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Soft robotics enables compliant and safe interaction in complex and continuum en-
vironments; however, the integration of reliable, electronics-free sensing remains
a major challenge for fully pneumatic robotic systems. Current pneumatic strain
gauges predominantly employ simple microchannel geometries, which limit pressure
sensitivity, structural efficiency, and spatial sensing capability.

This thesis investigates the use of gyroid-based Triply Periodic Minimal Surface
(TPMS) architectures as internal structures for pneumatic tactile sensing, with the
aim of overcoming limitations in conventional pressure sensing approaches. Para-
metric gyroid geometries were designed using computational methods, and their
mechanical response under loading was initially evaluated through finite element
analysis (FEA). In addition, an experimental proof-of-concept setup was developed,
integrating multiple pressure gauges within a pneumatic network to capture real-
time pressure variations under different touch-points.

A soft pneumatic sensing system was developed and experimentally evaluated to
assess pressure sensitivity and response behavior under various loads. The results
indicate that the gyroid structure enables measurable and distinguishable pressure
changes across multiple sensing touch points, when changes in internal flow due to
structural deformation. While variations in sensor response were observed depending
on touch-point location and loading conditions. These findings demonstrate that
TPMS architectures can improve pneumatic sensing response by overcoming the
drawbacks such as leakage, ballooning effect, and the global pressure response in
the traditional pressure sensors.

Keywords: soft robotics; tactile perception; pneumatic sensors; gyroid architectures;
electronics-free soft robots
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1 Introduction

1.1 Background

Soft robotics is an emerging field of robotics that focuses on the design and control of
systems made from compliant and deformable materials. Unlike conventional rigid
robots, soft robots can undergo large elastic deformation, allowing safer interaction
with humans, fragile objects, and unstructured environments [1]. This compliance
makes soft robots suitable for applications where adaptability, safe contact, and
flexible motion are required. The development of soft robotics is connected to bio-
inspired engineering [2|. Many biological systems, such as octopus arms, worms,
fish, and human muscles, can deform continuously and adapt their shape during
movement or interaction with the environment [3]. These natural systems have
inspired the development of soft robotic structures that use flexible materials and

distributed deformation instead of rigid joints and links.

1.1.1 Soft Robots

Soft robots can be designed in many different forms depending on their intended
function, actuation method, and biological inspiration. The following examples
are introduced to show how bio-inspired principles have been used in different soft
robotic systems.

Multigait soft robots are one example of bio-inspired soft robotic systems. These
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robots can perform different locomotion modes, such as crawling, bending, and
turning, through the controlled deformation of soft materials. Their movement is
inspired by organisms such as worms and octopus arms, which use compliant body
structures to adapt to different environments [3].

Soft robotic grippers are another important example. The Harvard soft gripper
was inspired by the adaptive grasping ability of biological fingers and tentacle-like
structures [4]. It uses pneumatic networks embedded inside soft elastomeric materi-
als, where injected air pressure causes controlled bending of the fingers. This allows
the gripper to safely grasp delicate and irregularly shaped objects.

Octopus-inspired continuum arms have also been developed to reproduce the
flexible motion of octopus tentacles. These systems replicate the idea of a muscular
hydrostat structure, enabling continuous bending and flexible manipulation without
rigid skeletal components [5]. Such designs are useful for movement in confined or
unstructured environments.

Fish-like swimming robots are inspired by the undulatory motion of aquatic
organisms such as fish and rays [6]. In these systems, soft fluidic elastomer actuators
generate controlled body deformation, producing propulsion and manoeuvrability
underwater. In addition, soft wearable exosuits have been developed based on the
biomechanics of human muscles and joints to support natural body movement during
rehabilitation and mobility assistance |7].

These examples show that soft robots are particularly suitable for applications
requiring compliant interaction, adaptive motion, and safe contact. In robotic ma-
nipulation, soft grippers can conform to objects with different shapes and fragility,
allowing stable grasping without complex rigid mechanisms [8|. In healthcare and
rehabilitation, the flexibility of soft robotic systems enables safer interaction with
the human body during assistive and therapeutic applications [7].

A major reason for the development of soft robots is their ability to produce
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large deformation while maintaining safety and adaptability. In conventional rigid
robots, actuation, sensing, control, and power delivery are often based on electrical
and mechanical systems. In contrast, many soft robots rely on fluidic actuation,
especially pneumatic actuation, because pressurized air can produce controlled de-
formation in compliant structures [9]-[11]. The successful use of soft pneumatic
actuators has also encouraged the use of fluidic principles in soft robotic control and
sensing systems [12]-[15].

Soft pneumatic grippers have become an important class of end-effectors in soft
robotics due to their simple mechanical structure, high compliance, inherent safety,
low manufacturing cost, and adaptive motion characteristics [16]-[18]. Unlike rigid
grippers, soft pneumatic grippers are typically fabricated from elastomeric materials
such as silicone rubber or other polymer-based compounds. These materials allow
the gripper to undergo large deformation and conform to objects with different
shapes, sizes, and surface conditions [3].

The behaviour of soft pneumatic grippers is biologically inspired because they
can bend, wrap, and adapt around objects in a manner similar to natural soft manip-
ulators, such as human fingers or octopus arms. This compliant deformation enables
gentle and stable interaction without requiring complex rigid joints or mechanisms
[19], [20].

Despite these advantages, sensing deformation and contact force remains a signif-
icant challenge in soft pneumatic grippers [21], [22]. Since these systems experience
large strain during actuation and contact, embedded sensors must remain flexible,
stretchable, and mechanically compatible with the soft body. If the sensor is too
stiff or poorly integrated, it can restrict the natural deformation of the gripper and
reduce its overall performance.

Therefore, sensing in soft pneumatic grippers should be considered together with

the mechanical design of the soft structure. A suitable sensing approach must detect
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contact or pressure while preserving the compliance and deformation behaviour of
the gripper. This requirement motivates the development of soft, integrated, and

mechanically compatible sensing methods for pneumatic gripper systems.

1.1.2 Additive Manufacturing for Soft Robots

Additive Manufacturing (AM) offers several advantages compared to conventional
fabrication methods. One of the main advantages of AM is its ability to produce
complex geometries that are difficult or impossible to manufacture using traditional
machining processes. Features such as internal channels, interwoven structures,
and complex curved surfaces can be fabricated directly from computer-aided design
(CAD) models without the need for additional tooling.

This design freedom allows more efficient and lightweight components to be pro-
duced while reducing material waste [23].

In addition, AM simplifies post-processing and assembly requirements, as com-
plex parts can often be 3D printed as a single component rather than being as-
sembled from multiple parts. These advantages make AM a flexible and efficient
manufacturing approach for modern engineering applications [24].

Stereolithography (SLA) is a vat photopolymerization-based AM process in which
a liquid photopolymer resin is selectively cured layer by layer using a light source.
In this method, the three-dimensional model is first prepared digitally, after which
supports are generated and the part is printed by curing successive resin layers. Af-
ter printing, the part normally requires washing, support removal, and post-curing
to obtain the final component.

Figure 1.1 shows the SLA-based 3D printing workflow followed in this study. The
workflow begins with design and material selection, followed by support generation
and printing. After printing, the part undergoes post-processing steps, including

washing, support removal, and curing, before the final printed component is ready
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for use.

3D PRINTING WORKFLOW

—

Remove Part Start Print Add Supports

1
n-

Cure Part Ready for use part

Figure 1.1: Schematic representation of the stereolithography (SLA) 3D printing

workflow used in this study.

These benefits are particularly important in the field of soft robotics. Soft robotic
systems require flexible and compliant structures that can undergo large deforma-
tions and interact safely with humans and unstructured environments. Conventional
fabrication methods such as molding and machining often limit geometric complex-
ity and make it difficult to integrate internal features like channels or graded stiffness
regions. AM overcomes these challenges by enabling the fabrication of soft robotic

components with complex shapes and mechanical behavior directly from CAD mod-
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els [25].

Furthermore, AM allows the production of application-specific components, where
geometry and dimensions can be adjusted based on functional requirements. Such
flexibility is difficult to achieve using conventional manufacturing methods and is
particularly beneficial for prototyping and experimental work in soft robotics.

Multi-material additive manufacturing extends these advantages by enabling dif-
ferent materials or material properties to be combined within the same printed struc-
ture. This can be useful when a component requires regions with different stiffness,
flexibility, conductivity, or functional behaviour.

Figure 1.2 shows an overview of multi-material additive manufacturing strategies
and the related possibilities for property enhancement. The figure includes manu-
facturing approaches such as material extrusion, vat photopolymerization, powder
bed fusion (PBF), Fused Filament Fabrication (FFF), binder jetting (BJ), directed
energy deposition (DED), sheet lamination (SL), and material jetting, together with
different ways of improving component performance through material combination

and functional integration.

Polymers Composite Ceramics Metals

R R e~

AM processes FFF, BJ, M), VAT etc. DED, EBM, SL, etc.

Targeted Functionality, hardness, wear resistance, thermal,
Functions performance, osteoconduction

Figure 1.2: Overview of manufacturing and property enhancement possibilities of

multi-material additive manufacturing, modified from [26].

One of the most important advantages of AM is the reduction or elimination
of tooling requirements. Conventional fabrication usually depends on molds, dies,

and fixtures, which are expensive and time-consuming to produce, especially for
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low-volume manufacturing. AM enables parts to be fabricated directly from CAD
models, removing the need for dedicated tooling. This capability reduces manu-
facturing lead time and allows faster design changes without major cost penalties,
which are common limitations of traditional manufacturing methods [27], [28].

AM also provides major advantages through part consolidation and simplified
assembly. Components that would normally be produced as multiple individual
parts can often be fabricated as a single integrated structure. This reduces assembly
time, lowers the risk of manufacturing errors, and improves overall reliability. In soft
robotics, this is particularly useful because actuators, internal cavities, compliant
structures, and sensing regions often need to be integrated within compact and
deformable components.

Another key advantage of AM is its ability to support customized and low-volume
production. Instead of relying on large-scale tooling and centralized production,
AM allows components to be produced directly from digital CAD files when design
changes are required. This reduces inventory requirements, shortens development
cycles, and makes AM suitable for experimental prototypes and application-specific
parts [29].

These advantages are especially relevant in soft robotics, where the design ar-
chitecture strongly influences mechanical behaviour, durability, and functional per-
formance. Soft robotic components rely on compliant structures that must deform
repeatedly while maintaining stable and predictable motion. Therefore, the ability
of AM to fabricate complex geometries directly from CAD models is important for
developing soft robotic devices.

With the advancement of AM, it has become possible to fabricate complex inter-
nal architectures that are difficult or impractical to manufacture using conventional
methods. This allows mechanical properties to be controlled not only through ma-

terial selection, but also through geometry. As a result, lattice-based and other
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architected structures can be used in soft robotics to adjust stiffness, deformation

behaviour, and functional response.

1.1.3 Design Architectures

Lattice structures are one of the most commonly used design architectures due to
their low weight and tunable stiffness. These structures are typically composed of
repeating unit cells made up of struts and nodes.

Figure 1.3 shows a BCC Lattice block, where the structure is formed by the
periodic arrangement of interconnected struts and nodes. Figure 1.3(i) illustrates
the complete lattice network, while Figure 1.3(ii) highlights the basic structural
elements. The struts are the elongated members that transfer mechanical loads
through the lattice, whereas the nodes are the intersection points where multiple
struts meet. The arrangement of these struts and nodes controls the mechanical

response of the lattice structure.
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Figure 1.3: Figure (i) represents the complete Body Centered Cubic (BCC) Struc-
ture, while Figure (ii) highlights the struts and nodes that form the repeating unit-

cell geometry.

The effective mechanical properties of a lattice structure can be adjusted by mod-
ifying several geometric parameters such as the strut diameter, unit cell size, wall
thickness, and the relative density of the structure. These parameters directly
influence the stiffness and deformation behavior of architected lattice materials.

In general, the effective elastic modulus E* of a lattice structure is related to the

relative density p*/ps of the structure through a power-law relationship given by:

E*=C (p—> E, (1.1)

Ps
where FE; is the elastic modulus of the solid material, p, is the density of the
solid material, and C' and n are constants that depend on the lattice topology. This

relationship allows designers to predict the mechanical response of the components.

As shown in figure 1.4, commonly used strut-based lattice architectures, includ-

ing (i) Body Centered Cubic (BCC), (ii) Diamond, (iii) Face Centered Cubic (FCC),
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(iv) Hexagonal Honeycomb, (v) Kelvin Cell, and (vi) Square Honeycomb structures.
These lattice geometries are widely utilized in lightweight structural systems, en-
ergy absorption applications, and mechanically optimized designs due to their high

stiffness-to-weight ratio and controllable deformation behavior.

-
-

G e mmie e D e D D

Body Centered Cubic
iv)

Hexagonal Honeycomb Kelvin Cell Square Honeycomb
Figure 1.4: Examples of commonly used strut-based lattice architectures: (i) Body
Centered Cubic (BCC), (ii) Diamond, (iii) Face Centered Cubic (FCC), (iv) Hexag-

onal Honeycomb, (v) Kelvin Cell, and (vi) Square Honeycomb structures.

As shown previously in Figure 1.3, these lattice architectures are composed of in-
terconnected struts and nodes that collectively distribute mechanical loads through-
out the structure. The struts function as the primary load-bearing members, while
the nodes act as the connection points between multiple struts within the repeating
unit-cell geometry.

Despite these advantages, strut-based lattice structures exhibit several limita-
tions. The presence of discrete joints and sharp intersections between the struts
often produces localized stress concentrations under compression, bending, or cyclic
loading conditions. These stress concentrations can lead to premature buckling, fa-

tigue damage, and crack initiation, particularly in applications involving repeated
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deformation and actuation.

Such failure mechanisms reduce the long-term reliability of soft robotic devices
and limit the suitability of traditional lattice designs for highly deformable applica-
tions.

Figure 1.5 illustrates the basic gyroid block geometry used to represent the triply

periodic minimal surfaces (TPMS) structure considered in this study.

Figure 1.5: Gyroid block with a volume of 2mm?, designed using nTop software

(nTopology Inc., New York, USA).

The gyroid geometry can be described mathematically using an implicit surface

equation given by:

sin(x) cos(y) + sin(y) cos(z) + sin(z) cos(z) =0 (1.2)

In practical designs, this equation is modified using an offset parameter to con-
trol the thickness or relative density of the structure, allowing mechanical properties
to be tuned through geometry. Due to its continuous network throughout the sam-

ple, the gyroid structure also supports consistent fluid flow and uniform pressure
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distribution, which is beneficial for pneumatic soft robotic actuation and pressure
sensing. For these reasons, gyroid architectures are selected in this work for soft
robotic applications.

Among various lattice geometries, the gyroid structure is widely used due to its
balanced mechanical performance and smooth continuous geometry. Unlike conven-
tional strut-based lattice structures, the gyroid does not contain discrete joints or
sharp connections.

This continuous surface enables a more uniform distribution of stress under me-
chanical loading, which reduces stress concentrations and delays the onset of buck-
ling, fatigue, and crack propagation. Such characteristics are particularly important
for soft robotic systems that undergo repeated deformation during operation.

The mechanical behavior of a soft robotic system is strongly influenced by its
structural design architecture. Unlike rigid robotic systems, where stiffness is mainly
determined by the material itself, soft robotic structures undergo a large deformation
due to their compliant material properties. Instead, their deformation behavior
is governed by the interaction between the compliant material properties and the
geometry of the internal structure.

One of the most important mechanical characteristics in soft robotic systems
is compliance, which refers to the ability of a structure to deform under applied
loads. High compliance allows soft robots to safely interact with delicate objects
and adapt to complex environments. However, excessive compliance can reduce
structural stability. Therefore, soft robotic architectures must balance flexibility
with sufficient stiffness to maintain controlled motion.

To achieve this balance, researchers have explored the use of engineered lattice
structures and TPMS architectures, such as gyroid structures. These architectures
allow the mechanical response of a structure to be tuned by modifying geometric

parameters such as wall thickness, edge length, relative density, unit cell
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size, and the overall topology of the lattice. By adjusting these parameters, it is
possible to obtain a wide range of stiffness and deformation behaviours without
altering the base material itself.

For example, Baker et al. (2023) [30] investigated elastomeric TPMS gyroid lat-
tices in their study and demonstrated that structural geometry can significantly in-
fluence stiffness. The results showed that the elastic modulus of gyroid architectures
varied from approximately 7.7 kPa to 293.4 kPa depending on the volume fraction
and topology of the structure, indicating that the mechanical response can change
by more than an order of magnitude through architectural modification alone.

Another important factor influencing the mechanical performance of lattice struc-
tures is relative density. Relative density describes the amount of solid material
present in the structure compared with the total volume of the lattice. In general,
increasing the relative density increases stiffness and load-bearing capacity, while
decreasing the relative density increases porosity, flexibility, and deformability.

For gyroid structures, the mechanical response can be adjusted by changing the
wall thickness and the amount of solid material within the unit cell. A low relative
density produces a more open structure with thinner walls, whereas a high relative
density produces a denser structure with thicker walls.

Figure 1.6 compares gyroid structures with relative densities of 20% and 60%.
The 20% structure has a more porous architecture, which allows greater elastic
deformation and is more suitable for soft robotic sensing applications. In contrast,
the 60% structure contains more solid material, resulting in lower porosity and higher

stiffness.
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Relative Density 20% Relative Density 60%

Figure 1.6: Comparison of gyroid structures with low and high relative density: (i)

20% relative density and (ii) 60% relative density.

Young’s modulus is a mechanical property that describes the stiffness of a mate-
rial, indicating how much it deforms under an applied load. In soft robotic systems,
controlling stiffness is important because it directly affects flexibility, load-bearing
capability, sensing response, and deformation behavior. The results demonstrated
a strong relationship between structural density and mechanical stiffness, showing
that gyroid architectures can be mechanically tailored for different soft sensing ap-
plications.

In the study by Kim et al. (2023) [31], the gyroid structures were fabricated from
thermoplastic polyurethane (TPU) demonstrated that the Young’s modulus could
be tuned from 0.32 MPa at 30% relative density to 3.61 MPa at 80% relative density.
TPU is a flexible and elastomeric polymer that combines rubber-like elasticity with
good mechanical strength, making it suitable for 3D-printed soft robotic and sensing

structures.
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1.1.4 Material Behaviour of Soft Robots

Although structural architecture strongly influences mechanical behavior, the base
materials used in soft robotics also play a crucial role in determining the overall
performance of the system. Soft robotic structures are typically fabricated from
elastomeric or rubber-like materials that can sustain large deformations while main-
taining structural integrity.

Common materials used in soft robotic architectures include silicone elastomers,
TPU, polydimethylsiloxane (PDMS), platinum-cured silicones, and flexible pho-
topolymer resins. These materials are widely used because they exhibit high elas-
ticity, low stiffness, and large strain capacity, allowing them to undergo bending,
stretching, twisting, and compression without permanent deformation.

PDMS is commonly used in soft robotic systems because of its flexibility, biocom-
patibility, optical transparency, and ease of fabrication through molding and casting
processes. It is widely utilized in soft microfluidic devices, pneumatic channels, and
deformable sensing components. Platinum-cured silicones are frequently used for
soft pneumatic actuators and wearable robotic systems due to their high elongation
capability, durability, and stable mechanical behavior under repeated deformation
and cyclic loading.

TPU is used in additively manufactured soft structures because of its flexibility
with comparatively higher mechanical strength and abrasion resistance, making it
suitable for 3D-printed lattice architectures and wearable robotic components. Flex-
ible photopolymer resins are primarily used in resin-based additive manufacturing
processes, where they enable the fabrication of geometrically complex soft structures
with high dimensional accuracy and fine structural resolution.

A key mechanical characteristic of soft robotic materials is hyperelastic behavior,
meaning that their stress—strain relationship is nonlinear and capable of support-

ing very large reversible deformations. Unlike conventional linear elastic materials,
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hyperelastic materials do not exhibit a constant stiffness throughout deformation.
Instead, their mechanical response changes continuously as strain increases, allow-
ing the material to undergo significant stretching, bending, and compression while
returning to its original shape after unloading.

Figure 1.7 illustrates the typical nonlinear stress—strain behavior of a hypere-
lastic material. Initially, the material exhibits a compliant low-stiffness response
where relatively large deformation occurs under small applied stress. As the strain
increases, the material enters a nonlinear elastic region in which the stiffness changes
continuously with deformation. At higher strain levels, the curve rises sharply due
to strain stiffening behavior, where the material increasingly resists further defor-
mation. This characteristic is important in soft robotic systems because it enables

flexible motion while maintaining structural stability under large deformation.

Hyperelastic Material

Initial Compliance
(Low Stiffness Region}
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Figure 1.7: Stress—Strain response of a hyperelastic material showing high flexibility
at low strain levels, nonlinear elastic deformation, and strain stiffening behavior at

higher deformation levels. Graph is modified from [32].

In the elastomeric gyroid study by Baker et al. (2023) [30], mentioned earlier,
silicone urethane elastomer materials were used to fabricate TPMS lattice struc-
tures using AM techniques. The combination of elastomeric material behaviour and

architectural geometry enabled the structures to sustain large deformation while
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maintaining mechanical stability and recoverability after unloading.

Another important material property in soft robotics is fatigue resistance un-
der cyclic loading. Soft robotic systems often operate through repeated actuation
cycles, such as pneumatic inflation and deflation. Materials must therefore main-
tain mechanical integrity over many loading cycles. Experimental investigations on
soft lattice structures have shown that structural dimensions such as strut thickness
can significantly affect durability, with thinner structural elements showing earlier
fatigue failure during repeated loading cycles [33].

Advances in 3D printing technologies allow complex architectures such as lattice
networks and TPMS structures to be fabricated directly from soft materials. For
example, TPU can be processed using fused deposition modeling (FDM) to pro-
duce porous gyroid structures with controlled mechanical properties. In some cases,
foaming TPU materials can introduce internal porosity that further reduces stiffness

and enhances sensing performance [31].

1.1.5 Sensing in Soft Robotic Systems

Sensing is an important requirement in soft robotic systems because soft robots
must interact with objects, humans, and unstructured environments while main-
taining their compliant behaviour. Unlike rigid robots, soft robots undergo large
deformation during actuation and contact. Therefore, sensors used in soft robots
must be flexible, stretchable, and mechanically compatible with the soft body. If
the sensing element is too stiff or poorly integrated, it can restrict deformation and
reduce the performance of the soft robotic structure.

Several sensing approaches have been developed for soft robots, including re-
sistive, capacitive, optical, flexible electronic, fabric-based, and pneumatic sensors.
Resistive sensors detect deformation through changes in electrical resistance. They

are widely used because of their simple working principle and relatively easy inte-
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gration into soft materials. However, they can suffer from hysteresis, signal drift,
and durability issues during repeated deformation [34], [35].

Capacitive sensors measure deformation through changes in capacitance between
conductive layers. These sensors can provide high sensitivity and are suitable for de-
tecting pressure, strain, and contact. However, their performance can be affected by
fabrication complexity, environmental noise, and changes in the dielectric material
during large deformation [36], [37].

Optical sensors are another approach used in soft robotics. These sensors detect
deformation by measuring changes in light transmission, reflection, or optical path
length. They can be useful for strain and curvature sensing, but they often require
careful alignment, optical fibers, or additional light-based components, which can
make integration more complex [38], [39].

Flexible electronic sensors and strain-sensitive fabrics have also been used in
soft robotic and wearable systems. These sensors can conform to curved and de-
formable surfaces, making them suitable for applications involving body motion, soft
actuation, and contact detection. However, they may introduce wiring complexity,
attachment challenges, and reduced repeatability under cyclic loading [40], [41].

Pneumatic sensing provides an alternative approach that is well suited to soft
robotic systems. In pneumatic sensors, deformation or contact is detected through
pressure changes inside internal chambers, channels, or air pathways. Since the
sensing mechanism is based on pressure variation, pneumatic sensors can remain
mechanically compliant and can be integrated into soft pneumatic structures without
adding rigid sensing elements directly into the deformable body [13].

For example, Yang et al. [42] developed a pneumatic soft sensor for measuring
contact force and curvature in a soft robotic gripper. The sensor used pressure
changes inside a silicone-based sensing structure to estimate mechanical interaction

during deformation. Pneumatic strain gauge concepts have also been investigated,
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where bending, stretching, or compression changes the geometry of internal air chan-
nels and produces measurable pressure variations [13|, [42]-[44].

Although pneumatic sensing is mechanically compatible with soft robots, many
existing pneumatic sensors mainly measure global deformation, bending, or strain.
This means that the sensing output often represents the overall deformation of the
structure rather than the exact location of contact. For soft pneumatic grippers,
this is a limitation because contact can occur at different positions on the gripper
or palm surface. Therefore, sensing methods that can provide localized pressure

information while preserving softness and compliance are still needed.

1.2 Research Problem and Research Gap

Soft pneumatic grippers require sensing mechanisms that can detect contact and
pressure while maintaining the compliance of the soft structure. Existing soft sens-
ing methods can measure deformation, strain, curvature, or contact force, but their
integration into highly deformable soft grippers remains challenging. Electrical, op-
tical, and fabric-based sensors often require embedded conductive layers, electrodes,
optical fibers, or wiring, which can increase fabrication complexity and may restrict
the natural deformation of the soft body.

Pneumatic sensing is a promising alternative because it can detect mechani-
cal interaction through pressure changes inside soft chambers or channels. This
makes it more compatible with soft pneumatic systems compared with many rigid or
semi-rigid sensing elements. However, many existing pneumatic sensing approaches
mainly measure global deformation or strain. Some of the sensors can be affected
by air leakage and ballooning of the soft chamber, which may reduce measurement
stability [33], [42]. Leakage can lower the measured pressure response, while bal-
looning can cause unwanted structural expansion instead of localized deformation

sensing [33].
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This limitation is important for soft robotic manipulation. During grasping, the
object may contact the gripper at different locations, especially in the palm region
where contact forces can vary depending on object shape, position, and loading
condition. A sensing system that only captures global deformation may not provide
enough information about where pressure is applied or how the contact is distributed.

Therefore, the research gap addressed in this work is the need for a soft, struc-
turally integrated pneumatic sensing architecture that can detect localized pressure
changes while preserving the compliance of the gripper. This work investigates a
gyroid as internal architecture as a deformable sensing structure for a soft pneumatic
sensor. The aim is to evaluate whether the gyroid structure can generate measurable
pressure variations under different applied weights and loading positions, providing

a basis for localized tactile sensing in soft robotic applications.

1.3 Research Questions and Objectives

The goal of this thesis is to answer following research questions:

1. How can gyroid-based TPMS architectures be designed and fabricated as in-

ternal structures for soft pneumatic sensing applications?

2. How does the integration of a gyroid structure influence the pressure response

of a pneumatic sensing system under localized touchpoint loading?

3. How can finite element simulation be used to evaluate the deformation be-

haviour of gyroid structures under loading?

4. How does gyroid cell size influence the measured pressure response and dis-

tributed sensing behaviour of the pneumatic sensor?

The primary aim of this thesis is to investigate the feasibility of gyroid structures

as functional architectures for pneumatic tactile sensing in soft robotic systems. The
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study focuses on understanding how the integration of a gyroid structure within a

confined sensing region influences pressure distribution and enables the detection of

localized deformation through pressure variations.

To achieve this aim, the following objectives are defined:

Design Structures: Evaluate various lattice and hybrid lattice structures by
analyzing different geometric configurations.

Fabricate Structures: Use additive manufacturing (AM) to 3D print lattice
structures with soft materials.

Experimental Mechanical Characterization: Perform tensile testing to
experimentally characterize the mechanical behaviour of the fabricated struc-

tures.

Perform Structural Analysis: Conduct finite element (FE) simulations
to derive material properties from experimental data, followed by structural
analysis of the lattice structures to validate deformation and load-response
behaviour against experimental results.

Develop Soft Pneumatic Sensors: Integrate the fabricated lattice struc-
tures into sensing components to design pressure sensors and evaluate their

response under applied loading conditions.

Conduct an Experimental Evaluation: Conduct experiments by apply-
ing controlled touchpoint interactions at different locations along the sensing
region to generate pressure disturbances.

Identify Limitations and Improvements: Examine system limitations
such as air leakage and variability in response, and propose potential improve-
ments.

Develop Comparative Control Samples: Fabricate and evaluate empty-

channel and sponge-based control structures to compare their sensing perfor-
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mance against gyroid architectures.

1.4 Scope and Limitations

This thesis focuses on designing functional architectures for soft robotics. The study
examines these architectures pressure-sensing elements for soft robotic applications.
Sensor design, part 3D printing, and material testing are performed using elas-
tomeric materials within the faculty setups. The first generation of sensors employs
air as the working medium, where compressibility and the influence of different in-
ternal structures are examined. The second generation will further explore sensing
mechanisms to investigate potential improvements in the overall sensor model.

FE simulations are focused on evaluating the mechanical behaviour and defor-
mation response of the gyroid lattice structures under tensile loading conditions.
The sensing capability of the pressure sensor architectures is evaluated experimen-
tally through comparative demonstrations using gyroid, sponge-based, and empty-
channel control structures.

The scope of this work is limited to structural and sensing evaluation under
controlled laboratory conditions and does not include complete integration of the

robotic system, implementation of closed-loop control, or long-term operational use.

1.5 Significance of the Work

This work contributes to the development of pneumatic sensing systems in soft
robotics by exploring the use of a gyroid structure as an internal sensing element.
Unlike conventional approaches that rely on single-point measurements, the pro-
posed setup investigates how pressure variations can be captured at multiple loca-

tions within a continuous pneumatic network.
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e Spatial Pressure Variation: Investigates pressure changes at different sen-
sor locations to study how deformation propagates through the structure.

e Response to Localized Interaction: Examines whether different touch-
point inputs can be distinguished based on pressure magnitude and timing.

e Mechanically Driven Sensing: Uses structural deformation and airflow
variation as the sensing mechanism, reducing the need for embedded electron-
ics within the sensing region.

e Practical Implementation: Demonstrates a sensing approach based on ac-
cessible components such as pressure sensors, tubing, and fabricated gyroid
structures.

e Role of Structural Design: Highlights the potential of internal architecture
as a design parameter for tuning the pressure response in future soft sensing

applications.

1.6 Declaration on the Use of Generative Al

I declare that Generative Al was used only for language refinement, including gram-
mar and sentence clarity. All research design, experimentation, analysis, and results

are entirely my own work.

1.7 Outline of the Thesis

The thesis is divided into seven chapters.

Chapter 1 introduces the background of soft robotics, architected soft struc-
tures, and pressure sensing systems together with the research motivation, objec-
tives, scope, and research questions of the study.

Chapter 2 presents the methodology used throughout the work, including the
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research workflow, materials, computational tools, AM process, and experimental
approach used for both the mechanical and sensing investigations.

Chapter 3 focuses on the design and Finite Element modelling of the gyroid
structures. The development of the lattice geometries, hyperelastic material mod-
elling, and simulation setup used for evaluating the mechanical behaviour of the
structures are discussed in this chapter.

Chapter 4 presents the fabrication and experimental testing of the developed
gyroid samples. The chapter includes the SLA printing process, specimen prepara-
tion, tensile testing setup, and experimental procedures used during the mechanical
characterization.

Chapter 5 presents the numerical and experimental results together with the
comparison between simulation and experimental observations. The accuracy of
the developed FE models and the mechanical response of the gyroid structures are
discussed.

Chapter 6 introduces the comparative pressure sensor demonstration developed
using different internal architectures, including empty, sponge-based, and gyroid
structures. The sensing response and overall behaviour of the different sensor con-
figurations are experimentally compared.

Finally, Chapter 7 summarizes the main findings of the thesis, discusses the

limitations of the current work, and presents recommendations for future research.



2 Methodology

2.1 Research Approach

The quantitative component of this research focuses on the experimental character-
ization of the material and numerical simulation of the designed gyroid structures.

Since the soft material used for the sensor architecture did not initially have de-
fined mechanical parameters required for numerical simulation, experimental testing
was first conducted to determine its mechanical behavior. A uniaxial tensile test
was performed on material specimens to obtain the stress—strain response of the
material.

The experimental data obtained from the tensile tests were used to determine
a suitable hyperelastic material model. Hyperelastic models are commonly used to
describe the nonlinear deformation behavior of elastomeric materials used in soft
robotic systems. The stress—strain data obtained from the experiments were fitted
to different hyperelastic constitutive models in Abaqus (Dassault Systémes Simulia
Corp., Providence, Rhode Island, USA), allowing the identification of the model
that best represented the mechanical behavior of the material.

Once the hyperelastic parameters were determined, the gyroid structures gener-
ated in nTop (nTopology Inc., New York, USA) were exported as mesh geometries
and imported into Abaqus/CAE for numerical simulation. Finite element simula-

tions were then performed to evaluate the structural response of the gyroid lattice
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under loading conditions.

To evaluate the accuracy of the numerical model, the simulation results were
compared with the experimental observations. This comparison was used to assess
how well the selected hyperelastic material model and simulation setup represented
the real mechanical behavior of the printed gyroid structure.

After validating the simulation model, the obtained numerical results were used
to guide the development of the proof-of-concept structures and final sensor archi-
tecture. This quantitative approach enabled the evaluation and optimization of the

gyroid-based structures for soft robotic sensing applications.

2.2 Overall Research Workflow

The research methodology followed in this study included design, fabrication, me-
chanical characterization, simulation, and sensing demonstration stages in sequence.
The workflow first focused on the development and mechanical validation of gyroid
lattice structures, followed by their use in a proof-of-concept pneumatic sensing
system. This ensured that the sensing experiments were supported by prior under-
standing of the material response and structural behaviour of the gyroid samples.

AM was used as the fabrication method because it enables complex gyroid geome-
tries to be produced directly from digital models. The experimental and simulation
stages were then combined to evaluate whether the designed gyroid structures could
be mechanically characterized and later applied as internal sensing architectures.
The overall workflow also provides a clear link between design, material testing, FE
modelling, mechanical validation, and the final sensor comparison.

Figure 2.1 illustrates the overall research workflow followed in this study. The
process begins with gyroid design in nTop, followed by SLA-based AM fabrication
using elastomeric resin materials. The printed specimens are then mechanically char-

acterized, and the experimental data are used for hyperelastic material modelling
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and FE simulation in Abaqus. The simulation results are compared with experimen-
tal testing to validate the numerical model. After validation, the gyroid structures
are integrated into the pneumatic sensor setup and compared with empty-channel

and sponge-based configurations for pressure sensing evaluation.
Overall Project Workflow
Literature Review

Design Stage

4

Fabrication and Material Characterization

4

Mechanical Validation

Sensor Demonstration

Figure 2.1: Overall research workflow showing the sequence from gyroid design and
AM fabrication to material characterization, FE simulation, experimental validation,

and comparative pressure sensor demonstration.

2.3 Materials, Tools, and Methods Overview

This study combines computational modelling, AM fabrication, and experimental
testing to evaluate gyroid-based soft robotic structures. Flexible 80A Resin and Sil-
icone 40A Resin, supplied by Formlabs Inc. (Somerville, Massachusetts, USA), were
used to fabricate the lattice specimens using SLA-based AM. The gyroid geometries
were designed in nTop, while FE simulations were performed in Abaqus to evalu-
ate the nonlinear mechanical behaviour of the structures under large deformation

conditions.
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Experimental characterization was conducted using tensile testing to obtain the
material response required for hyperelastic constitutive modelling and simulation
calibration. The tensile tests were performed using a TA.XTplus Texture Analyser
by Stable Micro Systems Ltd. (Godalming, UK). In addition to the mechanical
investigations, comparative pressure sensor demonstrations were performed using
different internal structural configurations to evaluate their sensing response under
applied loading conditions.

Table 2.1 summarizes the principal materials, computational tools, manufactur-

ing methods, and experimental techniques used throughout this study.

Table 2.1: Overview of the main materials, computational tools, and experimental

methods used in this study.

Category Tool / Material Purpose

Material Flexible 80A  Resin  Fabrication of elastomeric gyroid
(Formlabs Inc., USA) structures

Material Silicone  40A  Resin  Fabrication of highly compliant

Design software

Simulation software

Manufacturing

method

3D printer

Experimental testing

(Formlabs Inc., USA)

nTopology (nTop,

nTopology Inc., USA)

Abaqus (Dassault Sys-

témes, France)

SLA additive manufac-

turing

Formlabs Form 3+

(Formlabs Inc., USA)

TA XTplus Texture
Analyser (Stable Micro

Systems Ltd., UK)

soft sensing structures

Implicit modelling and gyroid

lattice generation

Finite element analysis and hy-

perelastic material modelling

Fabrication of high-resolution

lattice structures

Printing of elastomeric samples

and sensor structures

Tensile characterization and me-

chanical testing




3 Design and Simulation of Gyroid

Structures

3.1 Selection of the Gyroid TPMS Architecture

The design architecture plays a critical role in determining the mechanical behavior,
compliance, deformation response, and sensing capability of soft robotic structures.
Architected cellular geometries enable the mechanical properties of a structure to
be tailored through controllable design parameters such as unit cell top, relative
density, wall thickness, and volume fraction [45]. Unlike conventional solid materials,
architected lattice structures derive a significant portion of their mechanical behavior
from geometry rather than material composition alone. As a result, the same base
material can exhibit substantially different stiffness, energy absorption capability,
compressibility, and deformation characteristics depending on the selected structural
architecture.

Al-Ketan et al. (2019) [45] demonstrated that TPMS lattices can provide highly
tunable mechanical performance while maintaining lightweight and continuous struc-
tural characteristics. Their work showed that geometrical parameters strongly influ-
ence the effective elastic modulus, stress distribution, and deformation behavior of
the lattice structures. These properties are particularly important in soft robotics,

where compliant deformation, controlled stiffness, and distributed load transfer are
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essential for achieving safe interaction and adaptive mechanical functionality.

Among various architected lattice structures, TPMS geometries have gained sig-
nificant attention due to their smooth and continuous surfaces, high surface-to-
volume ratio, and favorable mechanical performance. TPMS structures divide space
into multiple interconnected regions while maintaining zero mean curvature across
the surface. This continuous topology provides improved stress distribution and
structural stability compared to traditional strut architectures. [46]

One of the most widely studied TPMS structures is the gyroid architecture, first
identified by Alan Schoen in 1970. The gyroid structure can be mathematically
described using sinusoidal equations that generate a continuous periodic surface
throughout three-dimensional space. By modifying parameters in these mathemat-
ical expressions, the mechanical properties of the gyroid structure can be tuned for
specific applications. [47]

Compared with conventional lattice structures, gyroid architectures provide sev-

eral advantages, including;:

e Smooth and continuous surfaces without sharp geometric intersections
e More uniform stress distribution throughout the structure
e High surface-to-volume ratio due to the interconnected porous geometry

e Tunable mechanical stiffness and structural compliance through geometric pa-

rameter variation

Figure 3.1 shows the geometry used for the surface-area and volume-fraction
comparison. Figure 3.1(i) illustrates the generated gyroid lattice structure, while
Figure 3.1(ii) shows the equivalent rectangular bounding block used as the reference
solid geometry.

Additionally, the gyroid topology enables precise control of mechanical properties

through structural parameters such as volume fraction and relative density. Gyroid
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lattice structures reduce the amount of solid material while maintaining a continuous

internal geometry.

Gyroid Block RectangularBlock

Figure 3.1: Gyroid structure used for geometric analysis and volume fraction calcu-

lation.

The comparison between the gyroid structure and the solid block was used to
evaluate how the gyroid architecture reduces material volume while maintaining a
high surface area. The main design and analysis parameters used for this geometric

comparison are summarized in Table 3.1.
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Table 3.1: Design parameters used for the gyroid structure.

Parameter

Value

Description

Bounding Block Dimen-

sions

Gyroid Unit Cell Size

Wall Thickness

Boolean Operation

Relative Precision

Block Volume

Gyroid Material Volume

Volume Fraction

Gyroid Surface Area

Block Surface Area

50 x 10 x 10 mm

0.95 mm

Intersect

0.01

5000 mm?

1947.01 mm?

0.389

6458.81 mm?

2197.06 mm?

External dimensions of
the reference block
Repeating unit cell di-
mension

Thickness of the gyroid
sheet structure
Gyroid structure
trimmed  using  the
bounding block
Tolerance used during
geometric evaluation
Volume of the equiva-
lent solid block
Material volume of the
gyroid structure

Ratio of gyroid material
volume to block volume
Surface area of the gy-
roid structure

Surface area of the

equivalent solid block

The bounding block used for comparison has dimensions of 50 x 10 x 10 mm.

Viloek = 50 x 10 x 10 = 5000 mm?>

Therefore, the external volume of the reference block is
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The volume fraction is defined as the ratio between the material volume of the

gyroid structure and the volume of the equivalent solid block:

vayroid
— _&YIoC 3.2
‘/block ( )

For the gyroid model considered in this study, the material volume is approxi-

mately

Veyroid ~ 1947.01 mm? (3.3)

which gives a volume fraction of

1947.01
0= 00~ 0339 (3.4)

As shown in Figure 3.1 and summarized in Table 3.1, the gyroid structure has a
larger surface area than the equivalent solid block while using only a fraction of the

total block volume. The surface area comparison can be expressed as

Agyroid ~ 6458.81 me > Ablock ~ 2197.06 mm2 (35)

This indicates that the gyroid architecture provides a high surface-area-to-volume
relationship while maintaining a reduced material volume. Such behaviour is use-
ful for lightweight structures and applications where increased surface interaction,
deformation capability, or fluid interaction is required.

Due to these advantages, gyroid structures can be used for applications includ-
ing pressure sensing [31], energy absorption systems [31], biomedical scaffolds, [31]
and soft robotic architectures [30], [33]. In soft robotic systems, architected lattice
structures are particularly attractive because they enable lightweight, compliant,

and mechanically tunable designs while maintaining structural flexibility and dis-
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tributed deformation capability [21], [48].

3.2 Gyroid Sample Design

To design the gyroid architecture used in this study, multiple computational tools
were initially explored for generating the lattice structures. The objective of this ex-
ploration was to identify a design platform capable of efficiently generating complex
TPMS geometries while allowing flexible control of structural parameters.

During the design stage, several software tools were evaluated for the generation
of gyroid and other lattice structures. Each platform provides different capabilities
for parametric modelling, scripting, and lattice generation. The following tools were
considered during the initial design exploration:

As shown in Figure 3.2, the structures generated using (i) OpenSCAD, (ii) MAT-
LAB, (iii) PTC Creo, and (iv) nTop represent examples of gyroid and lattice-based
geometries created using different computational design tools. These examples show
that each tool provides different capabilities for generating gyroid and TPMS-based

architectures used in soft robotic and lattice modelling workflows.

e OpenSCAD (OpenSCAD Project, open-source software, USA)
e MATLAB (MathWorks Inc., Natick, Massachusetts, USA)

e PTC Creo (PTC Inc., Boston, Massachusetts, USA)

e nTop (nTopology Inc., New York, New York, USA)
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Iil)  openscap IV) MATLAB

PTC Creo nTop

Figure 3.2: Examples of gyroid and lattice structures generated using different design

tools: (i) OpenSCAD, (ii) MATLAB, (iii) PTC Creo, and (iv) nTop.

OpenSCAD and MATLAB provide flexibility for creating mathematically de-
fined geometries through scripting and parametric modelling. In MATLAB, TPMS
structures can be generated using implicit mathematical equations evaluated across
a spatial grid. However, the resulting surfaces must typically be converted into
mesh formats such as STL through additional processing steps. This conversion is
required because mesh formats such as STL are widely used for 3D printing, FEA,
and CAD-based manufacturing workflows.

Similarly, OpenSCAD allows parametric modelling and Python scripting, but
generating complex TPMS surfaces often requires custom scripts and surface recon-
struction, which increases modelling complexity and development time.

PTC Creo offers CAD modelling capabilities and is widely used for conven-
tional mechanical design. However, traditional CAD systems are primarily based

on boundary representation (B-rep) modelling, which relies on sketches, surfaces,
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and solid features. The term B-rep modeling means that the geometry is created
by defining the outer surfaces, edges, and solid boundaries of an object rather than
generating mathematically continuous internal structures directly. As a result, cre-
ating mathematically defined TPMS geometries such as gyroids can be challenging
and often requires complex surface approximations or imported mesh geometries.

Among the evaluated tools, nTop provided the most efficient workflow for gen-
erating gyroid structures. The software uses implicit modelling and field-driven
design methods, allowing complex lattice structures to be defined directly through
mathematical fields rather than explicit surface modelling. This approach enables
smooth geometry generation, improved control over lattice parameters, and efficient
modification of structural properties such as unit cell size and thickness.

In addition, implicit modelling significantly reduces many of the geometric re-
construction issues commonly encountered in conventional CAD workflows when
handling highly complex TPMS geometries. However, due to the mathematical
evaluation of continuous fields and high geometric complexity, the computational
requirements can become demanding for large-scale or high-resolution lattice struc-
tures, particularly during meshing, visualization, and export operations.

One advantage of nTop is the ability to modify gyroid structures using parametric
design variables. Several parameters were adjusted during the design process to
study their influence on the structural behavior.

Figure 3.3 illustrates the main geometric parameters considered in the gyroid
lattice design. The unit cell shown in Figure 3.3(i) is periodically repeated to form
the complete TPMS lattice structure, while Figure 3.3(ii) shows how decreasing wall

thickness changes the lattice geometry.
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Figure 3.3: Gyroid lattice design parameters: (i) gyroid unit cell and its periodic
repetition forming the complete structure, and (ii) wall thickness variation from

0.70 mm to 0.30 mm. Images were created in nTop.

Unit Cell Size: The unit cell size controls the periodic spacing of the gyroid
lattice within the structure. Changing the unit cell size affects the density and me-
chanical response of the lattice. Smaller unit cells generally create denser structures
with higher stiffness, while larger unit cells produce more compliant structures.

Wall Thickness: The wall thickness of the gyroid surface determines the rela-
tive density of the lattice structure. Increasing the wall thickness increases structural
stiffness and load-bearing capability, while thinner walls produce more flexible struc-
tures suitable for soft robotic sensing applications. Therefore, wall thickness was
treated as an important design parameter for controlling the mechanical response
of the structure.

In this study, nTop was selected because its implicit modeling environment al-
lows wall thickness, unit cell size, and spatial classification to be controlled directly

using field-driven operations. Tools such as ramp and clamp functions allow gradual
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variation of structural parameters across the geometry, where properties such as wall
thickness or cell size change progressively throughout the structure rather than re-
maining constant. This made nTop suitable for generating graded gyroid structures
and smooth transitions between solid and lattice regions within the tensile specimen

design.

3.3 Material Model Definition

Soft robotic systems are commonly fabricated using elastomeric materials that are
capable of having large reversible deformations under applied loading. Unlike con-
ventional engineering materials that exhibit approximately linear elastic behaviour
at small strains, elastomeric materials demonstrate highly nonlinear stress—strain
responses when subjected to tension, compression, or bending. These materials can
sustain significant deformation while returning to their original shape after unload-
ing, making them particularly suitable for compliant structures and soft robotic
applications.

In FE simulations, the mechanical behaviour of hyperelastic materials cannot be
accurately represented using conventional linear elastic models because elastomeric
materials exhibit nonlinear stiffness during deformation. Instead, specialized hypere-
lastic constitutive formulations are required to describe the stress—strain relationship
under large deformation conditions.

Several hyperelastic material models are commonly used in computational me-
chanics, including the Neo-Hookean model [49], the Mooney-Rivlin model [50], [51],
the Ogden model [52], and the Yeoh model [53]. These formulations are based on
strain energy density functions that approximate the nonlinear response of elas-
tomeric materials using experimentally determined material constants.

The Neo—Hookean model is one of the simplest hyperelastic constitutive formu-

lations and is commonly used for small to moderate deformation conditions. Its
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strain energy density function is expressed as

W = Cio(I; — 3) (3.6)

where W is the strain energy density function, (', is a material parameter, and
I is the first deviatoric strain invariant.
For improved representation of nonlinear behaviour at larger strains, the Mooney—

Rivlin model introduces an additional strain invariant term and is written as

W - CIO(jl - 3) + C()l(jg - 3) (37)

where Cyy and Cy; are experimentally fitted material constants, while I; and I,
are the first and second strain invariants.
The Yeoh model extends the formulation using higher-order polynomial terms

of the first strain invariant:

3

W =Y Ci(l —3) (3.8)

i=1
This model is widely used for silicone-based elastomers because it can accurately
capture strain stiffening behaviour at large deformation levels.
The Ogden model represents the material response using principal stretch ratios

and is particularly suitable for modelling highly nonlinear elastomeric deformation:

i=1

B

)

A% S+ A% — 3) (3.9)

where p; and «o; are material constants, and Ay, Ao, and A3 represent the principal
stretch ratios.
The selection of an appropriate constitutive model depends on the material type,

deformation range, and the level of accuracy required for the simulation. In soft
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robotic applications, models such as Yeoh and Ogden are frequently preferred be-
cause they provide improved fitting for highly deformable elastomeric materials sub-
jected to large strain conditions.

Abaqus provides multiple hyperelastic material formulations that can be cali-
brated directly using experimental test data. The software determines the constitu-
tive parameters by fitting mathematical strain energy functions to experimentally
measured stress—strain curves. To perform this fitting process reliably, accurate
experimental material characterization is required.

For this reason, uniaxial tensile testing was conducted to obtain the mechanical
response of the elastomeric materials used in this study. Tensile testing provides the
nominal stress—strain behaviour required for defining hyperelastic constitutive mod-
els in finite element simulations. The experimentally obtained data were later used
within Abaqus to calibrate and evaluate different hyperelastic material formulations.

In order to evaluate the mechanical behaviour of the gyroid lattice structures,
standardized tensile specimen geometries were used. ASTM tensile testing standards
are widely used because they define specimen dimensions, gauge lengths, gripping
regions, and testing conditions required for accurate comparison of material prop-
erties such as tensile strength, elongation, and deformation behaviour. These tests
were also performed by texture anayzer for mechanical characterization. For the Sil-
icone 40A specimens, the specimen was designed according to the ASTM D412 Type
C standard, the Flexible 80A resin specimens were designed using the ASTM D412
Type A geometry, which is commonly used for highly flexible elastomeric materials
and rubber-like specimens.

The specimen geometry consisted of a central gauge region and two enlarged
gripping sections used for mounting the specimen within the tensile testing device.
The gyroid lattice was introduced within the central gauge region of the specimen,

where the mechanical response of the structure was to be measured, similar to
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previously reported lattice characterization approaches in the literature [54].

The table 3.2 shows a comparison of properties between the 2 resins, flexible

80A and Silicone 40A from formlabs.

Table 3.2: Mechanical properties of selected Formlabs elastomeric resins.

Property Flexible 80A Silicone 40A

Shore Hardness S80A 40A

Elongation at Break ~120% ~230%

Tensile Strength ~8.9 MPa ~3.5 MPa

Material Behaviour Semi-flexible Highly compliant
Typical Application Durable flexible parts Soft robotic actuators

and sensors

Printing Process SLA Resin Printing SLA Resin Printing

Figure 3.4 illustrates the concept of the designed specimen. Figure 3.4(i) shows
the CAD of the tensile specimen, where the central gauge region containing the
gyroid lattice is highlighted, while the gripping sections remain solid to support the
clamping mechanism. Figure 3.4(ii) shows the fabricated specimens produced using

Flexible 80A and Silicone 40A resins for comparison.
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25mm

Gauge Region —

Figure 3.4: (i) CAD design of the gyroid tensile specimen showing the highlighted
gauge region containing the lattice structure, and (ii) fabricated specimens produced

using Flexible 80A and Silicone 40A resins.

3.4 FE Model of Gyroid Samples

3.4.1 Geometry Import

FE simulations were performed using the Abaqus simulation environment available
through the Abaqus CAE research license provided by the university. The available
license allows simulations of approximately 250 000 nodes.

Abaqus was selected because it provides reliable finite element tools for nonlinear
structural analysis and advanced material modelling. The software supports both
implicit and explicit solutions, allowing different types of mechanical problems to be
simulated within the same environment. Implicit solution methods are commonly
used for stable, quasi-static problems where the loading occurs gradually, while ex-
plicit solution methods are more suitable for highly nonlinear, dynamic, or complex
contact problems involving large deformation and rapid structural response.

In this study, Abaqus solver was primarily used since it is well suited for quasi-
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static loading conditions and nonlinear material behaviour. Abaqus also provides
robust material modelling capabilities and accurate contact formulations, which are
commonly used in engineering simulations involving large deformation and elas-

tomeric materials.

3.4.2 Material Model Identification

To determine suitable hyperelastic material parameters for the printed material, the
experimental stress—strain data obtained from uniaxial tensile tests of solid speci-
mens were used for material model calibration. These solid specimens were printed
from the same material as the gyroid structures and were tested to characterize
the base material behaviour independently from the geometric effects of the lattice
architecture.

The process was carried out within the Abaqus material evaluation environment.
In this workflow, the experimentally measured nominal stress—strain data from the
solid tensile specimens were imported into the material definition module and as-
signed as uniaxial test data.

Within the Abaqus material modelling interface, a new material was created in
the Property module. The hyperelastic behaviour was defined by selecting the Me-
chanical — FElasticity — Hyperelastic option. Abaqus provides several hyperelastic
constitutive formulations that can be fitted to experimental test data, including
Neo-Hookean, Mooney—Rivlin, Ogden, and Yeoh models.

These models are widely used to represent the nonlinear response of elastomeric
materials under large deformation. The appropriate constitutive model was selected
by fitting the experimentally obtained stress—strain data from the solid specimens
to the available hyperelastic formulations and evaluating the accuracy of the ma-
terial response prediction under tensile loading conditions. Among these models,

the Mooney—Rivlin and Ogden formulations are commonly preferred for soft robotic
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elastomers because they provide improved accuracy in capturing nonlinear deforma-

tion behaviour over a wide strain range.

3.4.3 Meshing Generation

Before generating the numerical mesh for the specimen geometry, several meshing
considerations were taken into account in order to obtain reliable results for the
elastomeric materials. Since hyperelastic materials undergo large deformation and
significant strain gradients during loading, the mesh resolution must be sufficient
to capture the deformation behaviour accurately. In practice, the element size is
usually related to the smallest geometric feature of the structure, particularly the
wall thickness. A common guideline is to maintain approximately three to four fi-
nite elements across the minimum thickness of the structure. For example, if the
minimum wall thickness is 1 mm, the element edge length should be approximately
0.25—0.33 mm. Using only a single element across the thickness can result in unre-
alistic bending behaviour and artificial stiffness in the numerical model.

In the present study, the geometry exported from the design stage was first
represented using a triangular surface mesh, which defines the external geometry of
the specimen. This surface discretization was then used to generate the tetrahedral
volume mesh that defines the interior finite element model and carries the material
behavior in the simulation.

The simulations were performed using the C3D10H element available in Abaqus.
This element is a quadratic ten-node tetrahedral continuum element with a hybrid
formulation. Hybrid elements are commonly used for materials with large defor-
mations such as elastomers, since they reduce the numerical locking effects that
may occur when modeling rubber-like materials with standard displacement-based

elements. The snippet can be seen from the figure 3.5.
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5 Element Type

Element Library Family
-
Acoustic I
Geometric Order Cohesive
O Linear © Quadratic Cohesive Pore Pressure
Tet
] Hybrid formulation () Modified formulation [ Improved surface stress visualization
Element Controls
Viscosity: © Use default () Specify
Second-order accuracy:
Distortion control:
0.1
Element deletion: © Usedefault (O Yes () No
Max Dearadatinn: 0O Lz default () Snecify

C3D10H: A 10-node quadratic tetrahedron, hybrid, constant pressure.

Figure 3.5: Element type configuration in Abaqus showing the C3D10H hybrid

quadratic tetrahedral element used for the finite element simulations.

Although structured hexahedral meshes are often preferred in finite element anal-
ysis due to their numerical accuracy, generating high-quality hexahedral meshes for
complex geometries such as gyroid structures is challenging. Hexahedral meshing
typically requires sweepable regions and predictable topology, which are not present
in TPMS-based geometries. For this reason, tetrahedral meshing was selected in
this work, as it allows the complex geometry of the structure to be discretized more
reliably while maintaining acceptable element quality for the numerical simulations.

After identifying the hyperelastic material parameters from the experimental
stress—strain data, the next step involved preparing the specimen geometry for nu-
merical simulation in Abaqus. The tensile specimen geometry generated during the
design stage was exported from the design environment and imported into the FE
model.

During the initial mesh generation stage, the exported specimen contained a large
number of elements. The first mesh generated from the design model resulted in

approximately 2.39 million elements, which exceeded the computational limitations
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of the available Abaqus research license. The HubX license used in this work allows
simulations with a maximum limit of approximately 250 000 nodes, which required
significant reduction of the mesh density before the geometry could be used for
simulation.

Since the surface geometry exported from nTop was composed of triangular sur-
face elements, each element contained three nodes. To remain within the node
limit imposed by the software license, the total number of elements therefore needed
to be kept below approximately 83000 elements. This constraint required several
adjustments to the mesh generation parameters within the design environment.

Figure 3.6 compares the initial fine mesh and the reduced mesh used for the finite
element simulations. Figure 3.6(i) shows the initial high-resolution mesh generated
from the exported gyroid geometry, which contained a larger number of elements
and exceeded the practical computational limit. Figure 3.6(ii) shows the reduced
mesh after adjusting the mesh export parameters, which allowed the model to re-
main within the Abaqus license limit while preserving the overall geometry of the

specimen.

Coordinates of node 411037 :2.908781,57 496876.10.841298
Coordinates of node 411038 :2.99375,57.493752,10.992759
Coordinates of node 411039 :2.99375,57.493752,11.192627

Coordinates of node 411040 :2.870643,57.496876,12.144256 Nunber of nodes merged out: 79986

Figure 3.6: Comparison between the initial high-resolution mesh and the reduced

mesh used for numerical simulations: (i) initial fine mesh and (ii) reduced mesh.

In order to reduce the mesh size, parameters such as edge length, feature size,
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and minimum edge length were modified during the mesh export process. Through
iterative adjustments of these parameters, the mesh density was progressively re-
duced from the initial mesh size to approximately 300000 elements, and finally to
a mesh containing 79 896 elements. This configuration allowed the model to remain
within the computational limits of the Abaqus license while maintaining a reasonable
representation of the specimen geometry.

Although the resulting mesh was a coarse mesh compared to the original high-
resolution geometry, it provided a practical balance between geometric accuracy and
computational feasibility. The prepared mesh was then imported into Abaqus for
the subsequent finite element simulations.

After preparing the lattice geometry and generating the computational mesh
in nTop, the next step involved exporting the model for finite element analysis in
Abaqus. Several export strategies were evaluated in order to obtain a simulation-
ready model while maintaining compatibility with the available software tools and
computational limitations.

The lattice model was exported from nTop in the . inp format for use in Abaqus.
This format preserves the volumetric finite element mesh, including node coordi-
nates and element connectivity, allowing the mesh to be directly imported without
additional remeshing.

Alternative export formats such as .stl were also evaluated during the model
preparation stage. However, STL files represent only the triangulated surface of a
geometry and do not contain volumetric mesh information. Consequently, the model
would require additional processing and remeshing in Abaqus before it could be used
for finite element analysis. Since the tensile simulations in this study require volu-
metric continuum elements to accurately represent the deformation of the structure,
the STL format was not considered suitable for the final simulation workflow.

Another strategy that was investigated involved importing the generated mesh
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into Abaqus and reconstructing a geometric model using the Create Geometry from
Mesh plugin in Abaqus. In this approach, the imported model is first treated as an
orphan mesh, after which Abaqus attempts to generate an approximate geometric
representation from the mesh surfaces.

However, due to the very high mesh density of the lattice structure, the recon-
structed geometry became challenging to manipulate and remesh within the Abaqus
environment. As a result, editing operations and further mesh refinement needed
computationally power and inefficient for the simulation workflow.

Based on these observations, the most practical solution was to directly import
the .inp file generated from nTop and perform the simulations using the orphan
mesh. During this process, certain mesh-related errors were occasionally encoun-
tered, such as warnings indicating the presence of unconnected regions in the model.
These issues were resolved using the mesh editing tools available in Abaqus, partic-
ularly the Edit Mesh functionality, where nearby nodes were merged by adjusting
the node tolerance. This ensured mesh continuity and allowed the finite element

model to be successfully prepared for simulation.

3.4.4 Solver Setting

The .inp file of the tensile specimen was imported into Abaqus/CAE and treated
as an orphan mesh. Since the imported model did not contain editable native
geometry, the gripping regions were defined directly from the mesh. The upper and
lower surfaces of the specimen were selected and defined as surfaces representing
the upper and lower clamps. These surfaces were later used for applying boundary
conditions and interactions during the tensile simulation.

Figure 3.7 shows the finite element model of the tensile specimen after import
into Abaqus/CAE. The figure highlights the mesh distribution and the two boundary

regions used to represent the tensile test clamps. The upper region was defined as
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the moving clamp, where displacement was applied during the simulation, while the

lower region was defined as the fixed clamp to constrain the specimen.

Moving Clamp

Fixed Clamp

Figure 3.7: Finite element model of the tensile specimen showing the mesh distri-

bution and clamp boundary regions.

The material properties were assigned to the entire specimen using the exper-
imentally obtained uniaxial tensile test data. The material behaviour was imple-

mented using a hyperelastic formulation based on the available experimental data.
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Hyperelastic material models are typically used for materials that undergo large
elastic deformations and exhibit nonlinear stress—strain behaviour.

Figure 3.8 shows the definition of the hyperelastic material model in Abaqus. The
experimental nominal stress—strain data obtained from the solid tensile specimens
were used to calibrate the Yeoh strain energy potential, which was then assigned to

the lattice specimen for the FE simulation.

A
AN

Figure 3.8: Definition of the hyperelastic material model in Abaqus using uniaxial
tensile test data. The experimental nominal stress—strain data are used to calibrate

the Yeoh strain energy potential for the lattice specimen.

The lower clamp was fully constrained using an encastre boundary condition
to prevent rigid body motion of the specimen. A displacement was applied to the
upper clamp in the loading direction to replicate the tensile elongation observed in
the experimental test. The displacement was applied through the defined surface
or reference node associated with the moving clamp. A displacement-controlled
loading approach was adopted to ensure numerical stability and convergence during

the simulation, particularly under large deformation conditions.
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Figure 3.9 shows the boundary conditions applied to the tensile specimen in
Abaqus. The lower region was fully constrained using an encastre condition, while

displacement was applied at the upper clamp to simulate uniaxial tensile loading.
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Figure 3.9: Boundary conditions applied to the tensile specimen. The lower region
is fully constrained using an encastre condition, while a displacement is applied at

the upper clamp to simulate uniaxial tensile loading.

3.5 FE Simulation Outputs

The FE simulation was used to obtain a preliminary prediction of the mechanical

response of the gyroid specimen under tensile loading. The main outputs considered
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at this stage included the overall deformation pattern, stress distribution within the
lattice region, and the force—displacement response of the structure. These outputs
were used to identify how the gyroid architecture deforms under loading and whether
stress concentrations appear near the gauge region or transition zones. A detailed
comparison between the simulation and experimental results is presented later in

the results and validation chapter.



4 Experimental Limitations and

Observations

During the tensile testing and fabrication of the elastomeric specimens, several prac-
tical limitations were encountered that influenced both the experimental procedure
and the interpretation of the measured data. The main limitations were related to
premature failure near the lattice—solid transition region, specimen slippage, preload-
ing effects, machine extension range, dimensional inaccuracies after printing, post-
processing damage in thin gyroid structures, and the need to modify the gripping
region of the tensile specimens.

These observations were important because they affected how the experimental
results were interpreted and how later specimen designs were improved. Although
the limitations did not prevent mechanical characterization, they introduced practi-
cal constraints that had to be considered when comparing the experimental response

with the numerical simulation results.

4.1 Premature Failure at the Lattice—Grip Transi-
tion

During the initial stage of specimen development, the transition between the gyroid

lattice gauge region and the solid gripping sections was designed with a relatively
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sharp geometric change. Although this configuration was the ASTM standard, it
introduced a sudden change in stiffness between the lattice structure and the sur-
rounding solid body.

When tensile tests were performed using this initial design, failure consistently
occurred near the interface between the lattice region and the solid gripping section.
Instead of deforming uniformly within the gauge region, the specimen fractured at
the transition edge. This was problematic because the measured response would
mainly represent the failure of the transition region rather than the mechanical
behaviour of the gyroid lattice within the gauge section. As a result, the test would
not provide a reliable characterization of the intended gyroid structure.

This behaviour indicated the presence of localized stress concentrations caused
by the abrupt change in geometry and mechanical stiffness between the two regions.

Figure 4.1 shows the premature failure observed in the initial specimen design.
The fracture occurred close to the transition between the lattice gauge region and
the solid gripping section, confirming that the sharp transition created a weak region

during tensile loading.
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Figure 4.1: Initial tensile specimens showing premature failure.

To address this issue, the specimen geometry was modified to introduce a smoother
transition between the lattice structure and the solid gripping sections. Instead of
connecting the gyroid lattice directly to the solid body, a gradual transition was im-
plemented using a ramp function within the nTop implicit modelling environment.

The ramp function enabled a progressive variation of the lattice parameters along
the specimen length, creating a graded transition between the solid and lattice re-
gions. By reducing the abrupt change in stiffness, the stress distribution along the
specimen became more uniform during tensile loading. Similar ramp-based tran-
sition approaches for lattice tensile specimens have also been reported in previous
TPMS lattice characterization studies [55].

Figure 4.2 illustrates the updated specimen design used for the tensile testing of

the gyroid structure. The central region is the gyroid gauge section, where the main
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deformation is intended to occur during loading. The upper and lower transition
regions gradually connect this gyroid region to the solid gripping sections, reducing

the abrupt stiffness change that was observed in the initial design.

25mm

Transition
Region

Gyroid Region :

Transition
Region

Figure 4.2: Updated gyroid specimen design showing the central gyroid gauge re-
gion and the transition regions between the lattice structure and the solid gripping

sections.

The transition was generated in nTop using field-based operations. A ramp
function was used to vary the gyroid thickness gradually along the specimen length,
while clamp operations were used to limit the minimum and maximum values of

the thickness field. This allowed the lattice to change progressively from the solid
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section into the gyroid gauge region, producing a smoother transition and reducing

stress concentration near the grip—lattice interface.

4.2 Tensile Testing Challenges and Specimen Mod-
ification

During tensile testing, one of the main experimental challenges was specimen slip-
page within the clamps of the testing device. The grips available on the texture
analyser were not specifically designed for soft elastomer materials such as silicone
and flexible photopolymer resins. In standard tensile testing of rubber-like materials,
specialized grips with serrated or pneumatic clamping mechanisms are commonly
used to prevent slippage and ensure stable load transfer.

Due to the absence of such specialized grips in the present setup, the specimens
occasionally experienced minor sliding within the clamps during the initial loading
stage. This affected the stability of the tensile test and introduced uncertainty
in the initial portion of the recorded force-displacement data. Figure 4.3 shows
an example of specimen movement near the gripping region during tensile testing.
Figure 4.3(i) shows the specimen before noticeable sliding, while Figure 4.3(ii) shows
the specimen after movement within the clamp region. This confirmed that part of
the initial crosshead displacement was affected by grip movement rather than only

material deformation.
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Figure 4.3: Example of specimen slippage during tensile testing: (i) specimen posi-
tion before noticeable sliding and (ii) specimen position after movement within the

clamp region.

A related effect observed in the force-displacement curves was the presence of
a short preloading region. In several tests, measurable elongation of the specimen
began only after a small displacement had already occurred. This behaviour was
mainly caused by minor adjustment of the specimen inside the clamps before stable
load transfer was established. Figure 4.4 shows this initial preloading stage. Fig-
ure 4.4(i) shows the specimen at the beginning of loading, where slack and clamp

adjustment were still present. Figure 4.4(ii) shows the specimen after the preload
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adjustment, where the sample was more fully engaged in the loading direction.

Figure 4.4: Representative example of the preloading region observed at the begin-
ning of tensile testing: (i) initial specimen position before full engagement and (ii)

specimen position after preload adjustment.

To reduce specimen slippage, the dog-bone tabs were first modified by adding
transverse ribs to the gripping region. The purpose of these ribs was to create
a mechanical interlock between the soft specimen and the clamp surfaces, rather
than relying only on friction. Figure 4.5 shows the first modified dog-bone design
with integrated transverse ribs. Figure 4.5(i) shows the overall dog-bone geometry,
while Figure 4.5(ii) highlights the ribbed gripping region intended to improve clamp

engagement.
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Figure 4.5: CAD model of the modified dog-bone specimen with integrated trans-
verse ribs: (i) overall specimen geometry and (ii) ribbed gripping region designed to

enhance mechanical interlocking.

However, this modification did not fully solve the gripping issue and introduced
a new failure region. The ribs acted as local stress concentrators, and because the
soft resins had relatively low tear resistance, the added features were damaged or
sheared under the clamping pressure before the specimen reached its actual breaking
point. Figure 4.6 shows the localized rib damage observed after testing. Figure 4.6(i)
shows the damaged gripping region after the test, while Figure 4.6(ii) shows the local

shearing and flattening of the rib features.
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Figure 4.6: Failed gripping modification after tensile testing: (i) damaged gripping

region and (ii) localized rib shearing and flattening caused by clamping pressure.

Based on these observations, a second modified specimen geometry was intro-
duced to improve clamp stability without creating severe local stress concentration.
Figure 4.7 shows the final modified gripping geometry used in the later tensile tests.
This design improved specimen engagement in the clamps and reduced the likelihood

of premature failure caused by local damage at the gripping region.
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Figure 4.7: Final modified specimen geometry incorporating additional gripping

features to improve clamp stability during tensile testing.

4.3 Specimen Length and Machine Extension Lim-
itations

An additional limitation was related to the overall length of the Flexible 80A speci-
mens and the available extension range of the TA.XTplus Texture Analyser. During
the initial uniaxial tensile testing, the testing machine reached its maximum ex-
tension range at approximately 150% strain for the Flexible 80A resin specimens.
However, the specimen did not fracture within this available displacement range.

As a result, the complete failure behaviour of the material could not be captured
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during the initial test configuration. The recorded stress—strain curves therefore rep-
resented the material response only within the accessible deformation range rather
than the full elongation-to-break behaviour. To address this limitation, the speci-
men type and geometry were later adjusted to obtain more useful tensile data within

the displacement capability of the testing device.

4.4 Dimensional Inaccuracies in Printed Specimens

One limitation observed during specimen preparation was the dimensional variation
between the designed and printed samples. Although the specimens were designed
according to the required tensile testing geometry, small dimensional deviations were
observed after fabrication and post-processing. In particular, the vertical length
of the printed specimen increased by approximately 0.1 to 1 mm compared to the
intended design dimension.

This dimensional change can be attributed to factors such as resin curing be-
haviour, support removal, printer resolution, and post-curing deformation. Although
the deviation was relatively small, it is still important to consider because dimen-
sional accuracy affects the gauge length, strain calculation, and comparison between
experimental and simulation results. Therefore, the measured specimen dimensions

were considered during the interpretation of the tensile response.

4.5 Post-Processing Damage in Thin Gyroid Struc-
tures

The wall thickness of the gyroid lattice was an important parameter during fabri-
cation. Initial tests were performed using wall thicknesses ranging from 0.5 mm to

1mm. While these structures were successfully printed, challenges were observed
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during the removal of support structures, particularly for the softer Silicone 40A
specimens.

During post-processing, the removal of support structures can introduce local
surface defects in thin lattice geometries. In the present gyroid samples, several
support regions remained partially attached after removal, while other regions expe-
rienced small material damage caused by cutting and detachment. These imperfec-
tions were particularly critical for thin TPMS structures, where local damage may
affect structural integrity and functional performance.

Figure 4.8 shows the surface imperfections observed after support removal. These
defects indicate that thin gyroid walls are sensitive to post-processing, especially

when the support regions are large relative to the local wall thickness of the structure.
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Figure 4.8: Support contact regions and surface imperfections observed after support

removal in a printed gyroid structure. This is flexible 80A elastomer.

The Silicone 40A structures were especially sensitive during post-processing be-
cause of their low stiffness and high compliance. If the support structures were
larger or stronger than the local gyroid wall section, the gyroid could tear or break
during support removal. Therefore, the post-processing stage had to be performed
carefully, and the minimum wall thickness of the gyroid structure became an im-
portant fabrication limitation. To reduce this issue, the support size was optimized,
while the wall thickness of the gyroid structures was maintained between 0.8 mm
and 1mm. This balance ensured sufficient structural strength during fabrication

while minimizing the risk of damage during support removal.



5 Results and Validation

This chapter presents the results obtained from the experimental material testing,
hyperelastic material model fitting, FE simulation, and experimental validation of
the gyroid samples. The main purpose of this chapter is to validate whether the
selected material model and FE simulation workflow can reasonably represent the
mechanical behaviour of the printed Silicone 40A gyroid structures under tensile
loading.

The results are presented in two main stages. First, solid dog-bone tensile spec-
imens were tested to obtain the base material properties required for hyperelastic
material model fitting. These material properties were then used in the FE simu-
lations of the gyroid structure. Second, the printed gyroid specimens were tested
experimentally and compared with the simulation results to evaluate the accuracy

of the numerical model.

5.1 Dog-Bone Tensile Test Results

The tensile behaviour of the printed elastomeric materials was first evaluated using
solid dog-bone tensile specimens. These tests were performed on the solid sample
rather than the gyroid specimens. The purpose of the dog-bone tests was to obtain
the stress—strain response of the solid printed materials so that suitable material
properties could be taken and used as input data for the FE simulations.

The dog-bone tensile test results were therefore used mainly for material char-
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acterization and hyperelastic model fitting. This step was necessary because the
simulations require a material model that could describe the nonlinear elastic be-
haviour of the printed elastomeric material under tensile loading.

As shown in Figure 5.1 the average experimental stress—strain data obtained
from three repeated tests for each test sample. This averaging was used to provide

a more representative response for comparison and model fitting.

Stress Strain Curve (Flexible 80A)
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Figure 5.1: Experimental stress—strain curves obtained from tensile testing of solid

Flexible 80A dog-bone specimens.

The material exhibits nonlinear elastic behaviour, which is typical of elastomeric
polymers. The measured curves from the three tested specimens show good agree-
ment with each other, indicating consistent mechanical performance of the printed
samples.

Figure 5.2 presents the stress—strain behaviour of the solid Silicone 40A dog-bone

specimens.
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Figure 5.2: Experimental stress—strain curves obtained from tensile testing of solid

Silicone 40A dog-bone specimens.

Compared with Flexible 80A, the Silicone 40A specimens demonstrate a sig-
nificantly larger strain capability while maintaining a lower stress response. The
experimental results from the three tested specimens show a peak stress of approx-
imately 2.5 MPa, with elongation values exceeding 250%. These results confirm the
highly flexible nature of the Silicone 40A material and its suitability for applications
requiring large elastic deformation.

The dog-bone tensile test results confirmed that both materials exhibit nonlinear
elastomeric behaviour. However, Silicone 40A showed higher elongation capability,
making it more suitable for highly deformable gyroid structures and soft sensing
applications.

As shown in Figure ??, error bars indicating the standard deviation between the

tested specimens.
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5.1.1 Material Model Fitting Results

After obtaining the experimental uniaxial tensile data from the solid Silicone 40A
dog-bone specimens, the data were imported into Abaqus for hyperelastic material
model fitting. Abaqus performs a curve-fitting procedure to determine the mate-
rial parameters that best match the measured stress—strain behaviour. The fitting
process minimizes the difference between the experimental data and the predicted
response of the selected hyperelastic model.

The tensile test data was evaluated for the model fitting of different hyper-elastic
models but the stress-strain curve satisfies the polynomial model of degree 3 (Yeoh

Model) as shown in the figure 5.3.

[=] Silicone_1 - UNIAXIAL Results SIEE |
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Figure 5.3: Evaluation of hyperelastic material models in Abaqus showing the com-
parison between experimental dog-bone tensile test data and fitted constitutive mod-

els, together with the stability limits of the selected model.

Table 5.1 summarizes the material coefficients and stability output obtained
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from the Abaqus material evaluation window. The selected model was the third-
degree reduced polynomial formulation, also referred to as the Yeoh model. The
fitted model was reported as stable for the evaluated uniaxial, biaxial, planar, and

volumetric deformation modes.

Table 5.1: Material parameters and stability information for the selected Yeoh

model.

Parameter Value / Description

Material Silicone 40A

Test data Uniaxial tensile test data from solid dog-
bone specimens

Selected model Reduced polynomial model, N = 3 (Yeoh
model)

Cho 3.3375 x 1073

Cao 8.4017 x 1078

Cso —1.5832 x 10713

Dy, Ds, D3 0

Model stability Stable for all evaluated strain modes

Volumetric stability Stable for all evaluated volume ratios

The third-degree Yeoh model was selected for the gyroid simulation because it
provided a stable fit for the available uniaxial tensile data and was suitable for rep-
resenting the nonlinear response of the Silicone 40A material. Since the fitting was
based only on uniaxial dog-bone tensile data, the model was expected to provide
a reasonable approximation of the tensile response. However, some deviation was
expected when applying the model to the gyroid structure because the gyroid spec-
imen experiences a more complex deformation state involving stretching, bending,

and local deformation of the lattice walls.
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5.2 Gyroid FE Simulation Results

The FE simulation was carried out to predict the mechanical response of the Silicone
40A gyroid specimen under tensile loading. The material properties used in the
simulation were obtained from the solid dog-bone tensile tests and the fitted Yeoh
hyperelastic model described in the previous section.

The main outputs considered in the simulation included the overall deformation
pattern, stress distribution within the gyroid lattice region, and the stress—strain
response of the structure. These outputs were used to understand how the gyroid
architecture deforms under tensile loading and to provide a numerical result for
comparison with the experimental test of the printed gyroid specimen.

Figure 5.4 shows the predicted deformation of the gyroid specimen under tensile
loading. The deformation is mainly concentrated within the gyroid lattice gauge
region, while the solid gripping sections remain comparatively stable. This indicates
that the specimen design successfully directs deformation toward the intended lattice

region, allowing the mechanical response of the gyroid architecture to be evaluated.
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Figure 5.4: FE simulation showing the predicted deformation and stress distribution

of the Silicone 40A gyroid structure under tensile loading.

The simulation also provides an estimate of the stress distribution within the
lattice structure. This is useful for identifying regions where stress concentration
may occur during tensile loading. In the present model, the simulation results were
mainly used to evaluate the overall deformation behaviour of the gyroid specimen
and to support comparison with the experimental tensile response of the printed

gyroid sample.

5.3 Experimental Results and Simulation Compar-
ison of Gyroid Samples

The fabricated Silicone 40A gyroid samples were experimentally tested under tensile
loading to evaluate their mechanical response and compare the physical behaviour

with the FE simulation results. Unlike the dog-bone tests, which were performed



5.3 EXPERIMENTAL RESULTS AND SIMULATION COMPARISON OF
GYROID SAMPLES 73

on solid specimens to obtain material properties, this test was performed directly
on the printed gyroid specimen to assess the behaviour of the lattice structure.

During testing, the gyroid structure showed large deformation capability due
to the combination of the soft Silicone 40A material and the compliant TPMS
architecture. The experimental response confirmed that the lattice gauge region
was able to deform under tensile loading while maintaining structural continuity.
Practical effects such as specimen slippage, preloading, dimensional variation, and
post-processing imperfections may have influenced the measured response and were
considered when interpreting the results.

The experimental stress—strain curve obtained from the gyroid tensile test was
compared with the FE simulation result generated using the calibrated Yeoh hyper-
elastic material model. This comparison was important because the simulation used
material properties obtained from solid dog-bone tensile specimens, while the gy-
roid specimen experienced a more complex deformation response due to its internal
lattice architecture.

Figure 5.5 compares the experimental and simulated stress—strain response of
the Silicone 40A gyroid structure. The experimental curve represents the averaged
response obtained from gyroid specimen tests, while the simulation curve represents

the FE prediction results.
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Figure 5.5: Comparison of experimental and simulation stress—strain curves for the

Silicone 40A gyroid structure.

The experimental and simulation results show a similar trend in the initial and
intermediate strain regions. Up to approximately 100% strain, both curves follow
a comparable response. For example, at 92.477% strain, the experimental stress is
approximately 0.0236 MPa, while the simulation predicts approximately 0.0217 MPa.
This gives an absolute error of 0.0019 MPa, indicating good agreement in the early
deformation region.

As the strain increases further, a more noticeable difference appears between
the two curves. At the maximum evaluated strain of approximately 220.51%, the
experimental stress reaches approximately 0.0576 MPa, whereas the simulation pre-
dicts approximately 0.0670 MPa. This gives an absolute error of 0.0094 MPa. The

relative error at this maximum strain point can be calculated using Equation 5.1.

. Osimulation — 0 imental
Relative error = [Fsimutation — Texperimenal x 100 (5.1)

O experimental

Using the stress values at the maximum strain point:

10.0670 — 0.0576]
0.0576

Relative error = x 100 = 16.3% (5.2)
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Therefore, the simulation overpredicts the experimental stress by approximately
16.3% at the maximum evaluated strain. Over the full comparison range, the
mean absolute error between the experimental and simulation data is approximately
0.0025 MPa, while the root mean square error is approximately 0.0033 MPa.

Overall, the comparison shows that the FE model provides a reasonable approxi-
mation of the gyroid specimen behaviour, particularly in the initial and intermediate
strain regions. Although some deviation occurs at higher strain, the model is still
useful for predicting the general deformation trend and mechanical response of the
printed Silicone 40A gyroid structure.

The difference observed between the simulation and experimental results at
higher strain levels can mainly be linked to the modelling and testing limitations
considered in this study. The third-degree Yeoh model was defined using only uni-
axial dog-bone tensile test data. Although this provides a suitable approximation of
the base Silicone 40A material response, it may not fully represent the multi-axial
deformation behaviour of the gyroid structure under large strains.

Additionally, the use of a coarse mesh in the simulation can result in a slightly
stiffer response due to reduced geometric accuracy. Since the gyroid structure con-
tains thin walls and curved surfaces, mesh resolution plays an important role in
accurately capturing local deformation. A coarser mesh may simplify the curved ge-
ometry and reduce local flexibility, which can contribute to overprediction of stress

at higher strain levels.



6 Pressure Sensor Demonstration

This chapter presents the experimental evaluation of the pneumatic pressure sensing
system. The chapter is divided into three main parts. First, the working principle
and measurement setup of the multi-sensor pneumatic system are introduced. Sec-
ond, the response of the gyroid-based sensor is evaluated under localized touchpoint
loading. Third, comparative demonstrations are presented to evaluate the effect of
different internal structures, including empty, sponge-based, and gyroid-based con-
figurations, followed by a comparison between gyroid structures with different cell

sizes.

6.1 Sensor Concept and Working Principle

The pneumatic sensor concept is based on measuring pressure variations generated
by local deformation of a soft internal structure. In this system, the sensing region is
connected to a constant pneumatic supply at the inlet and exposed to atmospheric
pressure at the outlet. When an external load is applied to the sensing region, the
internal structure deforms and changes the local airflow and pressure distribution
inside the pneumatic pathway.

The pressure changes are measured using multiple pressure gauges positioned at
different locations along the pneumatic pathway. This distributed sensing arrange-
ment allows the system to capture not only the magnitude of the pressure response,

but also how the response varies spatially between different measurement positions.
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Therefore, the sensor output can provide information about localized touchpoint
interactions rather than only a single global pressure change.

In this study, the gyroid structure was investigated as an internal sensing archi-
tecture because its continuous TPMS geometry can deform under applied loading
while maintaining interconnected pathways for airflow. For comparison, empty-
channel and sponge-based configurations were also evaluated to understand how

different internal structures influence the pressure response.

6.2 Circuit Design and Measurement Method

The electrical circuit consists of multiple pressure gauges interfaced with an Arduino
Mega 2560 using a distributed I?C communication approach. The wiring is organized
such that each pressure gauge receives a stable power supply while maintaining
independent communication lines for accurate data acquisition.

Figure 6.1 shows the circuit schematic used for connecting the pressure gauges
to the Arduino Mega 2560. The figure illustrates how power, ground, and commu-

nication lines were arranged for distributed pressure measurement.
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Figure 6.1: Circuit schematic showing the connection of multiple pressure gauges

with the Arduino Mega 2560 for distributed pressure measurement.

Pin 1 of each pressure gauge is connected to ground. The supply voltage of 3.3V
is provided from the Arduino and distributed to all pressure gauges through pin 2.

Each pressure gauge communicates with the microcontroller using dedicated I?C
lines. Pin 5 (SDA) and pin 6 (SCL) of each pressure gauge are connected to separate
digital pins on the Arduino. This configuration allows multiple pressure gauges
with identical I?C addresses to be operated simultaneously by assigning them to
independent buses.

The Arduino acts as the master device, initiating communication with each pres-
sure gauge sequentially. The pressure gauges measure the pressure variation within
the pneumatic system and transmit the corresponding digital data to the microcon-
troller. These values are then processed and recorded over time for further analysis.

The pressure gauge used in this system follows a standard 6-pin configuration
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[56]. The relevant pins utilized in this setup are described in Table 6.1.

Table 6.1: Pressure gauge pin connections used in the measurement circuit.

Pin Number Function Connection

Pin 1 Ground (GND) Arduino GND

Pin 2 Supply voltage (Vpp) 3.3V supply

Pin 5 SDA data line Arduino digital pins
Pin 6 SCL clock line Arduino digital pins

6.3 Gyroid Sensor Demonstration Setup

The performance of the pneumatic pressure sensor was evaluated using four pressure
gauges. The gyroid structure was encapsulated within a heat shrink (ChangYuan
Group Ltd., China) and placed between a constant pneumatic supply at the inlet
and an atmospheric outlet. Four touchpoints were taken on the sensing region,
as shown in Figure 6.3, and localized pressing at these points produced pressure
variations that were measured by the pressure gauges.

The four pressure gauges were connected to the pneumatic channels at different
locations, which allowed distributed measurement of the pressure response. Fig-
ure 6.2 shows the implemented sensing system with the gyroid-based sensing region,
pneumatic connections, and the four pressure gauges. The top of the structure is
connected to the constant pneumatic supply, while the bottom remains exposed to
atmospheric pressure. The pressure gauges are labelled as Pressure Gauge 1, Pres-
sure Gauge 2, Pressure Gauge 3, and Pressure Gauge 4 according to their positions
in the setup.

Figure 6.2 shows the implemented four-gauge pneumatic sensing setup. The fig-
ure identifies the gyroid sensing region, pneumatic connections, and the four pressure

gauges used for distributed pressure measurement.



6.3 GYROID SENSOR DEMONSTRATION SETUP 80

Pressure Gauge 1
Pressure Gauge 2

Pressure Gauge 3

Pressure Gauge 4

Figure 6.2: Four-gauge pneumatic setup used for distributed pressure measurement.

Figure 6.3 shows the touchpoint locations used during the gyroid sensor demon-
stration. These labelled points were used to apply localized loading at different

positions on the sensing region.

Touchpoints inthe
sensing region.
Pressure Gauge 1 R

Pressure Gauge 2

Pressure Gauge 3

Pressure Gauge 4

Figure 6.3: Touchpoint locations used during the pressure sensor demonstration.
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6.4 Gyroid Sensor Demonstration Procedure

At the beginning of the experiment, the system was in a no-flow condition, and all
four pressure gauges recorded values close to zero. The pneumatic supply was then
turned on, creating continuous airflow through the gyroid structure. This airflow
was able to pass through the sample because of the interconnected geometry of the
gyroid architecture. After the airflow reached a stable operating condition, localized
pressure was applied at the predefined touchpoints using a pencil tip. The resulting
pressure changes were recorded continuously from all four pressure gauges.

The first significant rise in the pressure signals corresponds to the activation of
the pneumatic supply, not to a touch interaction. Therefore, the initial increase rep-
resents the transition from a no-flow baseline to a steady airflow condition. The later

disturbances in the pressure signals correspond to the touchpoint loading events.

6.4.1 Gyroid Sensor Time-Domain Response

Figure 6.4 shows the overall time-domain response of the four pressure gauges. The
figure includes the initial pneumatic activation region and the four labelled touch-

point loading events.



6.4 GYROID SENSOR DEMONSTRATION PROCEDURE 82

Overall Sensor Response

—Pressure Gauge 1 —Pressure Gauge 2
——Pressure Gauge 3 —Pressure Gauge 4
18 iv)
16 \
— 14 ii |)
© . .
e 12 i) ii) N
10 N N
3 g j
3 @l ) )
7]
¢ 6
a 4 E Y Ut /J\ _/
2 ==
o]
o] 10 20 30 40 50 60 70 80 a0
Time (s)

Figure 6.4: Overall time-domain response of the four pressure gauges during pneu-

matic activation and four labelled touchpoint loading events.

Before pneumatic activation, the four pressure gauges remained close to zero. In
the recorded baseline region from 0's to 13.340's, the measured pressure values ranged
from —0.0021 kPa to 0.0083 kPa for Pressure Gauge 1, 0.0007 kPa to 0.0090 kPa for
Pressure Gauge 2, 0.0014 kPa to 0.0117 kPa for Pressure Gauge 3, and —0.0021 kPa
to 0.0103kPa for Pressure Gauge 4. This confirms that the system was initially
stable before airflow was introduced.

The first notable increase begins at 13.683s, when the pneumatic supply is ac-
tivated. At this time, the recorded values were 0.0586 kPa, 0.0951 kPa, 0.0565 kPa,
and 0.0924 kPa for Pressure Gauges 1-4, respectively. The pressure then increased
rapidly, and at 14.367 s the values reached 2.7572kPa, 2.7283 kPa, 1.7389 kPa, and
2.5076 kPa. This initial rise represents the transition from the no-flow baseline con-
dition to the pressurized airflow condition inside the sensing structure.

The pressure peaks associated with the four labelled touchpoint interactions are
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summarized in Table 6.2. For each touchpoint, the table reports the maximum

recorded pressure value for each pressure gauge within the corresponding loading

event.

Table 6.2: Maximum recorded pressure values during the four labelled touchpoint

Interactions.

Touchpoint

Pressure

Gauge 1

Pressure

Gauge 2

Pressure

Gauge 3

Pressure

Gauge 4

ii)

iii)

iv)

8.1937kPa at

38.659 s

8.1413kPa at

59.189s

10.6407 kPa at

72.875s

15.3932 kPa at

80.403 s

5.4834 kPa at

36.264 s

6.4363 kPa at

99.189s

8.7688kPa at

72.533s

13.8143 kPa at

80.403 s

2.7179kPa at

38.699 s

2.6483 kPa at

99.189s

3.4322kPa at

72.533s

11.0426 kPa at

80.061s

3.5777kPa at

38.659 s

3.5729kPa at

57.821s

5.4689 kPa at

72.533s

12.4609 kPa at

80.061s

As shown in the table 6.2, touchpoint i), the highest response was recorded by
Pressure Gauge 1, reaching 8.1937kPa at 38.659s. Pressure Gauge 2 reached its
maximum value of 5.4834kPa earlier at 36.264 s, while Pressure Gauges 3 and 4
reached 2.7179 kPa and 3.5777 kPa at 38.659s.

At touchpoint ii), Pressure Gauge 1 again produced the highest recorded value,
reaching 8.1413kPa at 59.189s. At the same time, Pressure Gauge 2 reached
6.4363 kPa and Pressure Gauge 3 reached 2.6483 kPa. Pressure Gauge 4 reached
its maximum value for this event slightly earlier, with 3.5729 kPa at 57.821s.

At touchpoint iii), the pressure response increased further. Pressure Gauge

1 reached 10.6407kPa at 72.875s, while Pressure Gauge 2 reached 8.7688 kPa at
72.533s. Pressure Gauges 3 and 4 reached 3.4322 kPa and 5.4689 kPa at 72.533s.
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At touchpoint iv), the largest pressure values of the experiment were recorded.
Pressure Gauge 1 reached 15.3932kPa at 80.403s, and Pressure Gauge 2 reached
13.8143kPa at the same time. Pressure Gauges 3 and 4 reached their maximum
values slightly earlier, with 11.0426 kPa and 12.4609 kPa at 80.061 s.

The results show that all four pressure gauges responded to each labelled touch-
point interaction, but the response magnitudes were different for each gauge. Pres-
sure Gauge 1 recorded the highest value for all four touchpoints, while Pressure
Gauge 3 generally showed the lowest response except during the final touchpoint
event. This confirms that the pressure distribution within the gyroid-based pneu-
matic sensing structure was spatially non-uniform and that localized loading pro-

duced distinguishable pressure changes across the pressure gauge network.

6.5 Comparison of Empty, Sponge, and Gyroid Sen-
sor Configurations

After evaluating the response of the gyroid-based sensor, additional experiments
were performed to compare the effect of different internal structures on the pres-
sure response. Three configurations were considered in this comparison: an empty
sensor, a sponge-based sensor, and a gyroid-based sensor. The empty configuration
was used as a control sample to evaluate the baseline pneumatic response without
any internal structure. The sponge configuration was used as a conventional soft
porous comparison, while the gyroid configuration represented the proposed struc-

tured sensing architecture.
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Table 6.3: Sensor configurations used for the control comparison experiment.

Configuration

Internal Structure

Purpose

Empty sensor

Sponge sensor

Gyroid sensor

No internal structure

Sponge-based porous struc-

ture

Gyroid TPMS structure

Control sample for evaluat-
ing the baseline pneumatic re-

sponse

Comparison with a conven-

tional soft porous material

Evaluation of the proposed
structured sensing architec-

ture

Figure 6.5 shows the pressure response of the empty sensor configuration. This

figure is used as the control case to evaluate the baseline pneumatic response without

an internal structure.

Overall Response (Empty)
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Figure 6.5: Pressure response of the empty sensor configuration under touchpoint

loading.

Figure 6.6 shows the pressure response of the sponge-based sensor configuration.
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This figure is used to compare the gyroid structure with a conventional soft porous

material.

Overall Response (Sponge)
——Pressure Gauge 1 —— Pressure Gauge 2
——Pressure Gauge 3 ——Pressure Gauge 4

20 (iv)
R (|)\ (u)\l (iii) N
2 I A
E 5 E e '\ % —
[« — ] —
0
0 10 20 30 40 50 60 70 80 90

Time (s)

Figure 6.6: Pressure response of the sponge-based sensor configuration under touch-

point loading.

Figure 6.7 shows the pressure response of the gyroid-based sensor configuration.

This figure is used to evaluate the proposed structured sensing architecture under

touchpoint loading.
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Figure 6.7: Pressure response of the gyroid-based sensor configuration under touch-

point loading.

The comparison between the empty, sponge, and gyroid configurations shows
that the internal architecture strongly influences the pressure response. The empty
configuration produced the smallest response, with pressure values remaining close
to the baseline throughout the experiment. This confirms that an empty pneumatic
channel alone is not sufficient to generate a strong sensing response under localized
loading.

The sponge-based configuration produced the largest pressure magnitudes. How-
ever, the response also contained a high baseline and larger signal variation, which
may be caused by compression and recovery behaviour of the sponge material. Al-
though the sponge sensor is sensitive to applied loading, its large baseline pressure
and recovery characteristics may reduce its suitability for controlled and repeatable
sensing applications.

The gyroid-based configuration produced clearer pressure peaks than the empty
sensor while maintaining a more controlled response than the sponge sensor. The

gyroid structure therefore provides a balance between sensitivity and signal stability.
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The response peaks observed during touchpoint loading indicate that the deforma-
tion of the gyroid architecture can generate measurable pressure disturbances across

multiple pressure gauges.

Table 6.4: Qualitative comparison of empty, sponge, and gyroid sensor configura-

tions.
Configuration Signal Response Stabil- Observation
ity

Empty sensor Very low High Limited sensitivity to
localized loading

Sponge sensor Very high Moderate to low Strong response, but
higher baseline and
larger fluctuations

Gyroid sensor Moderate to high High Clear pressure peaks

with controlled response

Based on this comparison in the table 6.4, the gyroid-based structure shows
the most suitable behaviour for soft pneumatic sensing because it provides distinct
pressure peaks without the excessive baseline shift observed in the sponge config-
uration. The empty sensor works as a useful control case, but it does not provide
sufficient sensitivity. The sponge structure is highly sensitive, but its response is
less controlled. In contrast, the gyroid structure provides a more balanced response,
combining detectable pressure variation with structural repeatability and defined

geometry.

6.5.1 Comparison of Gyroid Cell Size

A separate comparison was performed to evaluate the effect of gyroid cell size on the

pressure response. Two gyroid configurations were considered: a gyroid structure
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with 0.7 mm cell size and a gyroid structure with 0.9 mm cell size. This comparison
was used to investigate whether changing the internal gyroid geometry affects the

magnitude and distribution of the pressure response.

Table 6.5: Gyroid cell-size configurations used in the comparative experiment.

Configuration Cell Size Purpose

Gyroid structure 1 0.7 mm Evaluation of smaller gyroid

cell size response

Gyroid structure 2 0.9 mm Evaluation of larger gyroid

cell size response

Table 6.5 summarizes the two gyroid cell-size configurations used in the compar-
ative experiment. The table defines the 0.7mm and 0.9 mm gyroid structures and
their purpose in evaluating the effect of cell size on pressure response.

Figure 6.8 shows the pressure response of the gyroid sensor with a 0.7 mm cell
size. This figure is used to evaluate the effect of a smaller gyroid cell size on the

SENnsor response.
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Figure 6.8: Pressure response of the gyroid sensor with 0.7 mm cell size.
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The pressure response contains clear peaks during localized loading events, with
Pressure Gauge 1 and Pressure Gauge 2 showing the strongest pressure changes.
This suggests that the smaller cell size produces a sensitive response to local defor-
mation.

The pressure response of the gyroid sensor with a 0.9 mm cell size, as shown in
figure 6.9. This figure is used to evaluate the effect of a larger gyroid cell size on the

Sensor response.
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Figure 6.9: Pressure response of the gyroid sensor with 0.9 mm cell size.

The response also shows distinct pressure peaks during touchpoint interactions.
Compared with the 0.7 mm gyroid, the 0.9 mm configuration shows a strong response
at later touchpoints, indicating that cell size influences the pressure response and
sensitivity of the structure.

The comparison between the 0.7mm and 0.9mm gyroid structures indicates
that the internal geometry has a clear influence on the sensor response. Both gyroid
structures produce measurable and distinguishable pressure peaks during loading.
However, the relative magnitude of the response varies between pressure gauges
and touchpoint locations, showing that cell size affects how deformation and airflow

disturbances propagate through the structure.
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The 0.7mm gyroid structure shows strong sensitivity in Pressure Gauge 1 and
Pressure Gauge 2, while the 0.9 mm gyroid structure shows stronger response peaks
at later loading events. This suggests that smaller and larger cell sizes may influence
the balance between local compliance, airflow restriction, and pressure transmission.
Therefore, gyroid cell size can be treated as a design parameter for tuning the

sensitivity and spatial response of pneumatic soft sensors.

6.6 Feasibility of Gyroid Structures for Pressure Sens-
ing

Overall, the experimental results show that the system responds clearly to both
pneumatic activation and localized touchpoint loading. The first rise in pressure
corresponds to the activation of the pneumatic supply, which establishes the steady
airflow condition through the gyroid sample. This continuous airflow is possible
because the gyroid geometry provides interconnected internal pathways rather than
isolated cavities. After this point, distinct touchpoint interactions generate addi-
tional pressure increases that are measured by all four pressure gauges.

The results also show that the four pressure gauges do not respond with iden-
tical magnitudes. Pressure Gauge 1 generally records the strongest response, while
Pressure Gauge 3 records the lowest response. This confirms that the system is
capable of capturing spatial pressure variation rather than only a single global pres-
sure change. Therefore, the experimental results support the proof of concept that
a gyroid-based pneumatic sensing region, combined with multiple pressure gauges,
can be used to detect distributed touch interactions.

The comparison with empty and sponge-based configurations further supports
the relevance of the gyroid structure. The empty configuration shows limited sen-

sitivity, while the sponge configuration produces large but less controlled pressure
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variations. The gyroid structure provides a more balanced response by producing
clear pressure peaks while maintaining a stable and structured sensing behaviour.
This makes the gyroid architecture suitable for further development in soft robotic

pressure sensing applications.



7 Conclusion

This thesis investigated the development of a soft pressure sensor for soft robotic
applications. The work included the design and fabrication of gyroid structures,
material characterization of Silicone 40A specimens, FE simulation of the gyroid
specimen, and experimental pressure sensing demonstrations using multiple pressure
gauges. The results showed that the gyroid structure can deform under applied
loading while maintaining interconnected internal pathways for airflow, making it
suitable as a soft internal sensing architecture.

The gyroid structures were successfully designed and fabricated as internal ar-
chitectures for pneumatic sensing. The fabricated structures showed sufficient flex-
ibility, which allowed them to deform under loading while maintaining connected
airflow pathways. This confirmed that gyroid architectures can be used as func-
tional internal structures.

The results of mechanical testing and simulation showed that the FE model could
reasonably predict the general deformation behavior of the printed gyroid struc-
ture, especially in the initial and intermediate strain regions. Although deviations
were observed at higher strain levels, that too due to the software limitations, the
comparison confirmed that the simulation approach is useful for understanding the
mechanical response of gyroid structures and supporting future design development.

The pressure sensing experiments demonstrated that localized touchpoint load-

ing produced measurable pressure changes across the pressure gauge network. Com-
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pared with the empty configuration, the gyroid structure produced clearer pressure
peaks, while compared with the sponge configuration, it showed a more controlled
response. The comparison between different sizes of gyroid cells also showed that
the internal geometry affects the pressure response and can be used as a design
parameter to adjust the sensor behaviour.

Overall, the results support the feasibility of using gyroid architectures for pneu-
matic tactile pressure sensing. The study provides a basis for future development
of a soft pneumatic gripper in which the soft pressure sensor can be integrated into
the palm region or the finger region of the gripper. Future work can focus on test-
ing the integrated gripper during practical grasping tasks, increasing the number of
pressure gauges for better pressure distribution data, and using the response sig-
nals to train machine learning models. Such models could help identify the most
informative pressure gauge locations and may reduce the total number of required

pressure gauges while providing effective tactile sensing performance.
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