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Soft pneumatic actuators are usually fabricated using molding and casting techniques with silicone rubbers,
which requires intensive manual labor and limits repeatability and design flexibility for complex geome-
tries. This article presents the design and direct 3D-printing of novel omnidirectional soft pneumatic ac-
tuators using stereolithography (SLA) with an elastic resin and fused deposition modeling (FDM) with a

thermoplastic polyurethane (TPU). The actuator is modeled and optimized for bending performance using
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the finite element method along with a hyperelastic material model that is based on experimental uniaxial
tensile data. The designs inspired by fast pneumatic network actuators (PneuNets) allow for multimodal
actuation including bending, extension and contraction motions under positive, negative or differential
pressures. The predicted results from the finite element method are compared with the experimental
results for a range of actuation configurations. These novel omnidirectional actuators have significant
potential in applications such as pipe inspection and biomedical devices.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Soft robotics is a rapidly growing field where the robots are
elastically deformable and usually follow a bio-inspired design [1,2].
Soft robots are compliant, have infinite degrees of freedom (DoF) and
show high dexterity and safety [3,4]. Their ability to elastically de-
form and adapt their shape to external constraints and obstacles
make them ideal for applications such as gripping, locomotion and
medical devices, where the environment is highly dynamic and
sensitive to physical interaction [5,6].

Actuation mechanisms for soft robots include tendon-driven,
fluidic and smart material actuation (i.e., thermal, optical or mag-
netic actuation) [7,8]. Pneumatic actuation is still the dominant
technology due to the light weight, fast response time and easy
implementation [5,9]. A variety of soft pneumatic actuator designs
has been proposed in the literature [3,10]. While single chamber
actuators [11] and bellow-shaped designs have been used, the two
main groups are fiber-reinforced actuators and pneumatic network
actuators (PneuNets). Fiber-reinforced actuators can be used to
achieve bending, extension, contraction or twisting motions with
different fiber wrapping angles and anisotropic features such as

* Corresponding author.
E-mail address: matheus.xavier@newcastle.edu.au (M.S. Xavier).

https://doi.org/10.1016/j.sna.2021.113199
0924-4247/© 2021 Elsevier B.V. All rights reserved.

differing wall thicknesses and the addition of strain limiting layers
[4,12]. Fiber-reinforced actuators are also referred to as PneuFlex
actuators [13,14]. PneuNets, also known as multi-chambered actua-
tors, have been investigated in [ 15-18]. Slow PneuNets are discussed
in [15,19], where a block of silicone rubber has embedded air
chambers. In contrast, the fast PneuNets developed in [16] contains
gaps between the inside walls of each chamber. The authors showed
that slow PneuNets required approximately 3 times higher pressure
and 8 times higher volume to fully bend compared to fast PneuNets,
which also had improved speed (i.e., 25 times) and force (i.e., 1.4
times).

The complex geometries of soft actuators and the hyperelastic
models used in their fabrication hinder the development of accurate
mathematical models to describe their performance. Consequently,
finite element modeling (FEM) has found many applications in soft
robotics since it: (i) reduces cost and development time, (ii) can cope
with large deformations and material nonlinearities, and (iii) can be
used to predict performance and evaluate the capabilities of soft
actuator designs, while improving our understanding of the stress
concentration and strain distribution after pressurization [20-22].

Soft pneumatic actuators are usually fabricated with a molding
process by 3D-printing molds into which silicone rubbers are cast
and consolidated [23,24]. Soft actuators fabricated with silicone
rubber offer durability, biocompatibility and high deformation levels
at low pressures. However, the molding process is time-consuming
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and requires significant manual assembly, which can create issues
with weak seams, repeatability and accuracy [25]. In addition,
complex geometries often require multi-stage casts using techniques
such as overmolding [26]. The final design might also require the
addition of strain limiting layers or fiber reinforcements.

The monolithic fabrication approach based on directly using an
additive manufacturing (AM) method is a possible solution to fab-
ricate highly complex and optimized shapes [27]. Moving from mold
fabrication to the total AM approach, the involvement of AM tech-
nologies switches from a passive role (i.e., used only to fabricate
molds) to a dominant role (i.e., exclusively used for soft robots
manufacturing). The use of direct additive manufacturing for soft
robotic fabrication takes full advantage of the available 3D-printing
technologies, such as reduced manual tasks and the ability to
fabricate very complex geometries, intricate circuits, and multi-
component designs in an all-in-one manufacturing setup [25,28].

2. Related work
2.1. 3D-printed soft pneumatic actuators

Due to the difficulties involved with mold-based fabrication of
soft robotic actuators, a significant research investment has occurred
to develop direct fabrication methods. The foremost methods
are [28-30]:

1) Material extrusion: process in which material is selectively
dispensed through a nozzle or orifice onto a surface, which then
fuses into a solid object upon cooling. This includes FDM, which is
also known as fused filament fabrication (FFF), and direct ink writing
(DIW). Using DIW, bending finger pneumatic actuators were devel-
oped in [31] and multi-material soft actuators with programmable
contractile, expanding and twisting motions in [32]. FDM is the most
commonly used technique due to its accessibility and relatively low
price [33]. The range of fabricated actuators include bending
actuators [27,34-40], helical actuators [33,40,41] and vacuum-
powered actuators [42,43].

2) Material jetting (i.e., Polyjet): process in which droplets of
feed-stock material are selectively deposited. Modifications to a
Stratasys Objet260 Connex printer were performed in [44] to fabri-
cate actuators with solid and liquid components. A Stratasys Objet
350 Connex 3 was used to fabricate parallel bellow-shaped actuators
in [45,46]. This printer was also used in [47] to incorporate em-
bedded resistive sensors into a fast PneuNet actuator. Polyjet bellows
actuators with optimized designs to improve fatigue life were
fabricated in [48].

3) Vat polymerization: process in which liquid photopolymer in a
vat is selectively cured by light-activated polymerization. This in-
cludes digital light processing (DLP) and stereolithography (SLA).
The printing process takes place within a dense liquid bath, which
reduces the requirement for support materials to print thin and
hollow structures, and offers sub-micrometer resolution [49]. Mi-
crometer scale soft pneumatic grippers were fabricated in [50,51]
using DLP. In [52], micro-bellows actuators are developed for ex-
tension and bending using SLA with the SL5180 photopolymer. In
[53], bidirectional actuators with a bellow structure are fabricated
using a commercially available elastomeric precursor and a custom-
made SLA printer.

2.2. Omnidirectional soft pneumatic actuators

Omnidirectional actuators were proposed in [58,62] and further
explored in [54,55,57]. The omnidirectional actuator usually has
three internal chambers (Fig. 1a,b,d,e). When all three chambers are
equally pressurized, the actuator extends. In contrast, when only one
or two chambers are pressurized, the actuator bends in the direction
opposite to the pressurized chambers. These actuators have three
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DoF, which are pitch, yaw and stretch. Actuators with three DoF can
also be fabricated using three parallel, externally connected actua-
tors rotated 120 degrees about the longitudinal axis of the actuator
in a design inspired by the parallel bellows actuators in pneumatic
continuum robots [63,64]. Parallel actuators have been proposed in
soft robotics using fiber-reinforced extending actuators [60,61]
(Fig. 1h,i), off-the-shelf rubber bellows [65], 3D-printed bellows ac-
tuators [45,46] (Fig. 1g) and bellows fabricated with silicone rubber
[59,66] (Fig. 1f). In contrast, omnidirectional actuators with four
chambers in a multi-layer small cavity series configuration are
proposed in [67] using a multi-step silicone molding process.
A summary of the omnidirectional actuators in the literature is
provided in Table 1.

In recent works, several 3D-printed soft pneumatic actuators
have been proposed for bending (single direction and bidirectional),
elongation, contraction and twisting. In contrast, omnidirectional
actuators are usually fabricated using a molding process and very
few works have used 3D-printing to directly fabricate these actua-
tors. As outlined in Table 1, previous 3D-printed omnidirectional
actuators have a parallel bellows structure, which essentially com-
bines three extending actuators to generate bending. This design,
however, requires multi-step fabrication and usually displays lower
bending performance in comparison to molded single-structure
omnidirectional actuators.

2.3. Contributions

In this article, we propose a new class of monolithic omnidirec-
tional soft actuators, shown in Fig. 2, that utilize a fast internal
pneumatic network suited to direct 3D printing in a single fabrica-
tion step. Compared to existing design concepts such as the parallel
bellows actuator and fiber-reinforced actuators, the proposed
method requires only one major fabrication step, and is a completely
monolithic structure which does not require post-fabrication as-
sembly or bonding. The unique mechanical properties and reduced
fabrication effort are expected to be attractive in a wide variety of
applications that require omnidirectional bending and extension.

The primary contributions of this article are as follows:

i. Design and single-step fabrication of novel omnidirectional soft
pneumatic actuators with three and four cavities using stereo-
lithography (SLA) with an off-the-shelf elastic resin and fused
deposition modeling (FDM) with a thermoplastic poly-
urethane (TPU).

ii. Characterization of the hyperelastic parameters for the elastic
resin used with SLA. This work reports the first application of SLA
to the fabrication of omnidirectional actuators and the first ap-
plication of the elastic resin from Formlabs to any type of soft
bending actuator.

iii. Modeling of the bending angle and blocked force of the actuators
using FEM. Using FEM, the soft actuator designs are optimized for
higher bending levels at lower pressures.

iv. To demonstrate the capabilities of the actuators in achieving
bending, extension and contraction motions. In addition, to de-
monstrate actuation performance with positive, negative or dif-
ferential pressures.

v. Quantification of the soft actuators performance through ex-
perimental results and comparison to the FEM predictions for
both designs and fabrication methods.

The remainder of this article is organized as follows. Section 3
presents the uniaxial tensile test results and hyperelastic material
models for the elastic resin. Section 4 presents the design of the
omnidirectional soft actuators and the FEM results. Section 5 de-
scribes the fabrication of the soft pneumatic actuators using SLA and
FDM. In Section 6, the experimental results are presented and
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Fig. 1. Review of omnidirectional actuators in the literature. (a,b) Single structure actuators without fiber reinforcement [54,55]. (c) Single structure actuator with internal fiber

reinforcement [56]. (d,e) Single structure actuator with external O-rings and fiber-reinforced rubber [57,58].

(f) PBA actuator fabricated with molding [59]. (g) PBA actuator

fabricated with Polyjet [45]. (h) Parallel actuator with internal fiber reinforcement [60]. (i) Parallel actuator with external fiber reinforcement [61]. All figures are reproduced with

permission.
Table 1
Review of omnidirectional soft pneumatic actuators. Bending performance results are indicated for single cavity/bellow actuation.
Design Fabrication Material Bending performance Ref.
Single structure Molding Elastosil M4601 180°, 1.2 N at 150 kPa [54]
Ecoflex30 180° at 10 kPa [55]
PS6600 silica gel 170" at 100 kPa, 1.5 N at 90 kPa [67]
Ecoflex50, external braided sheet 120° at 65 kPa [68]
Single structure Molding Fiber-reinforced rubber 100° at 400 kPa [58]
(fiber-reinforced) Silica gel 15A, aramid fiber 817, 4.8 N at 200 kPa [69]
Ecoflex30, O-rings 270" at 45 kPa [57]
Ecoflex50, fiber 148° at 150 kPa [56]
Parallel bellows Molding Silica gel 60" at 50 kPa [59]
actuator Ecoflex50 80 at 48 kPa [66]
3D printing (Polyjet) Veroclear and TengoBlackPlus 79°,1.57 N at 60 kPa [45,46]
3D printing (SLS) Polyamide N/A [70]
Manual assembly Off-the-shelf rubber bellows 70° at 41 kPa [65]
Parallel actuator Molding Ecoflex50, kevlar fiber 90 at 100 kPa [61]
(fiber-reinforced) Ecoflex30, fiber 40° at 55 kPa [60]
DragonSkin10, fiber 100° at 172 kPa [60]

This work 3D-printing (SLA)

3D-printing (FDM) NinjaFlex

Elastic resin (Formlabs)

177° at 200 kPa (3 cavity)
162° at 200 kPa (4 cavity)
90" at 700 kPa (4 cavity)

compared to the FEM predictions. Finally, Section 7 discusses the
conclusions of this work.

3. Material characterization
Due to the large nonlinearities of the materials used in soft ro-

botics, hyperelastic models are considered. Here, the materials are
assumed to be isotropic and incompressible. A number of

hyperelastic material models have been used in the soft robotics
literature [20,71]. In this work, the Neo-Hookean and Yeoh models
are considered since the material response for these models can be
fairly characterized using uniaxial tensile testing [72,73].

(1) Neo-Hookean model:

w=q(11—3>=§(11—3)
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(b) Four-cavity actuator.

(a) Three-cavity actuator.

Fig. 2. Omnidirectional bending for the novel soft pneumatic actuators with (a) three
and (b) four cavities.

where y is the shear modulus, I = A2 + 43 + A3 is a principal in-

variant and 4; =1;/L; are the stretch ratios along the principal axes

given by the ratio of deformed length [; to undeformed length L;.
(2) Yeoh model:

W=G(h-3)+ Gh-3?2+G(h-3) (2)

The Neo-Hookean model shows good agreement for small
strains, i.e., lower than 50%. The Yeoh model is commonly used for
large strain problems. In particular, the Yeoh model describes the
elastic behavior with reasonable success over quite large ranges of
strain and is able to predict stress-stretch behavior in different de-
formation modes from data gained with simple uniaxial testing. The
corresponding stress-stretch equations for these models are:

(1) Neo-Hookean model:

o=2(2 -G (3)
(2) Yeoh model:
n
o=2(2 -2 Y iG(2% + 2471 - 3)-1
i1 (4)

The tensile test data is force F and strain SL. These values are
converted to stress ¢ and stretch 1 using:
F _ Lo+ 6L

==, 2
°T A Lo (5)

where A is the initial cross-sectional area of the reduced section of
the sample and Ly is the undeformed length (Fig. 3).

NinjaFlex Midnight (NinjaTek, USA) is the TPU used in the fab-
rication of soft actuators with FDM. Hyperelastic constants for
NinjaFlex have been characterized in a number of studies in the
literature [22,36,40,41,43]. In contrast, the elastic resin (Formlabs,
USA) used in this work has not been employed in soft robotics.
Consequently, hyperelastic constants are not available and therefore
uniaxial tensile tests are performed to obtain the material para-
meters required for FEM. The elastic resin has shore hardness 40A
(uncured) and 50A (post-cured) and ultimate tensile strength of
1.61 MPa (uncured) and 3.23 MPa (post-cured), as provided by the
supplier datasheet.

Uniaxial tensile tests were performed using Autograph AGS-X
5kN (Shimadzu Corporation, Japan) at a rate of 50 mm/min. The
elastic resin dumbbell-shaped samples were 3D printed using a
Form 3 (Formlabs, USA) and follow the geometry and dimensions of
the ASTM D412 standard. These samples were printed directly on the
build plate with 100 ym resolution and the wash time was 20 min.
For cured samples, curing was performed using Form Cure
(Formlabs, USA) with curing time of 20min and temperature of
60 °C. Initial tests revealed early failure in the region between the
grip and reduced sections. Therefore, to obtain further extension
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during testing and better characterize the material, the final tested
samples were 3D-printed with 2 mm fillets on their edges.

To determine the coefficients C;, a nonlinear least squares opti-
mization method is used in MATLAB to minimize the error with
respect to the parameters of the model. This is achieved using the
function fit with Eqgs. (3) and (4) in the definition of fittype. The fitted
parameters for the 3D-printed elastic resin samples with the
Neo-Hookean and Yeoh models are summarized in Table 2.

4. Design and finite element modeling
4.1. Design

While bidirectional actuators can be easily achieved with two
bending actuators, the design and fabrication of omnidirectional
actuators is more challenging. For 3D-printed materials, the usual
design for omnidirectional actuators with three or four single
chambers embedded in a silicone body [57,58,74] leads to very small
bending before failure of the actuator. In this work, to enhance the
performance of the 3D-printed actuator, we propose a corrugated/
multi-chambered design inspired by fast pneumatic network ac-
tuators. The fast PneuNet-inspired design allows for smaller change
in volume (i.e., reduced radial expansion), faster actuation and
higher bending at lower pressures, which are desirable features for
3D-printed soft actuators which have previously been difficult to
obtain using available 3D-printing materials due to the higher
stiffness than silicone rubber. In addition, these actuators can also be
operated under vacuum (i.e., negative pressures) to achieve bending
in the opposite direction.

The omnidirectional actuators proposed here are modeled in
Autodesk Inventor (Autodesk Inc.) using the parameters shown in
Fig. 4. In particular, two types of actuators are proposed: the first
includes a series of chambers in four cavities (Fig. 4c), while the
second has a series of chambers in three cavities (Fig. 4d). Both of
these designs allow for omnidirectional bending and extension with
appropriate selection of pressurized cavities, as shown in Fig. 5.
While both actuators can be used to achieve omnidirectional
bending (particularly when combining varying pressures at different
chambers), a larger number of cavities can be used to improve the
precision of the manipulation of the actuator within their respective
workspace. The selection of actuator design is, therefore, application
and performance dependent. Further, the selection of the actuator
design should also be based on the number of independent
pneumatic sources or simultaneous controllers/valves used in the
pneumatic system.

4.2. Finite element modeling

The soft actuators are modeled in ANSYS Mechanical (ANSYS Inc.)
using Static Structural Analysis. The following settings are used in
the analysis: mesh size of 3 mm with nonlinear mechanical physics
preference and tetrahedral elements, auto time stepping with
minimum time step of 3 ms and maximum time step of 50 ms and
large deflections enabled. The boundary conditions are as follows: (i)
Fixed Support at the bottom wall to mimic the behavior of the
clamping mechanism, and (ii) a pressure applied normally to the
internal wall cavities.

To improve the bending performance of the omnidirectional ac-
tuators and minimize the required input pressure, the key para-
meters in the designs are evaluated. As the actuators are modular
with respect to the number of chambers, the length is not a key
parameter and is fixed to 110 mm, which corresponds to 11 modules
or groups of chambers. The diameter of the actuators is also fixed at
24 mm. The critical parameters are identified to be the midsection
radius r,,, top wall thickness t;, side wall thickness t; and internal
wall thickness t;, whose values for both designs are as follows:
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Fig. 3. Uniaxial tensile test data and fitted models for elastic resin dog-bone test samples. The top row displays the curve fitting approach for two uncured samples and the bottom
row displays the approach for two cured samples.

Table 2

Hyperelastic material model constants for the elastic resin.

Sample Model Parameters (MPa)
Uncured 1 Neo-Hookean C; =0.2889

Yeoh C; =0.4802, C, =0, C5 =0.001626
Uncured 2 Neo-Hookean C; =0.2931

Yeoh C, =0.4804, G, =0, C3 =0.001076
Cured 1 Neo-Hookean C; =0.3074

Yeoh C1 =0.5243, C; =0, C3 =0.004186
Cured 2 Neo-Hookean C; =0.3072

Yeoh C; =0.5056, C; =0, C3 =0.002562

. midsection radius r,,;: 3 mm, 4.5 mm and 6 mm.

. top wall thickness t;: 1 mm, 1.5 mm and 2.5 mm.

. side wall thickness t;: 1 mm, 1.5 mm and 2 mm.

. internal wall thickness t;: 1 mm, 1.5 mm and 2 mm.

A WN -

The Yeoh model demonstrated better agreement with the ex-
perimental results, hence the averaged constants from the two un-
cured samples are used in the FEM simulations presented in this
work. The FEM results for single cavity actuation of the four-cavity
actuator are shown in Fig. 6. Results for the three-cavity actuator
follow similar trends and are not included for the sake of brevity.

® ©

Fig. 4. Omnidirectional actuator designs and geometrical parameters: (a) side view, (b) side cross-section view, (c) radial cross-section view of the four-cavity actuator and (d)
radial cross-section view of the three-cavity actuator. The geometrical parameters are: actuator radius rq, midsection radius r, side wall thickness t;, top wall thickness t; and
internal wall thickness t;. The actuator length is fixed at 110 mm and the radius r, at 12 mm.
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Fig. 5. Actuation modes for omnidirectional actuator designs: the colored cavity in-
dicates actuation with positive pressure and the respective arrow indicates the
bending direction. (a) Three-cavity actuator: bending can be achieved by actuation of
single or double cavities. (b) Four-cavity actuator: bending can be achieved by ac-
tuation of single, double or triple cavities. Note that actuation of triple cavities (in-
dicated in both blue and green) lead to the same bending direction as single cavity
actuation (indicated in blue only). (c) Extension can be achieved with pressurization
of all three cavities of the three-cavity actuator or at least two opposing cavities for
the four-cavity actuator. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Low values of the mid section radius result in strong ballooning of
the chambers, while large values increase the overall stiffness of the
actuator, which both result in reduced bending. Reduced top wall
thickness leads to improved bending performance. However, it also
results in large ballooning of the chamber walls, which potentially
reduces the fatigue life of the actuator. For the 1 mm top wall
thickness, the simulations failed to converge after approximately 160
degrees for the elastic resin material.

The side and internal wall thickness are the most important
parameters that define the performance of the actuators, with
smaller values leading to higher bending angles. To ensure air
tightness of the 3D-printed samples and improve fatigue perfor-
mance, while minimizing the pressure input, the final actuator de-
sign uses the following parameters: mid section radius of 4.5 mm,
top wall thickness of 1.5mm, side wall thickness of 1mm and
internal wall thickness of 1 mm.

The performance of the four-cavity omnidirectional actuator for
single, double, triple and quadruple cavity actuation is displayed in
Fig. 7. For this actuator, in comparison to the pressurization of one
cavity (Fig. 7a), the actuation of two side cavities provides larger
bending at lower pressure values (Fig. 7b), while triple cavity ac-
tuation decreases the bending angle for equivalent pressure values
(Fig. 7c). Further, the actuation of all four cavities leads to extension
of the actuator (Fig. 7d).

The fast pneumatic network design of the proposed omnidirec-
tional actuators allows for pressurization with both positive and
negative pressures. The results for actuation with negative pressures
are shown in Fig. 8. Negative pressures allow for motion in the
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Fig. 6. Design optimization for the parameters of omnidirectional actuators with four
cavities using FEM.

opposite direction in comparison to the positive pressures in Fig. 7.
Further, they also allow for a small level of contraction of the ac-
tuator. It is important to note that actuation with negative pressures
provides a fail-safe feature, i.e., the performance of the actuators is
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Fig. 7. Finite element simulation of the four-cavity actuator for a range of positive pressure levels: (a) single cavity actuation, (b) double cavity actuation, (c) triple cavity actuation
and (d) quadruple cavity actuation. The actuated cavities are shown in red (labels can be ignored) and the legends show the total deformation in meters.

not affected by minor leaks or structural damage, which improves
robustness, durability and lifetime.

The performance of the omnidirectional actuators can be further
improved using a combination of positive and negative pressure, as
illustrated in Fig. 9. The results show that the achievable workspace
of the soft actuator increases by using differential pressure values,
i.e., higher bending angles can be achieved with reduced positive
pressure values.

4.3. Blocked force

In addition to the displacement, the blocked force is an important
performance metric for soft actuators. The blocked force is the force
generated by the tip of the soft actuator and represents the ability of
the actuator to convert pressure to force.

For the blocked force simulations in ANSYS, a fixed support was
assigned to the proximal end of the actuator, which therefore acts as
a cantilever beam. Force measurements are obtained using a dis-
placement support at the tip of the actuator, which allows the distal
end of the actuator to slide friction-free across the displacement
support modeling the load cell [21], as shown in Fig. 10. This dis-
placement support resists the bending deformation of the soft ac-
tuator during pressurization, consequently the actuator bends
backwards in an arch and slides over the displacement support.

Blocked force measurements are summarized in Table 3 for three
and four-cavity actuators. Overall, NinjaFlex actuators are stiffer and

allow for higher pressure input, which results in larger blocked
forces. These forces are within the range reported for previous soft
pneumatic actuators [17,45,54,67,75].

5. Fabrication
5.1. Fabrication with SLA

The omnidirectional actuators are printed using elastic resin
(Formlabs, USA) and a Form 3 printer (Formlabs, USA). The printing
parameters are set up in the software PreForm (Formlabs, USA), as
shown in Table 4.

The parts are oriented with the bottom layer parallel to the build
platform. A high support density is used to avoid print failures due to
the softness of the material. Internal supports are disabled to reduce
the chance of rupture during pressurization. Additional support
parameters are selected to minimize the volume of elastic resin used
during 3D-printing. The printing time for a single actuator with the
SLA method is approximately 6 h and 40 min.

Following the 3D printing process, the actuators are washed in
two plastic buckets with isopropyl alcohol (IPA) for ten minutes each
and the support structures are removed. A longer washing time may
cause the material to absorb solvent. To remove the uncured resin in
the actuator chambers, a syringe filled with IPA is used to flush out
the cavities and negative pressure is applied to the chambers using
an empty syringe to remove the remaining IPA and uncured resin.
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Fig. 8. Finite element simulation of the four-cavity actuator for a range of negative pressure levels: (a) single cavity actuation, (b) double cavity actuation and (c) quadruple cavity
actuation. The actuated cavities are shown in red (labels can be ignored) and the legends show the total deformation in meters.

5.2. Fabrication with FDM

The omnidirectional actuators fabricated from elastic resin with
stereolithography are compared to actuators fabricated from soft
TPU with FDM. In the latter, the 3D models of the omnidirectional
actuators are sliced using a commercial slicing software (Simplify3D
LLC, OH, USA). The optimized printing parameters used to achieve
airtight actuators are listed in Table 5. The actuators are fabricated
using a Flashforge Inventor (Flashforge Corporation, USA) and the
soft TPU NinjaFlex Midnight (NinjaTek, USA) with a diameter of
1.75 mm. Post-processing is performed by removing the support
structures. The printing time of a single actuator with the FDM
method is approximately 29 h and 20 min.

The first layer height and width are adjusted to ensure the first
layer of the actuators adheres to the heated bed. The first layer
settings are adjusted to obtain an even and complete first layer as
this layer dictates the overall quality of the actuators [43]. To avoid

any printed plastic residuals between the different layers, the re-
traction settings are set to moderate values since high retraction
values lead to under-extrusion. The printing speed chosen ensures
continuous and consistent printed lines and layers. High speeds are
avoided as they lead to under-extrusion with soft materials. In ad-
dition, the speed of the external perimeter was reduced to obtain
higher quality exteriors.

The printing temperature is chosen to ensure that the printed
layers are fused but avoid over-melting the filament, which can lead
to the formation of air bubbles and under-extrusion. The heated bed
temperature is chosen to ensure that the first layer sticks to the bed
throughout the printing process and the actuators can be easily re-
moved when the printing process is finished by avoiding any
bonding to the heated bed. The cooling speed is set to its maximum
value to quickly solidify the printed layers, which avoids sagging due
to the overhangs in the structure of the actuators. The infill is set to
its maximum value to obtain solid walls and the perimeter overlap is
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Fig. 9. Finite element simulation of the four-cavity actuator for differential pressures, i.e., a combination of positive and negative pressures. (a) Single cavity actuated with positive
pressure and opposing single cavity actuated with negative pressure. (b) Two cavities actuated with positive pressure and opposing two cavities actuated with negative pressure.

The legends show the total deformation in meters.

(a)

(b)

Fig. 10. Finite element simulation for blocked force measurements of a three-cavity
actuator with single cavity actuation and pressures of (a) 10 kPa and (b) 200 kPa. The
actuator is fixed at one end using a fixed support, while a displacement support at the
actuator tip models the load cell. The force sensor probe is indicated by the red circle.

Table 3
Blocked force measurements in ANSYS. The column “Cavities” indicates the number of
actuated cavities with the respective pressure.

Actuator type  Material Cavities  Pressure (kPa)  Blocked force (N)
3 Cavities Elastic resin 1 200 0.2196
3 Cavities Elastic resin 2 200 0.1884
3 Cavities NinjaFlex 1 700 0.5517
3 Cavities NinjaFlex 2 700 0.5035
4 Cavities Elastic resin 1 200 0.2750
4 Cavities Elastic resin 2 200 0.4969
4 Cavities NinjaFlex 1 700 0.8123
4 Cavities NinjaFlex 2 700 11524

Table 4

3D-printing and post-processing parameters for SLA with elastic resin.
Parameter Value Unit
Printing resolution 100 um
Resin tank temperature 31 °C
Support density 1
Touchpoint size of support 0.7 mm
Internal supports Disabled
Height above raft 3 mm
Raft thickness 2.5 mm
Flat spacing 4 mm
Slope multiplier 1
Wash time 20 min
Curing time 20 min
Curing temperature 60 °C

chosen to ensure that the infill and perimeters are fused with no
air gaps.

The “Avoid Crossing Outline" option is enabled to ensure that the
nozzle does not cross the perimeters throughout the printing pro-
cess, which avoids the generation of plastic residuals that in turn
lead to air gaps between the layers of the 3D-printed actuators.
The extrusion multiplier is increased to avoid under-extrusion
throughout the printing process since the TPU is soft and to account
for any inconsistencies in the diameter of the TPU filament.

6. Characterization
6.1. Characterization and comparison to FE

A custom-made 60 mL syringe pump [76] is used to pressurize
the omnidirectional actuator with air. A pressure sensor (SEN0257,
DFRobot) connected to an Arduino Due is inserted between the
syringe and the actuator. PLX-DAQ is used to store the real-time
pressure measurements. The actuator is clamped horizontally, a
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Table 5

3D-printing parameters for NinjaFlex using FDM.
Parameter Value Unit
Resolution settings
Primary layer height 0.1 mm
First layer height 0.09 mm
First layer width 0.125 mm
Extrusion width 04 mm
Retraction settings
Retraction length 4 mm
Retraction speed 40 mm/s
Speed settings
Default printing speed 10 mm/s
Outline printing speed 8 mm/s
Solid infill speed 8 mm/s
First layer speed 8 mm/s
Temperature settings
Printing temperature 230 °C
Heat bed temperature 32 °C
Cooling settings
Fan speed 100 %
Infill settings
Infill percentage 100
Infill/parameter overlap 30
Thin walls
Allowed perimeter overlap 15

External thin wall type
Internal thin wall type
Movements behavior

Perimeters only
Single extrusion fill

Avoid crossing outline Enabled
Additional settings

Extrusion multiplier 115
Wipe nozzle Disabled
Support material Enabled

video camera with 60 frames per second is used to capture the
motion of the actuator and the software Kinovea is used to measure
the bending angles.

Upon fabrication, it is clear that gravity plays an important role in
the actuator bending performance. To account for that, the finite
element simulations are performed in two steps. In the first step, the
model is simulated only for gravity. Then, once steady-state is
reached, the pressure value is increased in time steps of 3 ms. The
actuator is fixed at its base and simulated horizontally to account for
the gravity effect. The 3D printed dumbbell-shaped samples used for
material characterization have a mass of 0.6 g and the volume is

(a) 4 Cavities: SLA

Experimental

Gravity only 185 kPa

NIN) A

Gravity only

FEM

Gravity only

160 kPa Gravity only

(b) 3 Cavities: SLA
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obtained from Autodesk Inventor as 5.02cm?®, consequently the
density used for the elastic resin simulations is 1.2 g/cm>.

Experimental and FEM results for the four-cavity actuator fabri-
cated with SLA are compared in Fig. 11a for two load conditions:
gravity only and 180 degrees bending. A similar comparison for a
three-cavity actuator is shown in Fig. 11b. The results for an omni-
directional actuator fabricated with NinjaFlex are presented in
Fig. 11c. In the latter, FEM results are obtained using a density of
119g/cm® and a five parameter Mooney-Rivlin hyperelastic
model with C10 =-0.233, C01 =2.562, Czo =0.116, C]l =-0.561,
Co2=0.900 MPa [22,43].

Experimental results and FEM predictions for the bending angle
versus pressure are shown in Fig. 12 for the elastic resin omnidir-
ectional actuators with three and four cavities. The FEM results
underestimate the bending due to gravity loading only and initial
pressure levels and tend to overestimate the bending for pressure
levels above 100 kPa. A similar trend is observed for the NinjaFlex
omnidirectional actuator, as shown in Fig. 13. This may indicate the
need to consider compressibility, viscoelasticity and stress softening
in the constitutive model of the elastic resin and NinjaFlex.

6.2. Discussion

As expected, for single cavity actuation, the actuator with three
cavities (Fig. 12c) outperforms the actuator with four cavities
(Fig. 12a). However, actuation of two cavities for the latter sig-
nificantly improves bending performance, as shown in Fig. 12b. In
contrast, double cavity actuation of the three-cavity actuator only
slightly improves bending performance (Fig. 12d).

The disparities between the experimental and FEM results are
likely to be associated with the uniaxial tensile tests used to char-
acterize the elastic resin and NinjaFlex samples, and the fabrication
tolerance and nonuniform walls of the 3D-printed actuators in
comparison to the 3D models. The differences could also be asso-
ciated with the printing resolution and the requirement for support
structures during printing, where removal of the latter may cause a
small level of warping. For the elastic resin actuators, uncured resin
in the internal cavities of the actuator and a small amount of residue
support attached to the walls also affect the bending performance.
Further, to reduce the number of mesh elements and facilitate
convergence, the air channels in the lumen between the chambers
have not been included in the simulation.

(c) 4 Cavities: FDM

190 kPa

Gravity only

700 kPa

150 kPa Gravity only

500 kPa

Fig. 11. Comparison between experimental and FEM results for gravity load only and selected pressure values. (a) Four-cavity SLA actuator where the top two cavities are
actuated. (b) Three-cavity SLA actuator where the top cavity is actuated. (c) Four-cavity FDM actuator where the top cavity is actuated.
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(d) Three-cavity actuator with double cavity actuation.

Fig. 12. Comparison of experimental and FEM results for the bending angle of three-
and four-cavity actuators fabricated with SLA.

The main advantage of the FEM approach is that it allows the
optimization of the soft actuator performance by varying geome-
trical parameters or material models to obtain the desired perfor-
mance, which reduces cost and development time since the
fabrication of soft fluidic actuators is very time-consuming.

1
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Fig. 13. Comparison of experimental and FEM results for the bending angle of a four-
cavity actuator fabricated with FDM.

FDM is the most popular method for direct 3D-printing of soft
actuators due to the low cost and minimal post-processing.
However, soft actuators fabricated with FDM usually have a rougher
surface finish and limited resolution. Moreover, FDM printed mate-
rials are usually harder and require very high pressure levels to reach
deformation levels that are comparable to actuators fabricated from
silicone rubbers or photocurable resins and elastomers. This is
clearly noted in Fig. 13, which shows that the bending angle is below
120 degrees at a pressure of 700 kPa, whereas the elastic resin ac-
tuators can achieve the same bending level at 100 kPa or less (Figs. 7
and 12).

The SLA method employed in this work offers improved printing
resolution, surface quality and printing speed in comparison to FDM.
The softer nature of the elastic resin allows for significant bending at
pressure levels below 200 kPa, which facilitates fabricating air-tight
actuators. In addition, lower pressures are better suited for biome-
dical devices and require lower cost pneumatic sources. However,
disadvantages include the high cost of the elastic resin, tacky sur-
faces, the need to remove internal uncured resin and the possibility
of post-curing warping. Furthermore, the elastic resin offers lower
fatigue durability since it can only elongate to 100% (uncured) or
160% (post-cured) in comparison to elongation of up to 660% for
NinjaFlex.

7. Conclusions and future work

This work describes a new class of omnidirectional soft actuators,
which are optimized for direct 3D printing using either stereo-
lithograhy with an elastic resin, or fused deposition modeling with a
thermoplastic polyurethane. The actuator design uses a series of
chambers in three- or four-cavity configurations to achieve bending,
extension and contraction. Uniaxial material testing was performed
to identify the hyperelastic model parameters for the elastic resin.
These models were then utilized to perform finite element simula-
tions and optimize the geometry of the proposed actuators. The
experiments show good correlation between the simulated predic-
tions and experimental results. Bending angles of up to 180 degrees
were characterized with pressures up to 200 kPa for the elastic resin
actuators.

The proposed actuators and fabrication methods have significant
advantages for applications such as worm and snake-like robots,
especially in biomedical and pipe inspection devices. Future work
includes the miniaturization of these actuators for applications in
minimally invasive surgical devices.
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