
As shown in Figure 5b, the data is analyzed using MATLAB to
show the lowest value of hardness as well as the optimum param-
eters. The optimum parameters to print TPU material are the low
flow rate and average nozzle temperature. The lowest shore hard-
ness is achieved when the flow rate is the lowest. The nozzle tem-
perature should be set between 210 and 220 °C to achieve the
lowest hardness. Also, choosing 60% of the flow rate results
in low hardness due to the optimum time of material deposition
and enough time for the melted material to expand its original
volume. In brief, 60% of material flow rate and 220 °C are the
optimum printing parameters to print varioShore TPU.

3.2. Bending Curvature

The soft actuators are controlled by varying the air pressure.
The actuators bend when air pressure is applied to them. The
compressor powers the pneumatic actuator. The actuator man-
ufactured by varioShore TPU produces a range of bending
degrees depending on the test. Figure 6a,b shows the simple
actuator’s bending in simulation and experiment. The applied
pressure is from 100 to 500 kPa for all actuators. Figure 6c¢ illus-
trates the trajectory path of actuators with different values of pres-
sure. In the FEM simulations, identical bending angles are
clearly observed. Figure 6d shows how closely the simulated
and experimental findings coincide at various applied pressures.
With a maximum difference of 3.15% at 300 kPa and a minimum
difference of 0.6% at 200kPa, it is found that the FEM models
can accurately match the observed bending angles.

As demonstrated in Figure 7a,b, there appears to be a 5° to 10°
difference between modeling and experimental data for a simple
actuator. The lattice-shaped actuators show slightly different
behaviors. The lattice structures inside the chambers avoid the
structure bending completely. The structures inside the cham-
bers do not allow them to fully expand. Figure 7c,d illustrates
the isotruss deformation using 200 and 500kPa pressure.
This is the reason that the actuator cannot bend like a simple
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Figure 5. Results of the Taguchi method for the material flow and nozzle temperature in terms of: a) mean values for shore hardness. b) Contour plot of
the value of shore hardness with different values of the flow rate and temperature.

actuator. Also, by increasing the pressure, the bending is not fol-
lowing a linear trend. Results indicate that isotruss actuator has a
higher bending compared to other actuators except for the simple
one. An adjustable bending angle is achieved using these novel
soft actuators.

The projected bending angle in the simulation is thus greater
than the observation. That is due to the fact that the simulation is
done in reasonably perfect actuators®® and some pressure
losses, such as those in the pneumatic network and accompa-
nying pipes, are not incorporated into the simulation. Also,
the actuator is incapable of fully recovering its initial shape upon
releasing air. The experimental bending angle is not exactly 0° as
predicted when air pressure is removed. This might be due to the
soft TPU'’s characteristics, gravity, and very low plasticity. This
small difference could be simulated by implementing a FEM
with more advanced material models and taking into account
geometrical /material imperfections due to the 3D printing.!**!
The actuators with different lattice structures are tested, and
the bending angles under the same pressure are compared.
Three measurements are taken for each sample, and the average
value is chosen as the result.

Adv. Eng. Mater. 2023, 2200797 2200797 (7 of 13)

The honeycomb and face-centered cube actuators have the
minimum bending angle. The isotruss specimen shows a higher
bending angle compared to other lattice structures. The opti-
mum design is chosen based on the requirements. The honey-
comb structure can be used as a soft actuator where the lowest
bending is required. Meanwhile, isotruss shows a better perfor-
mance in terms of higher bending. In brief, lattice structures
improve the stiffness and strength as well as control bending
angle without additional parts. This helps to control the actuator
and customize the bending angle using a constant air pressure.
Also, a combination of lattice structures leads to a better control
capability and results in a system with adjustable deformation.

3.3. Blocked Force Measurement

The blocked force is an essential performance parameter for soft
actuators. It is the force produced by the soft actuator’s tip and
shows the actuator’s ability to transfer pressure to force.
The actuator is fastened at one end to operate as a cantilever
beam. The output force rises as the input pressure increases.
When the force is measured, the pressure is increased by
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Figure 6. A comparison of simple actuator bending shape in: a) experiment and b) simulation with 200, 300, 400, and 500 kPa pressure. Bending
trajectory of: c) experiment and d) simulation for actuators without an internal lattice.

100 kPa steps to a maximum pressure of 500 kPa. The bending  actuator’s weight. When the input pressure is high enough, the
angle is minimal when just a small amount of pressure is applied ~ sensor provides resistance to the actuator’s bending actions.
to the actuator, and the blocked force is mostly generated by the ~ When the actuator meets the sensor base, it bends into an arch
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Figure 7. a) Experimental and b) numerical bending angle results for different lattice structures. Deformation of isotruss actuator using: c) 200 kPa and

d) 500 kPa pressure.

(see Figure 8a). The top layer of the actuator expands and slides
forward when inflated. The increased blockage can be due to the
bending motions and sensor contact.

Moreover, fixed support is allocated to the proximal end of the
actuator for the blocked force simulations in ABAQUS, which
functions as a cantilever beam. The distal end of the actuator
slides friction-free across the displacement support, mimicking
the load cell, allowing force measurements to be taken (see
Figure 8b).% As a result of the displacement support resisting
the soft actuator’s bending deformation during pressurization,
the actuator bends backward in an arch and slides over the dis-
placement support. Figure 8c,d summarizes blocked force data
for actuators. With a higher pressure, the actuator force increases
as well.

At 500 kPa, the highest force and actuation pressure measured
for the actuator without lattice is 2.5 N. The difference between
simulation and force is 0.05 N, which shows that the simulation
can predict the blocked force. The 3D-printed actuators can sus-
tain a high pressure and create a larger force. In general, an actu-
ator without a lattice structure allows for higher pressure input,
resulting in bigger blocked forces. Actuators with bio-inspired
lattice-shaped chambers show lower blocked force compared

Adv. Eng. Mater. 2023, 2200797 2200797 (9 of 13)

to simple one. This occurs due to the structures inside the cham-
bers, which avoid a full deformation. This means controllable
soft actuators can be achieved without additional parts.
Required force can be accomplished using this technique to
eliminate extra effort. The bending and tip force results of the
actuator without lattice-shaped chambers are similar to the pre-
vious research works.?>?*~*! This means the actuator works
properly and achieved the required results with varioShore
TPU material. However, implementing lattice structures inside
the chambers results in controlling the bending and tip force of
the pneumatic actuators accordingly.

3.4. Ultimate Strength

The actuators are put through a continuous testing to see how
long they can last. The time the actuator can tolerate before fail-
ing is determined. 600 kPa actuation pressure is chosen that is
higher than the pressure that the actuator can accomplish in a
complete bending motion and bears. The maximum time that
the actuator without lattice is tolerated is shown in Figure 9.
The air begins to flow from the actuator once that pressure is
reached, and the actuator’s wall finally breaks. It can clearly
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using 600 kPa air pressure.

be seen that the actuators with bio-inspired lattice shape cham-
bers stand more compared to the sample without lattice. The
actuator without a lattice structure stands at 200s while the
square honeycomb stands at 296 s. The results indicate the lattice
structure inside chambers increases the strength of walls. The
wall cannot expand completely, thus, the chambers withstand
more pressure. In this case, isotruss actuator shows better behav-
ior compared to the actuator without lattice. However, the ulti-
mate strength of isotruss actuator is higher which helps to
increase the lifetime of SPAs.

3.5. Application Concept

One of the 3D-printed actuators’ usefulness is in wearable soft
robotic applications.*>™* SPAs have been found to offer great
qualities for assistive and rehabilitative robotics in helping,

www.aem-journal.com

augmenting, and restoring patient movement for motor rehabil-
itation in previous studies.>*”! SPAs are more compliant than
rigid pneumatic actuators because they are built of materials with
elastic moduli that are compatible with human tissues. However,
the material should be firm enough to give an adjustable bending
angle and blocking force to complete the required tasks.
As a result, the wearer’s risk of pain and injury would consider-
ably be decreased. Figure 10 illustrates a 3D schematic of
developed actuators as assistive devices to illustrate a potential
application of our 3D-printed actuators. The uniqueness of
these actuators compared to previous ones is in their conceptual
design and manufacturing. In terms of bending angle and
produced force, actuators having lattice chambers behave
differently from basic actuators without lattice. Using lattice
structures inside SPAs can help to have a better flexibility
with just one input pressure. The weight of the five actuators
is 135.27 g.

The generated force and bending angle of the proposed actua-
tors are within the range reported for previous SPAs, 3238404148
The proposed actuators can mimic the function of the human
hand due to the variable stiffness and behavior. Also, this tech-
nique eliminates using various pneumatic parts to have an
adjustable bending in actuators. Meanwhile, using a lattice
design in SPAs brings adjustable bending to each finger.
Also, by combining the lattice structures into one actuator, it
would be possible to control the bending using the same pres-
sure without additional devices. This research enables to have
various bendings in specific areas. Having different lattices in
each block of actuators could produce different stiffness and
bending functions compatible with the joint’s motions between
three parts of the human finger bones, namely proximal,
middle, and distal phalanges. Also, the actuators could be able
to aid finger flexion as well as wrist flexion due to the variable
stiffness.

Figure 10. 3D modeling of actuators as a rehabilitative device.
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4. Conclusion

This article presented a novel class of SPAs inspired by a natu-
ral straw and designed for direct FDM 3D printing. A foaming
agent varioShore TPU was investigated to find out the material
properties and shore hardness. Shore hardnesses A in the
range of 60 to 75 were obtained. It was found that nozzle tem-
perature and material flow had a great effect on the shore hard-
ness. The softest value of hardness was achieved using a 220 °C
extruder temperature and 60% material flow. FEM was utilized
to model the bending and tip force after the TPU material
properties were obtained by uniaxial material testing. Bio-
inspired lattice structures were designed inside the chambers
of the SPAs to evaluate their performance for induced bending
angle and blocked force. Auxetic, columns, face-centered
cubic, honeycomb, isotruss, oct vertex centroid, and square
honeycomb structures were also investigated and analyzed.
The experimental trials were conducted by the development
of a closed-loop electro-pneumatic board capable of controlling
the air input. The measured bending angles and blocked forces
were achieved using sensors. Numerical simulations were also
conducted to make a comparison with the experimental results
to provide further confidence for the theoretical reliability of
the obtained data. Lattice structures could improve the pneu-
matic actuators to have adjustable bending angles without
additional components in the system.

The simulation predictions and experimental measure-
ments for bending angles and induced blocked forces are
close to each other in most cases. The TPU actuators were
tested at pressures up to 500 kPa and bending angles of up
to 200° were achieved. Changes in the chambers and using lat-
tice structures within them had a major impact on the force
generation and bending angle. The generated force was also
investigated, and a maximum value of 2.1 N was achieved using
500 kPa input pressure for the sample without a lattice struc-
ture. Pressure testing was also performed to understand the
maximum limit of the actuators in terms of applied internal
pressure. Finally, prospective soft robotic applications of
3D-printed actuators as wearable devices were demonstrated.
With our suggested concept, the actuators would able to aid
finger flexion as well as wrist flexion and extension for wearable
applications. This method allows for the creation of variable
stiffness and controlling soft actuators using the same input
pressure that is extremely customizable and tailored to the
users. The methods for evaluating and investigating the pro-
posed actuators as a rehabilitative device could be developed
in future research works.
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