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Abstract—Biomimicry is a field of study that involves imitating
the designs and processes of nature to solve problems using man-
made systems. Biomimicry offers an empathetic, interconnected
understanding of how life works and where we fit in. In bio-
inspired designs, the main challenge is to develop a sustainable
and effective framework that can be used in the real world.
Most soft robotic designs are state-of-the-art models that cannot
be used in real sensing applications. In this research, we propose
a sustainable sensor-integrated modular soft robot model that
can be used for locomotion and gripping applications. This
work presents the steps involved in modeling, designing, and
fabricating soft and flexible end effectors that can be used
for soft robots with integrated soft stretchable sensors. It also
demonstrates the design methodology involved in modeling and
simulating the proposed model for robots that would require
effectors with increased functionalities.

Index Terms—Biomimicry, Soft robots, 3D models, gripper
model

I. INTRODUCTION

Biomimicry is the science of applying nature-inspired de-
signs in human engineering and invention to solve human
problems. This paper attempts to achieve a balance with
nature to live in harmony with Mother Earth and avoid further
contributing to global problems by designing and producing
materials, architecture, and systems based on biological ma-
terials and processes. A new way of life with sustainable
resources, practices, and policies is being used in biomimicry
[1]. Innovators turn to biomimicry to achieve a unique product
that is an efficient, and effective product. Still, they often
gain a deep appreciation of and connection to the natural
world. Biomimicry encourages conservation for ecosystems
and their inhabitants because they hold the knowledge we need
to survive and thrive [2].

Nature is often a source of inspiration for soft robot design
given that animals are mostly composed of soft components
and appear to exploit the involving movement in complex
environments almost everywhere on Earth [5]. Soft robotics
is a subfield involving robots constructed with very compliant
materials. These robots can be soft and deformable or made
of flexible materials [4]. Soft robotics aims to design and
construct robots with physically flexible body structures and
embedded electronics [15]. Soft robotics is also used with
Artificial Intelligence modeling to design more efficiently.

There are multiple mechanisms have been used for the soft
robotic control process. Gas or liquid controls the chamber
inflation or deflation for the actuation [19]. In this research,
we propose soft models that can be actuated based on the
mechanics and the environment around them. Our proposed
reconfigurable soft effectors are attached to soft robots with
spring-like structures that can help them provide flexibility in
the degree of freedom. The sensor-integrated soft effectors,
ak.a. sensorized soft effectors, can help change the course
of action for the proposed models based on the desired
applications [16].

A. Novel Contribution of This Paper

In this research, soft modular robots are proposed that can
be used for gripping and locomotion. To achieve this, it must
be ensured that the proposed model has different pressure
points to enable gripping and crawling activities. Our proposed
model can have numerous applications and benefits, including
the following:

o Form Factor: The proposed soft effectors can be used for
small compact soft subsystem design as they can change
shape based on the required application. This can reduce
the overall form factor, as we will be using the same
design for different modes of operation.

o Sustainable Design: As the bio-inspired design will be
printed with environment-friendly materials and used
for different applications, it will lead to a sustainable
monitoring framework.

o Low Maintenance: The proposed framework will require
low maintenance as it reduces the need for frequent
repairs and replacements.

« Real-time sensing: The proposed sensor and actuators can
be used for various real-time sensing applications, includ-
ing agriculture, bio-medical and environmental sensing
[18].

B. Organization of this paper

In this paper, Section II shows the Related Prior Research
for bio-inspired soft robots. Section III explains this paper’s
novel contributions and the benefits of the proposed model.
Section IV presents the basic working principle of the pro-
posed modular soft robot. Section V details the implementation



Actuator and Sensor
Design

¥

Finite Element
Analysis

.

High Performance
Computing
‘ \
s N\
Characterization and

Validation
_ J

Compare Result
with Fabricated
Device

Material
Characterization

r

Stressed Conditions

L Analysis

J

Fig. 1. Design and Fabrication Flowchart for the proposed Sensorized Soft
Effectors

and validation results for the sensorized soft effectors. Section
VI concludes the research with directions for future work.

II. RELATED PRIOR RESEARCH

Development of an anthropomorphic soft robotic hand in-
tegrated with multiple flexible force sensors in the fingers has
been demonstrated for the Grasp Stability Estimation [6], [7].
Researchers have developed bio-inspired designs for sensors
and actuators based on animals. Such models can be used
for analyzing the environment and real-time monitoring of
species distribution models [8], [9]. Closer observations of
such tetrapods can provide more insights into weather and
climate changes [10], [11], [13]. In our previous research, we
have developed soft stretchable sensors that can be integrated
into any existing framework with a single or swarm of robots
[17].

IITI. BASIC WORKING PRINCIPLE

Soft robots require sensors that can help them in changing
the degrees of freedom and conform to various target areas
as applicable. In this research, the proposed soft effectors are
made of flexible materials that can be used for bi-directional
bending. The wall i.e. the outer layer, is designed with a fixed
degree of the wedge so that it is favorable to increase the
bending angle when it needs to bend backward. Moreover, the
same design is used for the inner chamber, and the thickness
of the wall is constant when the air pressure is increased. The
proposed model is integrated with stretchable sensors in the
bottom layer. Figure 1 shows the steps involved in designing
and fabricating the customized soft robot. To demonstrate the
versatility of the proposed model, we have designed a soft
gripper and a soft bend leg. In both models, the stretchable
sensors are integrated to automate their change of position and
structure depending upon the application.

IV. DESIGN AND FABRICATION OF PROPOSED SOFT
FLEXIBLE EFFECTORS

A. 2D modeling and Simulation

As the proposed model consists of actuation points along
the length of the flexible structure, the feasibility of such a
design was first modeled and simulated using the physics-
based software, Aglodoo. In the 2D model, the structure and
stress points were thoroughly evaluated. Figure 2 shows the
2D modeling and simulation of soft, flexible hind legs that
need to be embedded with springs and motors.

Fig. 2. 2D modeling and simulation of soft and flexible legs

B. 3D modeling

Based on the evaluated design from the 2D modeling, the
proposed framework is evaluated using 3D modeling software,
Fusion360. In the 3D modeling, the number of layers required
for the soft robot along with room for the stretchable sensors,
motors, and springs are taken into consideration. Figure 3
shows the 3D model of the custom-designed soft flexible legs.

Fig. 3. 3D modeling of the proposed soft and flexible legs

C. Materials

Silicone rubbers are the most common materials for fabri-
cating soft pneumatic actuators. The main reason behind this
selection is that they are highly flexible and can undergo a
large deformation during high pressure. Hyperplastic models



are used for the characterization of soft robotic behavior
modeling. For silicone rubber, it is assumed that the material
is isotropic and incompressible, and the viscoelasticity and
stress-softening are neglected. Soft pneumatic robot has a
bending motion that can be approximated as multiple tangent
constant sections or small piecewise structures. Elastomer-
based soft effectors in soft robots show great promise for
handling delicate objects, which makes them suitable for sen-
sitive applications. The soft grippers can have multi-layer and
multi-segment, making them inconvenient for high-precision
manipulation.

V. IMPLEMENTATION AND CHARACTERIZATION

A. 3D Printed Models for Soft Grippers

1) Material Testing and Curve Fitting: Considering the
coefficients in the hyperplastic models for material testing is
essential for modeling the stretchable sensors and actuators
to be integrated into the gripper. The coefficients, such as
uniaxial, biaxial, and shear test data, are determined by hyper-
plastic models. Moreover, most of the studies are considered
to use uniaxial testing due to their high availability. To observe
the behavior of the elastomers, it is obvious to calculate the
multiaxial stress states where the pressure of actuators is
significant. In this experiment, the Yeoh model has been used
for the actuator characterization concerning different pressure.
The Yeoh model can predict elastic behavior with an extensive
range of stress and strain. From this model, it is easy to observe
the stress-stretch mechanism in different deformation modes.
The main problem of the Ogden model is that this model uses
a limited number of testing data like uniaxial tension.

Fig. 4. FEM simulation of Soft Pneumatic gripper (Pressure 100KPa)

In this work, a computational Finite Element method (FEM)
is created to observe the performance of the soft pneumatic
actuator. At first, the actuator is designed using Autodesk
(Fusion-360), and the geometry is appropriately described
for the analysis. To determine their geometrical parameters
and supplementary materials, tests such as blocked force
and displacement are done using the FEM computational
modeling. The characterization and inputs are commanded
in the ANSYS simulator. This modeling tool can automate
different simulation parameters such as part, interactions,
meshing, and boundary conditions for command. Additionally,
the computational model has enabled to make the design
iteration before the actual fabrication of the prototypes.
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Fig. 5. Soft pneumatic actuator: FEM vs Experimental result of load with
respect to applied pressure.

2) Output Validation of the Sensor: Figure 6 shows the
resistivity changes in the custom-built sensor for various
degrees of pressure. The custom-built sensors were developed
as electronic skin that can be integrated along the walls of the
soft effectors.
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Fig. 6. Output feedback of the 3D printed stretcahble sensor integrated in
gloves.

B. 3D Printed Models for Soft Flexible Legs

Figure 7 (a) shows the Lychee Slicer model of the adjustable
legs and the spring required for obtaining different degrees
of freedom in the legs. Figure 7 (b) shows the individual
components, including the spring and legs with holes for along
the joints for integrating the springs. In addition to this, we
used Ultimaker Cura for slicing the design. Figure 8 shows the
tested model of the legs printed using Thermoplastic filament
(PLA). Figure 9 shows the final printed legs with at least 3
degrees of freedom. The custom-designed legs were designed
both using the thermoplastic (PLA) filament for the flexible
legs and Superflex F39 resin.



(a) (b)

Fig. 7. Lychee Slicer Model for (a) the Spring and (b) the flexible legs

Fig. 8. Tested 3D model of the legs using PLA. (a) PLA-based legs along
with the joints, (b) Complete form of the leg along with the spring, (c) PLA-
based spring that can be attached to the leg joints

VI. CONCLUSION AND FUTURE WORK

In our proposed design of modular sensorized soft robots,
we have integrated stretchable sensors along the flexible legs
and gripper that can help change the mode of operation from
locomotion to gripping based on the desired application. The
proposed model is easily integrated to any existing framework
where gripping and locomotion are essential. As the next steps
in this research, the pressure points required for the flexibility
skill of the effectors will be validated such that the mode of
operation can be automated.
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Fig. 9. Final 3D printed flexible bent leg (a) using PLA and (b) flex resin
with attached spring.
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