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Bio-inspired soft robots have already shown the ability to handle uncertainty and adapt to unstructured
environments. However, their availability is partially restricted by time-consuming, costly, and highly supervised
design-fabrication processes, often based on resource-intensive iterative workflows. Here, we propose an
integrated approach targeting the design and fabrication of pneumatic soft actuators in a single casting step.
Molds and sacrificial water-soluble hollow cores are printed using fused filament fabrication. A heated water
circuit accelerates the dissolution of the core’s material and guarantees its complete removal from the actuator
walls, while the actuator's mechanical operability is defined through finite element analysis. This enables the
fabrication of actuators with non-uniform cross-sections under minimal supervision, thereby reducing the
number of iterations necessary during the design and fabrication processes. Three actuators capable of bending
and linear motion were designed, fabricated, integrated, and demonstrated as 3 different bio-inspired soft robots,
an earthworm-inspired robot, a 4-legged robot, and a robotic gripper. We demonstrate the availability, versatility,
and effectiveness of the proposed methods, contributing to accelerating the design and fabrication of soft robots.

Citation: SilvaA, FonsecaD, Neto DM,
BabcinschiM, NetoP. Integrated
Design and Fabrication of Pneumatic
Soft Robot Actuators in a Single
Casting Step. Cyborg Bionic Syst.
2024;5:Article 0137. https://doi.
org/10.34133/cbsystems.0137

Submitted 9 February 2024
Accepted 13 May 2024
Published 17 July 2024

Copyright © 2024 Afonso Silva etal.
Exclusive licensee Beijing Institute of
Technology Press. No claim to original
U.S. Government Works. Distributed
under a Creative Commons
Attribution License 4.0 (CC BY 4.0).

This study represents a step toward increasing the accessibility of soft robots to people at a lower cost.

Introduction

Soft robots provide a freedom of movement and flexibility simi-
lar to animals’ soft bodies [1-5], making them an attractive
choice for innovative robot designs and applications in unstruc-
tured environments that were previously unattainable using
rigid-bodied robots [6]. Nevertheless, despite the soft robot’s
appealing properties and recent multidisciplinary advances
[7-9], further research is needed to improve their availability,
feasibility of design, and fabrication [10-12]. Research on soft
robotics has yielded multiple morphologies and actuation prin-
ciples to create bio-inspired robotic solutions [13-16]. Fluidic
actuation is the most commonly used principle, characterized
by its relatively fast and efficient actuation [17,18]. Multiple
methods have been studied to assist in the design of fluidic soft
actuators; the finite element analysis (FEA) of hyperelastic mate-
rials is one of the most promising tools to predict performance
and optimize design and operability parameters [19-22].

The fabrication of fluidic-powered soft actuators with geo-
metrically complex non-uniform cross-section chambers and
channels poses several scientific and technological challenges.
The traditional multi-step casting of 2-part silicones and their
variants remains the most widely used fabrication process due
to its widespread availability [23-25]. However, it is a highly
supervised process, requiring skilled labor to conduct multiple
processing and assembly steps, which may lead to noticeable
defects when joining various silicone parts cured at different
time periods. On the other hand, single-step cast molding is
limited to producing actuators with uniform cross-section
chambers, as this is the only way to extract the core after curing
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the elastomer [26]. These limitations in chamber design restrict
the achievable morphological complexity of the actuator and,
consequently, the robot’s natural looking motion. The same
applies to bubble casting, which has proved capable of high-
volume production, but it is limited to continuous geometries
with uniform cross-sections [27]. The lost-wax casting process
was demonstrated to be a promising technique. However, it is
prone to dimensional inaccuracies due to thermal retraction,
and the wax needs to be melted, which can leave unwanted
residue on the silicone surfaces. Soluble materials have been
introduced to fabricate sacrificial mold cores with uniform or
non-uniform cross-sections [28-30]. Materials such as polyvi-
nyl alcohol (PVA) and acrylonitrile butadiene styrene can be
dissolved in water and acetone, respectively [31,32]. Using a
solvent, the core can be removed to create the actuator’s cham-
bers. While this process is readily available, allowing for the
fabrication of cores using fused filament fabrication (FFF),
the quality of printing is highly dependent on the printing param-
eters and environmental conditions. Additionally, the com-
plete removal of the soluble material can be challenging and
time-consuming to achieve in the presence of 3-dimensional
(3D) intricate chamber geometries.

In recent years, we have witnessed major advances in the 3D
printing fabrication of soft actuators, aimed at achieving the
ultimate goal of 3D printing fully functional robots [33-38].
Fabrication technologies such as stereolithography, selective
laser sintering (SLS), digital projection lithography (DLP), con-
tinuous liquid interface production, and two-photon polymer-
ization are characterized by high feature resolution and smooth
surface finish. Inkjet-based technologies such as PolyJet and
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MultiJet are capable of 3D printing fully functional robots, fab-
ricating soft actuators with integrated fluidic circuits, printing
them in a single run, and using multiple soft/rigid materials
[34], some of them at the microscale size [39,40]. While these
processes accelerate the fabrication of soft robots requiring
minimal supervision, their availability is limited due to the high
cost of some equipment (2 to 3 orders of magnitude higher than
desktop FFF printers), the cost of materials, and the limited
selection of materials for use [35,41]. Moreover, some materials
can be toxic and may necessitate postprocessing to remove sup-
port structures. Nevertheless, recent studies have reported suc-
cessful 3D printing of soft robots without the need for expensive
equipment and materials, using FFF and SLS-based technolo-
gies [42-45]. Direct ink writing (DIW) has also enabled the
successful fabrication of soft actuators and sensors [46-50].
Adding sacrificial “fugitive inks” to DIW allows the fabrica-
tion of robots with complex networks of microfluidic channels
[10,51], and print objects that react to magnetic fields and
thermal stimulus [52,53]. A similar technique, liquid-solid co-
printing, has also been used for printing multi-material fluidic
circuits for both hydraulic and combustion-powered soft robots
[33,54,55]. Multimaterial Multinozzle 3D printing (MM3D)
enables the monolithic printing of pneumatic actuated soft robots,
allowing the simultaneous fabrication of both actuators and
sensors [56,57].

Soft materials have evolved in tandem with advances in fab-
rication methods. Stimulus-responsive materials lead the way
toward 4D printing [58,59]. Self-healing hydrogels with adjust-
able properties hold the promise of being highly effective and
flexible in a wide range of soft robotics applications [60]. An
ultraviolet-curable elastomer used for DLP printing has proven
capable of 1,100% elongation and application in the develop-
ment of thermoelectric actuators [61,62]. Photocurable inks
for DIW have also enabled the fabrication of highly stretchable
self-healing components [63]. FFF-based technology makes it
possible to print soft structures using commercially available
thermoplastic elastomers [42,64,65], hydrogels [66], and mag-
netic composites [67].

Here, we propose fabricating soft actuators using widely
available and affordable processes, combining single-step cast
molding with the FFF printing of sacrificial water-soluble cores.
The actuator’s mechanical operability is defined through FEA
using a nonlinear hyperplastic material model. Although the
use of sacrificial mold cores is common in the fabrication of
soft actuators, this process is highly dependent on the chamber
geometry and requires specific conditions such as the sol-
vent temperature and flow, among other factors. We propose
a heated water circuit to speed up the dissolution of the hollow
core’s material, ensuring complete removal from the actuator’s
walls, even for intricate chamber geometries (Fig. 1A to D).
The process was validated and demonstrated through the inte-
grated design fabrication of 3 pneu-net inspired actuators [68]
featuring bending and linear motion capabilities upon pressur-
ization. These actuators were incorporated into 3 bio-inspired
robots. An earthworm-inspired robot, built with a single linear
actuator, moves as a result of the state-dependent friction
between the convex shape of its legs and the ground (Fig. 1E).
Four bending actuators, each one acting as a statically stable leg,
enable the locomotion of the 4-legged robot across different
terrains (Fig. 1F). A robotic gripper, composed of 3 bending
actuators, can grasp objects of varying weight, size, geometry,
and surface texture (Fig. 1G).

Silva et al. 2024 | https://doi.org/10.34133/cbsystems.0137

Materials and Methods

Actuator fabrication
Single-step cast molding proved effective in fabricating soft flu-
idic actuators. However, due to the need to extract the core after
elastomer curing, its applicability is limited to actuators with
chambers that have a uniform cross-section, frequently a simple
tubular geometry. Here, this issue is addressed by utilizing sac-
rificial cores made of a water-soluble material, PVA, which can
be fabricated using standard FFF technology. The casting process
ends with the water-soluble core inside the actuator (Fig. 2A and B).
The problem lies in the fact that achieving the complete removal
of the water-soluble core can be a time-consuming and challeng-
ing process. It is time-consuming because the dissolution of the
material occurs at a slow pace due to the generally small contact
area between the material and the solvent. It is challenging
because it is difficult to fully remove the soluble material from
the actuator walls, especially in intricate geometries (Fig. SI).
We found that the water-soluble core can be completely
removed in a short amount of time when submerged in a heated
water bath and subjected to a flow of water passing through the
core (Fig. 2C). The cores were specifically designed and fabri-
cated with a through hole to enable the circulation of heated
water. This design choice increased the contact area of the water
with the core, thereby accelerating the dissolution of the core’s
material. The continuous flow of filtered water was maintained
by pumping water through the core hole using a water pump.
A resistance heats the water to aid the dissolution. The heated
water provides energy to the system, facilitating the process of
breaking the intermolecular forces in PVA for a more effective
dissolution. The PVA manufacturer recommends temperatures
higher than 50 °C. Our system maintains the water temperature
at approximately 65 °C to strike a balance between achieving a
higher temperature without compromising the operability of
elements in contact with the heated water, specifically the pump
that is rated to operate at temperatures lower than 70 °C. This
method implies that the actuators must be designed with 2 open
channels for the water to flow through the hollow core, with
one of them being sealed afterward. The sealing can be accom-
plished in 3 different ways: (i) using an end cap made of non-soft
material, (ii) using an end cap made of soft material glued to
the actuator, or (iii) employing a casting process. In the latter
case, it becomes a 2-step casting process. The versatility of the
process was demonstrated by successfully fabricating different
soft actuators, namely, a linear actuator and 2 bending actuators
(Fig. 2D and Movie S1). The actuator’s internal walls are free of
soluble material, without leaks and the need for manual post-
treatments (Fig. 2E and Fig. S1). On the other hand, 2 primary
defects were identified: geometrical inaccuracies manifested
through non-uniform wall thickness and surface defects on the
chamber walls (Fig. 2E). These defects arise from the high sen-
sitivity of PVA water-soluble material to exposure to moisture
and humidity, adding complexity to the FFF-based printing
process of the cores. During the printing, problems such as pop-
ping, bubbling, poor bonding between layers, and inconsistent
extrusion were identified, potentially resulting in rough surface
finish and deformations on the printed cores. The core’s rough
surface finishing, along with intricate chamber geometries,
makes core removal more challenging and time-consuming.
Our experiments demonstrated that 20 min is sufficient to com-
pletely remove the water-soluble material. The above defects do
not compromise the functionality of the actuators.
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Fig. 1. Design fabrication of soft robot actuators in a single casting step. (A) FEA-based numerical simulation to optimize the actuator’s geometry and actuation parameters.
(B) Using FFF technology, the molds are printed in rigid material and the sacrificial cores in a water-soluble material. (C) Molds and core are assembled following a standard
molding process. (D) The elastomer in the liquid state is poured into the molds, followed by a period in the vacuum chamber to remove air bubbles. Once the elastomer is
cured and extracted from the molds, the heated water circuit is used to dissolve the sacrificial water-soluble cores, and finally, the actuator is sealed. (E) Earthworm-inspired
robot composed of a single linear actuator. (F) Four-legged robot moving on a flat garden surface. (G) A soft pneumatic gripper grasping a plastic water bottle. All robots are

pneumatically actuated.

Overall, our hypothesis was confirmed, demonstrating that
an effective process for removing the printed water-soluble
cores makes it possible to speed up the fabrication of soft actua-
tors using a single casting step.

Materials and fabrication procedure

The actuators were made of platinum-catalyzed silicone (SmoothSil
940, Smooth-On, USA) featuring a Shore A hardness of 40, a 100%
modulus of 1.38 MPa, and a tensile strength of 4.14 MPa. Water-
soluble cores were 3D printed using biodegradable and non-toxic
PVA filaments (SMARTFIL PVA, Smart Materials 3D, Spain). The
rigid structural elements, including molds and robot components,
were 3D printed using polylactic acid (PLA) (Prusa, Czechia). The
heated water tank was filled with tap water.

Each actuator was fabricated following the sub-processes
outlined in Fig. 1B to D and Movie S1. The elastomer in liquid
state was poured into the molds, degassed in a vacuum chamber
(VC2509AG, VacuumChambers, Poland) for a period of ~2 min,
cured at atmospheric conditions (20 to 25 °C, 1 atm) for around
24 h, extracted from the molds, and then the heated water cir-
cuit dissolved the sacrificial water-soluble cores. Finally, the
actuator was sealed using an end cap made of soft material
glued to the actuator. The molds, water-soluble cores, and
robot components were all 3D printed on a commercially avail-
able FFF 3-axis single-nozzle machine (Prusa i3 MK3S+,
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Prusa, Czechia). The heated water circuit consists of a 180 X
60 X 75 cm glass tank, a water pump to circulate the water
(R385, Gaotu, China), and a 2,000-W resistance for heating the
water (2000W, Eurojava, Portugal). The system was controlled
by a microcontroller (Nano, Arduino, Italy) receiving tem-
perature feedback from a temperature sensor (DS18B20,
Analog Devices, USA). The printer’s G-code was generated
from a slicer software (PrusaSlicer 2.5.0, Prusa, Czechia), using
the computer-aided design (CAD) model of the components
as input. Actuators, molds, cores, and robots were modeled
using CAD software (Inventor 2021, Autodesk, USA). Detailed
visual information about molds, cores, and fabricated actuators
is provided in Fig. S1.

Finite element analysis

The mechanical behavior of the actuators is dictated by different
design parameters, such as geometry, dimensions, and material.
On the other hand, their operability is mainly defined by the
relationship between the pressure in the internal chamber and
the deformed configuration of the actuator. We defined the
actuators’ geometry and main dimensions according to our
robots’ requirements, while using FEA simulations (Inventor
Nastran, Autodesk, USA) to establish the relationship between
the input pressures and the actuator’s elongation/bendability.
The mechanical behavior of the silicone elastomer was defined
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and the hollow core. (C) Schematic of the heated water circuit in which the water flows through the hollow core, facilitating its removal. The actuator is placed in a water tank
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be fabricated in different dimensions as required.

by the hyperelastic Neo-Hookean model. The strain energy
density function for an incompressible material is defined as
W=A,,(D, — 3), where A, is the material constant parameter
and D, is the first invariant of the right Cauchy-Green defor-
mation tensor. The geometry of the actuators was modeled
using quadratic tetrahedral finite elements. The finite element
size was set at half of the nominal thinnest geometric feature
of the actuator (1 mm). The input pressure was modeled as a
boundary load applied to the internal surfaces of the actuators.
This load was incrementally applied in 300 steps to account for
the changing pressure area, which increases during loading. To
compare the numerical and experimental data, experimental
tests were conducted at room temperature (20 to 25 °C, 1 atm)
and recorded using a camera (EOS 1300D 18-55IS, Canon,
Japan). The actuators’ ground truth displacements and bending
angles were determined by analyzing the static image frames
recorded by the camera.
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The material parameter defining the constitutive model was
calibrated using an iterative procedure that compares numerical
predictions and physical measurements. The agreement between
numerical and experimental data made it possible to validate
the model, which was subsequently used in the analysis of the
elongation/bending of each actuator dictated by the input pres-
sure. The parameter A, was defined to be 0.24 MPa.

Considering different values of input pressure, the elonga-
tion of the linear actuator predicted numerically is in good
agreement with the experimental data (Fig. 3A). The difference
between the numerical and experimental maximum displace-
ment is lower than 13% (Fig. 3D). Here, due to the actuators’
relatively thin wall, the radial expansion is noticeable, restrain-
ing the linear displacement. The actuators’ bending #1 and
bending #2 present similar numerical and experimental radial
deflections due to the bending effect (Fig. 3B and C, respec-
tively). For both actuators, the difference between the numerical
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Fig. 3. Numerical predictions versus experimental measurements. (A) Elongation of the linear actuator for different values of input pressures. (B) Radial deflection of the
actuator bending #1 (vertical displacement) for different values of input pressure. (C) Radial deflection of the actuator bending #2 (vertical displacement) for different values
of input pressure. (D) Maximum displacement reached by the actuators for different pressure values. The blue curve represents the numerical results, whereas the pink curve
represents the experimental ones. (E) The experimental bending angles of the actuators’ bending #1 and bending #2 for different pressure values.

and experimental measurement of the maximum radial dis-
placement was 2% for bending #1 and 8% for bending #2 (Fig.
3D and Movie S2). As expected, there is a relationship between
the thickness of the wall and the resulting bending angle for the
same input pressure. Bending #1 is lighter and longer, present-
ing a thinner wall, reaching a bending angle of ~60° when sub-
jected to a pressure of 60 kPa, while bending #2 reaches an angle
of ~15° at the same pressure in experimental conditions (Fig.
3E). However, the design of bending #2 provides more strength
and stability, a key factor for the design of statically stable soft
legs that hold their position under static conditions. In general,
we found that FEA is an efficient tool to aid the design of soft
actuators, eliminating lengthy and costly trial-and-error design-
fabrication processes.

Monitoring and control elements

We utilized an off-board portable air compressor equipped with
a pressure regulator to generate and control the airflow to the
actuators (TE-AC 270/50/10, Einhell, Germany). The valves,
sensors, and microcontroller were powered by a programmable
DC power supply (72-13360, TENMA, China). Two 6-V sole-
noid 2/2 valves (CY05820D, cydfx, China) were used to direct
the airflow to each actuator (Fig. S2). The actuator’s pressure
was monitored by an absolute pressure sensor (MPX4250AP,
NXP Semiconductors, Netherlands) operating at a sampling
rate of 50 Hz. The microcontroller (Nano, Arduino, Italy) exe-
cuted the on-off controllers, receiving data from the sensors
and actuating the valves. Data analysis was conducted using
MATLAB (MATLAB 2022a, MathWorks, USA). The monitor-
ing and control stations served as external elements to the robot
prototypes.
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Results

Earthworm-inspired robot

The innovative design of the earthworm-inspired robot is based
on a single linear actuator. Here, locomotion was achieved by
the elongation and contraction of the actuator, when inflated
and deflated. It was engineered together with the effect of the
state-dependent friction between the convex shape of its legs
and the flat ground. The actuator was placed horizontally, sup-
ported by 2 structures connected to the back and front legs.
These structures were guided by 2 axes, ensuring their parallel
alignment, while the structure of the front leg could slide along
it (Fig. 4A).

The end of the leg that comes into contact with the flat
ground is convex, and each half is made of 2 different materials,
an elastomer and a rigid material. Friction is state-dependent
because when the convex shape in contact with the ground is
the elastomer, we have relatively higher friction than when it
is the rigid material. The section of the convex shape in contact
with the ground changes with the deflection of the legs, which,
in turn, changes with the elongation and contraction of the
actuator. When the actuator elongates, the back leg deflects so
that the higher friction section is in contact with the ground,
while the front leg deflects to have the lower friction section in
contact with the ground (Fig. 4B). This results in a higher fric-
tion force on the back leg than on the front leg, F, ;> Fj, Since
the elongation/contraction force F,, is the same at both the
back and front legs, the resultant force F, is the difference
between both friction forces. Consequently, this causes the
front leg to slip on the ground while the back leg remains fixed.
Similar reasoning can be applied during the contraction of the
actuator. In this scenario, the higher friction section is on the
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front leg, leading to a higher friction force on the front leg,
Fys < Fp. As aresult, the back leg slips on the ground while
the front leg remains fixed. The resultant force in both elonga-
tion and contraction points forward, promoting robot locomo-
tion (Movie S3).

Locomotion speed depends on a range of factors, including
the dimensions of the actuator, relative friction, and the control
process, particularly the actuation frequency. An on-oft pneu-
matic control cycle was implemented for inflating/deflating the
actuator. The robot’s locomotion was assessed by varying the
actuation frequency, reaching its maximum speed at 0.8 Hz
(~16 mm/s) with a constant pressure of 40 kPa (Fig. 4C). Control
frequencies higher than 1.2 Hz do not allow sufficient time for
the actuator to fully depressurize, resulting in an incomplete
inflating/deflating cycle. This is visible in the reduced ampli-
tude of movement, characterized by smaller and faster steps,
ultimately resulting in the inability of the robot to move. The
depressurization time is influenced by the design and material
of the actuator, particularly the force exerted by the actuator to
expel the air inside the chamber during the deflation phase of
the cycle.

Four-legged robot
Robots are increasingly used for exploration on land, under-
water, and even in space. While navigating, robot wheels
face limitations in overcoming all obstacles, and legs made of rigid
materials are challenging to control in unstructured ground
conditions. In contrast, soft-legged robots can navigate through
uncertain terrain, absorbing unexpected collisions, and ensur-
ing safety when sharing workspaces with people and equip-
ment [69,70].

Here, we combined 4 bending #2 type actuators, each acting
as a statically stable leg, to create a 4-legged robot capable of
locomotion across different terrains. The locomotion cycle is
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run by an on-oft closed-loop controller that inflates/deflates
the robot’s legs. The robot’s legs are actuated in an antisym-
metric pattern, with the front left leg (FL) and the back right
leg (BR) simultaneously pressurized as one set, while the other
set is composed of the front right leg (FR) and the back left leg
(BL) (Fig. 5A). A complete cycle of the actuation pattern takes
900 ms. FEA numerical results established the balance between
the input pressures and the resulting bendability of the actua-
tors. The wall thickness of 4 mm was empirically defined to
ensure that 4 actuators can hold their position under static
conditions while supporting added loads.

We tested and evaluated the robot’s locomotion capabilities
in 2 different environments, an unstructured garden area and
a flat surface. The tests in the garden demonstrated the feasibil-
ity of locomotion even on sloped ground. However, its perfor-
mance is constrained by the relatively small amplitude of the
legs’ movement, as well as their relatively small size compared
to obstacles on the ground (Fig. 5B and Movie S4). We evalu-
ated the robot’s speed with varying control pressures and added
loads to assess the feasibility of locomotion on a flat surface.
Higher input pressures lead to an increase in the size of each
step, which, in turn, resulted in faster robot speeds (Fig. 5C and
Movie S4). Based on data from FEA, we defined a maximum
pressure of 50 kPa to balance robot speed with the mechanical
operability of the actuators. We also tested the robot speed by
fixing the input pressure at 50 kPa and adding different masses
on top of the robot. As the load masses increased, the size of
the robot’s steps was reduced, resulting in a decrease in speed
(Fig. 5D and Movie $4). The walking speed was evaluated by
analyzing the recorded videos, with variations in the input pres-
sure of the actuators (3 trials were conducted for each pressure).
The same process was applied to estimate the robot walking
speed as a function of the load masses it carries at a constant
pressure of 50 kPa.
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various time intervals under an inner pressure of 25 kPa. (D) Robot walking speed as a function of the inner pressure. (E) Robot walking at a speed of 10 mm/s with an added
load of 80 g. (F) Robot walking speed as a function of the load masses it carried at a constant pressure of 50 kPa.

Gripper

We combined 3 bending #1 actuators to construct a robot grip-
per designed for grasping objects of varying weight, size, geom-
etry, and surface texture from the Yale-CMU-Berkeley (YCB)
object and model set [71] (Fig. 6A). The gripper, attached to
a robot flange, demonstrated its ability to grasp, lift, hold
(for 10 s), and release various objects. It adjusted the contact
area with them according to the actuation pressure, size, and
geometry of the object (Fig. 6B and Movie S5).

Results indicated that the actuation pressure needed for
grasping-lifting-holding-releasing the objects was relatively
high based on the pressure data from the FEA. At lower pres-
sures, noticeable slippage between the actuators and the objects
was observed (Fig. 6C). We addressed this challenge by adding
a strip of nano/gecko tape to the contact surface of each actua-
tor. As a result, the same objects could be grasped-lifted—held-
released at lower pressures (~65% less) (Fig. 6C). Due to the
intricate geometry of the Rubik’s cube and the relatively high
mass of the baseball, both objects were exclusively grasped-
lifted-held-released using nano tape. The nano tape used was
a 20 X 5 mm strip with 29,000 fastening elements per cm’
(Gecko Tape, blinder, Germany).

We also varied the mass of the spherically shaped object by
adding different quantities of steel filings inside to achieve the
desired mass values. The sphere diameter was optimized to maxi-
mize the contact area with the soft actuators. The sphere’s surface
texture resulted from its FFF-based printing in rigid material.
As seen in previous results, higher pressures were required to
grasp-lift-hold-release the sphere without using nano tape,
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limiting the maximum mass to 200 g (Fig. 6D). On the other
hand, using nano tape, the gripper successfully grasped-lifted-
held-released a sphere weighing 267 g, approximately 5 times
heavier than the gripper’s own weight of 54 g. Pressures higher
than 40 kPa did not affect the gripper’s performance. The grip-
per’s actuation pressures were measured using an absolute pres-
sure sensor (MPX4250AP, NXP Semiconductors, Netherlands),
and the masses of the objects were determined using a weighing
scale (ES-3000A, TechMaster, USA). The reported pressure and
mass values represent the averages of 3 trials conducted for
each object.

Discussion

We presented an integrated process for the design and fabrica-
tion of soft robot actuators in a single casting in this work. The
FEA effectively assisted in ensuring the mechanical operability
and functionality of the actuators, allowing us to anticipate the
effects of different input pressures on their elongation and
bending. Moreover, FEA-assisted design eliminated the lengthy
and costly trial-and-error design-fabrication processes, which
often leads to the fabrication of multiple prototypes.

The fabrication process in a single casting step relies on an
effective methodology to fully remove the sacrificial water-
soluble cores. The heated water circuit accelerates the dissolution
of the material constituting the core and ensures its complete
removal from the actuator’s walls. The design of the core, water
temperature, and water flow through the hollow core are key
elements for the successful fabrication of the actuators. This
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Fig. 6. Soft gripper grasp-lift-hold-release testing and evaluation. (A) The soft gripper, attached to a robot, can grasp-lift—hold-release an orange from the YCB object and
model set. (B) The gripper grasping-lifting—holding-releasing multiple objects with varying weight, size, geometry, and surface texture. (C) Minimum actuation pressure
required to grasp-lift-hold-release YCB objects featuring different masses, with results shown for both using and not using the nano tape. (D) Actuation pressure required
to grasp-lift-hold-release a spherically shaped object of varied mass, with results presented for both using and not using nano tape.

process facilitated the fabrication of actuators with non-uniform
cross-sections geometry under minimal supervision and at
an affordable cost. We demonstrated the feasibility of this
approach using a desktop FFF printer, a vacuum chamber,
and a heated water circuit, with a total equipment cost of less
than 1,000 dollars. The materials cost for each actuator of any
type is approximately 1 dollar, including the molds, core, and
silicone. The control elements for each actuator cost around
15 dollars, including 2 valves, a pressure sensor, and tubes.
The control board can simultaneously control multiple actua-
tors and costs about 35 dollars. The estimated cost of the
earthworm-inspired robot is approximately 55 dollars, while
the cost of the 4-legged robot is around 100 dollars. The grip-
per uses a single control element for the 3 fingers with a total
cost of about 60 dollars. After the silicone is cured, and con-
sidering that the supporting elements are available, each robot
prototype can be finished in less than 3 h. In conclusion, the
proposed fabrication process boasts high repeatability, con-
sistently producing quality functional and reliable actuators.
Moreover, it relies on readily available equipment and materi-
als, comes at a reduced cost, and requires minimal skilled
labor and processing steps/handling.
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The design and fabrication of 3 distinct pneu-net inspired
actuators have led to the development of 3 soft robot proto-
types, 2 legged robots, and a robotic gripper. The homogeneous
or heterogeneous combination of these actuators has the poten-
tial to accelerate the design and fabrication of innovative soft
robots, making them more accessible to people at a lower cost.

The integrated design and fabrication method proposed here
has demonstrated high effectiveness. However, it faces challenges
that could potentially hinder the fabrication of functional actua-
tors. The reliability of FEA results is highly dependent on the
hyperelastic material model, involving iterative procedures that
compare numerical predictions with physical measurements to
calibrate the system. These procedures can be time-consuming
as the physical measurements are obtained from physical models
that have to be fabricated previously. In the future, the hyperelastic
material models will likely and automatically adapt, not only to
the material’s properties but also to the geometry of the actuators.
The utilization of a desktop FFF printer for fabricating sacrificial
cores can introduce geometrical inaccuracies in the actuators
fabricated, resulting in non-uniform wall thickness and surface
defects in the wall chambers. These inaccuracies and defects stem
from an improper definition of the printing parameters, which
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are highly dependent on the storage conditions of the water-
soluble filament and the printing environment. In the future, the
printing of sacrificial cores could be achieved using alternative
water-soluble materials that are less dependent on storage and
printing conditions. Good quality cores could be printed along-
side the molds using desktop multi-nozzle FFF machines to main-
tain the low-cost nature of the system.
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