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Abstract

"If you can not measure it, you can not improve it."— Lord Kelvin

Improvements in robotic systems and diagnostic equipment for human aid, both depend on
an accurate understanding of force and position. To identify mobility problems, create useful
rehabilitation aids, and develop robotic prosthetics, accurate force and position sensing are
critical, especially for gait analysis.

This thesis presents a step in the direction of the development and enhancement of a novel
force and position sensor made with 3D Printing of elastomeric plastic. The primary focus of
the research is to increase the sensitivity of capacitive and resistive sensing through the modi�-
cations like addition of extensions in the electrode layer of the capacitive sensor, as well as the
addition of air gaps in the dielectric layer, using a multi-frequency readout.

The research process involved conceptualizing the design based on insights from existing stud-
ies, followed by mathematical modelling and Finite Element Analysis simulations. The models
were used to understand the sensor's behaviour, and the sensor was fabricated using Fused
Deposition Modeling/Fused Filament Fabrication 3D Printing techniques.

Experiments were conducted to evaluate the sensor's performance, focusing on its impedance
response under varying force applications at varying positions, with multiple different frequen-
cies simultaneously. The results indicated that the suggested design improvements have the
potential to greatly enhance sensor sensitivity, especially with more research into the fabrica-
tion technique.

This thesis concludes by addressing the research objectives and proposing future work, includ-
ing explorations in other fabrication methods and adding a layer of the sensor design to avoid
drift in measurement, as well as segregating the sensor into smaller sections to have a better
readout with the multi-frequency approach.
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2 Explorations of 3D Printed Elastomeric Sensors for Force and Position Measurement

1 Introduction

This chapter introduces the operating principles and features of force, as well as position sen-
sors, employed in the development of biomedical and robotic systems. Moreover, it highlights
3D printing as an upcoming technology in the �eld of biomedical and robotic applications.
The objective of this thesis is to add sensitivity to a capacitive and resistive elastic sensor for
simultaneous force-position measurements. This is elaborated further in the next part of this
chapter. The organization of this thesis is detailed in the last section of this chapter.

1.1 Background

Measurement of force is vital for gauging indicators such as pressure, torque, and thrust that
are needed to be derived for any mechatronic system. The position at which the force is mea-
sured gives information about the area of contact, helping to determine the structure of the
object being interacted with. Force measurement has widespread applications, especially in
the �eld of soft robotics and health monitoring using biomedical sensors. It has also seen in-
creasing use in other �elds such as remote operation, patient monitoring, prosthetic devices,
and rehabilitation physical therapy [1].

Many robotic devices that are designed for monitoring and diagnostics, interact with human
skin through a soft interface termed e-skin. Some of the most popular application �elds that
make use of e-skin technology are prosthetic limbs, wearable electronics, or medical robots
for teleoperation [2, 3]. To fabricate a skin-like sensor, �exible and/or stretchable electronics
featuring high resolution and rapid response rates are preferred [4]. Sanderson expresses her
wonder at the positives that can be achieved by e-skin technology in the lives of volunteers (in
vivo implants, [5], temporary transfer tattoos, [6]) at various clinics worldwide. Applications of
e-skins now include monitoring vital signs in premature infants, hydration in athletes as well
as giving robots a lighter, human-like texture. Irrespective of whether these skins are made for
people or robots, they indicate a signi�cant engineering challenge. Electronic components are
typically brittle and in�exible, different from the human skin which is a malleable yet dif�cult
canvas [7,8].

The elasticity of electronics came to the foreground through research on conductive carbon-
based polymers that could conduct electricity. These polymers were used for the development
of �exible Light Emitting Diodes, Organic Field Effect Transistors, etc. The �rst successful re-
search dates to the beginning of the 2000s. In 2004, Someya et al. developed a �exible 8 cm
x 8 cm robot skin made from layers of pressure-sensing polyimide plastic spun into a net of
individual strands. This stretched net was a successful iteration of a �exible pressure sensor
that was upgraded by organic semiconductor diodes to measure temperature simultaneously,
to mimic human skin. Fabricating sensitive skin with sensors in the order of thousands would
require a �exible switching matrix. Present silicon-based electronics cured by Polydimethyl-
siloxane (PDMS) fall short of such capabilities [9]. In 2006, developments were made when
submicrometre ribbons of single crystal silicon were bound to a rubber PDMS sheet, which
allowed the silicon to withstand the large forces being applied to it [10]. Although many de-
velopments have been made in this area in the past decade [11–17], fabricating such sensors
using 3D printing is rare [18]. 3D Printing (3DP) molds are made to cure an MEMS force sen-
sor at [19] of the submicrometer level. Liu et al. reported the challenges of using 3D printing
on piezoelectric, piezo-resistive, and capacitive characteristics for micro-scale, �exible tactile
sensors [20].

3D printing has accelerated the pace of manufacturing and prototyping of �exible electronics,
primarily due to the development of multi-extruder printers that are capable of printing multi-
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CHAPTER 1. INTRODUCTION 3

ple materials simultaneously [21]. This upcoming technology has various advantages, such as
simplicity and �exibility in terms of design modi�cations and materials used [22]. In this the-
sis, the sensor is fabricated using Fused Deposition Modeling or Fused Filament Fabrication;
melted material is extruded through a nozzle to stick to the bed or the previous layer of the
object, repeating line by line, layer by layer [23]. Figure 1.1 schematically explains the work-
ing of a printer that uses the fused �lament deposition technique. For such complex struc-
tures as sensors that include a combination of a few different materials, two different methods
can be used to integrate different parts of the sensor. Each layer of polymer has to tradition-
ally undergo plasma surface treatment that is lengthy and expensive. With the development
of multi-extrusion systems like the one used in this project, it is possible to integrate these
parts into the design. Multiple different thermoplastic �laments can be heated at tempera-
tures higher than the melting points simultaneously and extruded using multiple nozzles, in
the same print. They bene�t from the high temperature of the bed to bond, thus making the
fabrication process simpler than traditional techniques such as PDMS curing. Schouten men-
tions more about suitable technologies for 3DP sensors and different extrusion systems in his
thesis and discusses the challenges present in the present material switching systems [21].

Figure 1.1: Schematic of FDM/FFF, courtesy [24].

Technology currently deployed in 3D printing soft robotic sensors has been bolstered by re-
search in material science and 3D printing technologies. Many soft elastomer polymers, food
particles as well as human tissue-based hydrogels have been used for such e-skin applica-
tions [7], Extrusion-based additive manufacturing technologies are still in the development
phase for the fabrication of multi-material as well as other upcoming materials. A thorough
comparison of the sustainability of materials used in extrusion-based additive manufacturing
processes is presented in a detailed table within the paper [25], which evaluates various materi-
als based on their environmental impact, resource ef�ciency, and overall sustainability metrics.
Current limitations and future directions of such stretchable conductors and suitable materials
are presented in detailed tables in paper [26] as well as in paper [27]. Conductive hydrogels are
experimentally used for 3D printing and are reviewed by [28–30]. The bene�ts of hydrogel in-
clude its ability to preserve, replace or reinforce human tissues. They are capable of mimicking
sophisticated natural architectures and imparting self-healing characteristics. Dr Agi Haines
demonstrates the futuristic bene�ts of using new materials with 3D printing technologies us-
ing living tissues to 3D print modi�ed skull designs to enhance human capabilities [31]. It has
been showcased at many art and technology-related innovation forums, including GOGBOT,
2019 in Enschede, The Netherlands. The trend of 3D printing in alternative �exible and thin
materials is also explored heavily by KRIZIA, also known as Sew Printed, which tries to print
patterns with soft elastic plastic to make fabrics out of them. She made laces for her wedding
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dress, and it was presented as 'LACED' at Dutch Design Week in 2022 [32]. These kinds of
expressions prove the versatile nature of 3D printing, rede�ning traditional methods creating
new paradigms, and rede�ning normalcy [33]. Alternative materials, especially textiles, have
been increasingly used as �exible pressure sensors. Lou et al. developed such a sensor with ap-
plications of plantar pressure measurement and gait analysis using a conductive textile called
graphene [34]. Conductive plastics are increasingly used for electrical sensors fabricated using
FDM/FFF. A review of the printing properties of commercially available conductive �laments
for such medical applications is presented in [35]. In addition to textiles and plastics, Jia et al.
propose the development of a capacitive, paper-based pressure sensor for gait detection [36].

Current advancements in gait and foot plantar pressure measurement are led by the company
Tekscan. This includes both in-shoe and mat-like applications of capacitive force sensing,
which are widely used [37, 38]. Applications like foot function analysis, gait analysis, postural
stability, sway analysis, fall risk assessments, and pressure off-loading for neuropathic feet have
been explored by the Centre for Biomechanics and Rehabilitation Technologies, Staffordshire
University using products from Tekscan's product portfolio [39]. Out of this range of products,
the most sensitive measurement tool in terms of active sensing area, an array of such Sensels
(individual sensing units), and pressure range is the HR Mat 7101E. Table 1.1 provides data on
the same.

Features Details
Integration VersaTek Cuff and VersaTek 2-Port Hub
Connection USB 2.0
Number of 'Sensels' 8448
'Sensels' per 1 cm 4
Active sensing area 48.8*44.7 cm
Platform thickness 0.6 cm
Sensing platform weight 3.5 kg
Sensing range 345 to 1103 kNm ¡ 2

Table 1.1: Tekscan HR Mat 7101E [37]

Figure 1.2: Tekscan HR Mat 7101E [37].

Many methods are used for gait and foot plantar measurements apart from such a grid of
'Sensels'. Most of them use multiple force sensors in a complex array of force and pressure sen-
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sors. Foot pressure distribution occurs due to pronation of the foot. An example of the pressure
distribution of the foot during the gait cycle is shown in Figure 1.3. Key pressure points shown
in Figure 1.4 have been used for medical diagnosis. Hessert et al. explore the relationship
between pressure distribution during foot plantar �exion/extension and the health of the par-
ticipants [40]. Many in-shoe devices have been developed to measure force at multiple such
locations of the foot connected with complex circuitry, as shown in Figure 1.5 [41–46]. Vari-
ous similar devices are compared and reviewed in [47] and [48]. International standards have
been established for regularising plantar pressure measurement devices. The Italian public
health journal published the 'International Scienti�c Consensus on Medical Plantar Pressure
Measurement Devices: Technical Requirements and Performance' in 2012 to regulate the tech-
nology [49].

Figure 1.3: Visualisation of gait pressure distribution with different poses with reference images by com-
mercial pressure measurement devices, [50].

Figure 1.4: Important measurement points, [51].

The main potential advantage of using the method proposed in this report over the present
technologies is the ability to use only one attachment cable and ef�cient computation since an
in�nitely large array of sensing elements of 2 mm x 2 mm can be used for similar applications
using additive manufacturing exploiting conductive polymers. It meets practised standards
mentioned in [49] and it is also possible to make a single sensor for all foot sizes. Its resolution
and its capability to be reproduced on a larger scale make it possible for the sensor to be used
for broader applications. General force measurement applications like gait analysis for animals
and even machines, in addition to their usage in exoskeleton devices or as �exible touchpads,
could also be bene�cial.
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(a) Location of sensor placement, [50].

(b) High precision
sensor, [52].

Figure 1.5: Different sensors used for gait analysis. (a) Fewer sensing points are used, measurement
optimized using Arti�cial Intelligence, (b) Many sensors are connected using the Internet of Things.

1.2 Motivation

Schouten et al. developed a �exible force sensor consisting of a parallel plate capacitor [53].
It was 3DP using regular and conductive Thermoplastic Polyurethane (TPU) using FDM/FFF.
This sensor is based on the change in capacitance between two �exible conductive layers of
TPU and produces a capacitance change of 160 fF for a change in the force of 6.6 N.

To continue the project, Patel et al. used FDM/FFF to print TPU as a lossy transmission line [54]
and one of the sensors thus designed is set as a basis for the sensor design modi�cations made
in this assignment. Like the sensor de�ned above, the force applied to the sensor changes
the shape of the sensor at the place of its application. Since the sensor works like a parallel
plate capacitor, its resistance and capacitance change due to the displacement of the elastic
structure, changing its impedance. It was possible to achieve 114 pF of capacitance change
and change in resistance of 237 ­ for an applied compressive force of 11 N. This thin and elastic
sensor was designed to have low complexity with only 3 electrical connections.

1.3 Research Questions

Since the umbrella goal of this project is to make an in-shoe measurement device for applica-
tions similar to gait analysis, it was interesting to optimize the sensor further. For this reason,
sensitivity was added as a measure to improve the sensor's performance. After thorough re-
search, the addition of micro-level structures to the dielectric as well as the addition of mul-
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CHAPTER 1. INTRODUCTION 7

tiple frequencies for measurement was chosen to be the area of investigation. The pertinent
research questions which will be answered in this thesis are:

• How does adding different micro-structures like electrode material or air gaps in the di-
electric layer modify the sensitivity of force and position sensing in 3D printing of a re-
sistive and capacitive sensor made with elastomers?

• How does multi-frequency readout affect the performance of the sensor?

1.4 Approach

For this master's thesis, engineering, and research approaches are combined, and an experi-
mental structure is designed. This structure was tested to understand the behaviour and char-
acteristics induced by the selected design features. Since the project is an extension of past
work in this direction, most of the fabrication and model parameters are unmodi�ed. Initially,
a literature review was conducted to understand the present developments and trials in solving
the problem. The mathematical model was modi�ed to characterize the desired performance
of the sensor by exploring strategies like adding air gaps or adding electrode materials in the
structure of dielectrics of the sensor design. To simulate the principals in the mathematical
model, Finite Element Analysis (FEA) was performed, and tested with an analytical model. An
experiment was set up using a 3D printer and a force actuator. This actuator was manipu-
lated to apply different force values at varying positions on the sensor by the 3D printer. The
resistance and capacitance measurements were recorded by an LCR meter, using a multiple-
frequency approach. These results are analysed and discussed.

1.5 Report Structure

This report is structured into seven chapters, each dedicated to a speci�c aspect of the research
and development of the proposed force and position sensor design.

1.5.1 Chapter 1: Introduction

The �rst chapter introduces the research problem, the objectives of the project, and the signi�-
cance of the proposed sensor in biomedical and robotic applications. The chapter also outlines
the motivations and background information that led to the development of this project.

1.5.2 Chapter 2: Conceptual Design

Chapter 2 discusses the conceptual design of the sensor, including the inspiration derived from
existing studies. The chapter elaborates on the modi�cations made to previous sensor designs,
focusing on the feasibility of 3D printing and the introduction of a multi-frequency readout
approach. It serves as a foundation for the roadmap outlined in the Future Perspectives section.

1.5.3 Chapter 3: Modelling and Design

This chapter details the mathematical modelling and Finite Element Analysis (FEA) simula-
tions performed to understand the physics within the sensor design. It includes the develop-
ment of a new sensor model in MATLAB and an analytical model in Python. The results of these
simulations are used to understand the behaviour experienced by the addition of the new arte-
facts in the design structure, which is subsequently fabricated and tested.

1.5.4 Chapter 4: Materials and Fabrication

Chapter 4 provides an in-depth discussion of the materials used in sensor fabrication, with
a focus on conductive plastics and the 3D printing process. The chapter outlines the design
iterations and modi�cations based on material properties, such as Poisson's ratio and Young's
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8 Explorations of 3D Printed Elastomeric Sensors for Force and Position Measurement

modulus, and the challenges associated with fabricating complex designs in the sub-millimetre
range.

1.5.5 Chapter 5: Experimentation

This chapter describes the experimental setup used to test the sensor prototypes. It includes
a detailed explanation of the components involved, modi�cations made to a 3D printer for
experimentation, and the methods used for data visualization and �ltering. The chapter also
covers the testing procedures and the comparison of results from different models and simula-
tions.

1.5.6 Chapter 6: Results and Analysis

Chapter 6 presents and analyses the results of the new sensor design. It begins with an eval-
uation of the simulation outcomes, followed by a discussion of the fabrication process results
and the experimental �ndings. The chapter examines the effectiveness of the multi-frequency
approach and the impact of design modi�cations on sensor performance.

1.5.7 Chapter 7: Conclusions and Future Considerations

The �nal chapter concludes the thesis by summarizing the key �ndings and addressing the
research questions posed in the introduction. It re�ects on the achievements of the project
and proposes future directions for enhancing the sensor's design and application in real-world
scenarios.
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2 Conceptual Design

In the �rst part of this chapter, some studies are introduced that inspired the designs, and later,
changes to the previously fabricated sensor's mathematical model are explained. The �nal-
ization of the design was done based on its feasibility of being fabricated using 3DP, and the
conceptual design was further modi�ed for the same. A multi-frequency approach is also in-
troduced for the readout. The goal of making these changes is to give the sensor appropriate
dimensions in the later stages of the project. A road map for it is laid down in the Future Per-
spectives section of this report.

2.1 Modi�cations Explored

A force sensor is used to measure applied forces. It converts the displacement or strain of its
component into a measurable change in electrical quantities such as potential, charge, cur-
rent, resistance, and capacitance-converting work in the mechanical domain into an electrical
signal. Most of the force sensors are fabricated by curing PDMS in moulds and using an array
of capacitive cell-like structures that are connected in series, and such series are connected in
parallel. Each cell forms an individual sensing unit. This mechanism was explored further, and
Schouten et al. developed a �exible force sensor that was fabricated using 3DP using FDM/FFF
with conductive plastics [53]. The design of this new sensor was equivalent to a capacitor, with
electrodes printed using conductive Expanded Thermoplastic Polyurethane (eTPU) and dielec-
tric printed using X60 ultra-�exible �lament. On loading, the measured change in capacitance
was 160 fF for 6.6 N force applied, at the operating frequency of 25 kHz.

Elongated fabricated using 3DP capacitive sensors were designed to behave like a lossy
transmission line [54]. This is due to the major limitation of the 3D printing fabrication
method. Fibres in organic compounds such as plastic are printed in single layers, causing an-
isotropic characteristics [21]. A �exible force sensor was designed and modelled based on such
anisotropy for fabricated using 3DP structures that used FDM/FFF [55]. This characterization
method is used by Patel in [24], which is further developed in this project, to better suit it for
two-dimensional sensing.

To ensure a smooth addition of a second geometric dimension to such a sensor, an important
concept to be explored is its sensitivity. In this project, different approaches are to manufac-
ture microstructures that are either extensions of the electrode or a way of creating an air gap
between the two electrodes, as explained in later parts of this chapter.

Li et al. conducted a study on techniques used to enhance the sensitivity of a given sensor [4].
These methods involve the creation of microstructures within the dielectric or electrodes, the
addition of conductive �llers to polymer elastomers to form a composite dielectric, and the
inclusion of micro-holes into the layer. These approaches have been explored in previous re-
search and were reviewed in this study [4]. Quin et al. conducted a comparative analysis of �ve
prevalent microstructures utilized in the dielectric layer of capacitive sensors, examining their
impact on sensitivity, response and recovery time, cyclic stability, and pressure range. These
methods are compared in Table 3 of reference [56]. Inspired by that research, modi�cations are
explored in this project and described in the following sections.

2.2 Reference Designs

In this section, to increase the sensitivity of the previously designed sensor, two methods are
explored.
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10 Explorations of 3D Printed Elastomeric Sensors for Force and Position Measurement

2.2.1 Adding Cog-Like Structures to the Top Layer

Hao et al. conducted an investigation on various shapes for their dielectric elastomer-based
capacitive pressure sensor and concluded that cubic structures were the most suitable for their
application. The cubic shape enhances the sensor's ability to deform uniformly under pressure,
leading to more consistent changes in capacitance and, therefore, higher sensitivity [19].

Ruth et al. examined sensors on silicon wafers, �nding that speci�c microstructures improved
performance by optimizing the contact area and deformation pattern under pressure [57, 58].
Similarly, Li et al. explored cone-like structures, discovering that varying the distances and sizes
of these structures signi�cantly affected the sensitivity. The conical shapes help focus the force,
enhancing the local deformation and increasing the capacitance change [59].

Cho et al. used micro-patterned pyramidal ionic gels, which increased the sensor's �exibility
and responsiveness. The pyramidal structures provided a larger surface area for deformation,
improving the overall sensitivity by allowing more signi�cant capacitance changes per unit
pressure [60]. Zhang et al.'s icicle-shaped extensions on liquid-metal �lm electrodes created
highly responsive and �exible sensors by facilitating substantial deformation, which causes
more precise pressure measurements [61].

Guo et al. combined carbon nanotubes with PDMS in a composite dielectric layer, enhancing
the sensor's sensitivity by leveraging the high mechanical strength and electrical conductivity
of CNTs, which improved the overall deformation response [62]. Choong et al. used micro-
pyramid PDMS arrays in resistive sensors to create compressible platforms, enhancing pressure
sensitivity by allowing more pronounced resistance changes under pressure [63].

Luo et al. introduced a tilted micropillar array, which enhanced sensitivity by bending rather
than compressing, thus increasing the effective capacitance change due to a more signi�cant
alteration in the distance between electrodes [64]. Li et al. further improved sensitivity by
incorporating elastic pyramidal microstructures, which increased the sensor's responsiveness
through enhanced deformation properties [59].

Mannsfeld et al. mimicked tactile sensing with �exible arrays of microstructured thin �lms of
PDMS, enhancing sensitivity by creating a bio-inspired design that better translated mechan-
ical stimuli into electrical signals [65]. Tee et al. made �nite element models that showed that
speci�c spatial arrangements of PDMS microstructures could maximize mechanical sensitivity
by optimizing compressibility and deformation patterns [66].

Xiong et al. developed sensors with convex micro-arrays on both electrodes, �nding that
changes in the contact area and distance between electrodes were crucial for sensitivity. Their
�nite-element analysis supported that these microstructures signi�cantly improved the sen-
sor's performance [67]. Schwartz et al. compared different designs of PDMS pyramids, con-
cluding that speci�c spacing and arrangements could dramatically enhance sensitivity by op-
timizing deformation behaviour under pressure [68].

The rationale behind these exotic shapes lies in their ability to optimize deformation, contact
area, and distance changes under pressure, thereby signi�cantly improving the sensitivity of
capacitive force sensors. Each shape and structure introduces unique advantages, contributing
to a more precise and responsive sensing capability.

2.2.2 Adding Air Gaps in the Dielectric Layer

Kim et al. found that the addition of precisely aligned air gap structures signi�cantly improved
the sensitivity of a �exible capacitive pressure sensor with porous Eco�ex, manufactured us-
ing a mould and micro-needle [69]. Stano et al. used an assembly-free multi-material Fused
Filament Fabrication technique to produce a capacitive force sensor with soft TPU and soft
conductive PLA. The authors examined various in�ll patterns in the dielectric layer to deter-
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mine the effect of air gap incorporation on capacitance. The Cross 3D in�ll pattern was found
to be the most effective in enhancing sensitivity [70]. Kwon et al. discovered that incorporating
micro-pores into the dielectric layer of a �exible pressure sensor resulted in an increase in sen-
sitivity due to the piezo-dielectric effect, and they attributed this enhancement to the impact
of micro-pores on the dielectric constant and Young's modulus of the elastic dielectric, as well
as due to a greater change in the distance between the electrodes [71].

Figure 2.1: Figure from [70], comparing the difference in displacements of the top electrode for given
force a) without, and b) with added air-gap to the structure.

As shown in Figure 2.1, it is intuitive to think of air gaps in the dielectric layer of a capacitive
sensor to add a parallel plate capacitor to the structure without the added division of dielectric
constant. Patel, in his report, also found a signi�cant increase in the sensitivity of the sensor
performance when reducing the in�ll density in the dielectric layer. To test the capabilities
of this fabrication method, 100% in�ll density was used and multiple different designs were
tested with different sizes and distances between air gaps. Tests were made with lower in�ll
percentages for the dielectric to ensure an additional increase in sensitivity by reducing the
in�ll percentage as a reliable strategy.

2.3 Considerations for Modelling

In this section, the previous work on this sensor is introduced as a starting point for modelling.
Two new additions are explored based on the previously mentioned strategies, and alterations
in the transmission line model are introduced for the same.

2.3.1 Previous Work

Patel [24] made a parallel plate capacitor that was fabricated using 3DP using different combi-
nations of materials. Of all the designs that were explored in the report, the SX60 sensor design
was used. It was formed by a layer of dielectric of thickness d printed using X60, sandwiched
between two conductive layers of eTPU that act as electrodes for the capacitor. The sensor has
connections on one of its edges, as shown in Figure 2.2 and gives information about the mag-
nitude of force applied, as well as the position at which the force is applied along the direction
of its length.

The mathematical model of the sensor can be de�ned by using a set of differential equations
with boundary conditions, taken from Patel's MSc report. They are described in Appendix B.
The RC transmission line model is used to characterize the dielectric elastomer sandwiched
between electrodes. It is inspired by the �eld of radio and telecommunications engineering
and used to analyze the effects of internal changes in the capacitance of the sensor [72–77].
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12 Explorations of 3D Printed Elastomeric Sensors for Force and Position Measurement

Figure 2.2: Schematic diagram of the sensor designed by Patel, reused from [24].

U2(x)
I2(x) R

C

U1(x)
I1(x) R

R

C

R I2(x)
Uout2

R R I1(x)
Uout1

Figure 2.3: Lumped element circuit diagram of the transmission line model used by Patel [24].

The circuit diagram of such a structure would look like Figure 2.3.

U2(x)
I2(x) R

C

U1(x)
I1(x) R

I2(x Å ¢ x)
U2(x Å ¢ x)

I1(x Å ¢ x)
U1(x Å ¢ x)

Figure 2.4: Circuit diagram for the in�nitesimal part of the sensor used by Patel [24].

This model is modi�ed by adding microstructures inspired by the literature above. For that,
strategies that are explored are mentioned in the next section.

From the sensors designed by Patel in [24], the sensor design called 'SX60' was selected for mak-
ing modi�cations. Although it exhibits disadvantages like drift and non-linearity, he demon-
strates the possibility of creating a differential sensor design with two layers of the same struc-
ture stacked on top of each other to eliminate such disadvantages. This also helps in increasing
its sensitivity. For adding a second geometric dimension for position measurement, the sensor
needs to be more sensitive than the one referred to. To achieve this, strategies like adding a cog-
like structure to the top layer and/or adding air gaps to the dielectric layer are explored. The
next section visualizes the sensor's behaviour as an RC circuit for such additions to increase
sensitivity and to achieve expansion of the geometric dimensions for position measurement
on the sensor.
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2.3.2 Adding Cog-Like Structures to the Top Electrode

The addition of an array of cog-like structures is explored here as an extension of the top layer
of the sensor. These cogs can be designed as diverse as their namesake - the teeth of gears. Like
in gears, these structures can be circular (like a bump), triangular (like cones), or rectangular
(like teeth). Although none of the studies introduced in the previous section used the structures
as an extension of the top electrode like the new proposed design intends to, they establish the
importance of researching the exact shape, distance, and size of the cog-like structures.

Figure 2.5: Cross section of the sensor with the extension of the top electrode with cog-like structure,
and width W.

The circuit diagram of such a structure would look like Figure 2.6, using transmission line mod-
elling.
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I2(x)

R

Cde

Cde

Rc

U1(x)
I1(x)

R

R

Cde

R

Cde

Rc

R
I2(x)

Uout2

R
I1(x)

Uout1

Figure 2.6: Circuit diagram for transmission line model of the structure with added cogs. The variable
capacitors and resistors signify changes in resistance and capacitance values due to added force.
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Figure 2.7: Circuit diagram for the in�nitesimal part of the sensor design with added cogs.

Robotics and Mechatronics Nina Bhuva



14 Explorations of 3D Printed Elastomeric Sensors for Force and Position Measurement

2.3.3 Adding Air Gaps to the Structure

The dielectric shown in Figure 2.5 could be substituted with regularly spaced air gaps, as illus-
trated in Figure 2.8, to increase conduction at the electrodes during the application of force to
the sensor.

Figure 2.8: Cross section of the sensor with an air gap in the dielectric layer, with width W.

The circuit diagram of such a structure would look like Figure 2.9, using transmission line mod-
elling.

U2(x)
I2(x)

R

Cde Cair

U1(x)
I1(x)

R

R

Cde

R

Cair

R
I2(x)

Uout2

R
I1(x)

Uout1

Figure 2.9: Circuit diagram for transmission line model of the structure with an added air gap in the
dielectric layer.
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I2(x Å ¢ x)
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I1(x Å ¢ x)
U1(x Å ¢ x)

Figure 2.10: Circuit diagram for the in�nitesimal part of the sensor design with an added air gap in the
dielectric layer.

Since this is modelled as capacitors in parallel, the equivalent capacitance due to this circuit
looks like the scalar sum of capacitance in the sensor due to the dielectric and the capacitance
due to the air gap. Thus, the model in Figure 2.10 can be modelled as shown in Figure 2.11.
Apart from this, the capacitance changes because of the expansion of dielectric material when
external force is applied to this RC chain. An analytical model is derived in Chapter 3 to explain
the effects of bulging experienced by our elastic material under force.

Adding such alterations to the structure is an advantage of additive manufacturing. Multi-
extrusion for fused deposition makes it possible to design such complex structures of the sen-
sor, without the additional steps of assembling different parts of the sensors post-printing. The

Nina Bhuva University of Twente



CHAPTER 2. CONCEPTUAL DESIGN 15

U2(x)
I2(x)

R
Cde + Cair

U1(x)
I1(x)

R

I2(x Å ¢ x)
U2(x Å ¢ x)

I1(x Å ¢ x)
U1(x Å ¢ x)

Figure 2.11: Reduced circuit diagram for the in�nitesimal part of the sensor design with an added air
gap.

�nal designs mentioned in the next section are modi�cations to the initial structure that the
fabrication process can allow.

2.4 Proposed Designs

Both the strategies mentioned above are used in the �nal design, inspired by the paper by Li et
al. [4]. Based on the previously described exploration, two structures, as explained below, were
designed.

2.4.1 Triangular Design

Figure 2.12: Cross-section of a unit cell of the �nal design with extension of electrode and air gap in the
dielectric, with width W.

Keeping the volume of all the materials constant in both these structures, this cell is made with
depositing lines of eTPU and X60 in 0.5*1 mm inverse triangles alternatively. The space for air
was created by the gap between these and the bottom dielectric X60 triangles of 0.24*1 mm.
One side of this design is shown in �gure 2.12. Like in the rectangular design, the short-
circuiting in the structure is avoided by introducing a layer of 0.1 mm of X60 on top of the bot-
tom electrode. The design of the circuit for transmission line modelling of such a structure is
shown in �gure 2.15.
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Because of the line-by-line deposition of material in FDM/FFF, the size of this air gap can be
bigger. Thus, the change in sensitivity can be higher. The circuit diagram of its transmission
line model is shown in �gure 2.13.

U2(x)
I2(x)

R

Cde

Cair

Cde

Cair

Rc

I1(x Å ¢ x)
Uout1U1(x)

I1(x)
R

I2(x Å ¢ x)
Uout2

Figure 2.13: Circuit diagram for transmission line model of the �nal design with triangle extension of
the electrode and added air gaps.

2.4.2 Rectangular Design

This cell is made with depositing lines of eTPU and X60 in 0.3 mm x 0.7 mm blocks alternatively
with space of 0.3 mm x 0.3 mm between them for air, orthogonal to each other. One side of
this design is shown in Figure 2.14, and the mesh denotes the repetition of the same structure
transverse to the plane of this paper. This connects the extension of the top electrode to the ex-
tension in another direction, which causes the top and bottom electrodes to touch each other,
causing a short circuit. To avoid this, a layer of 0.1 mm of X60 is added on top of the bottom
electrode.

Figure 2.14: A unit cell of the �nal design with the extension of electrode and air gap in the dielectric.
The width of this entire cell is W x W.

The dimensions of each of these components are versatile. The reason for using these speci�c
values is explained in the next chapter. The circuit design for transmission line modelling of
such a structure is shown in �gure 2.15.
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Figure 2.15: Circuit diagram for transmission line model of the �nal design with such a rectangular
extended electrode and added air gaps.

Since all the variable components are dependent on the same parameters, it is possible to
merge similar components in each parallel rung as a single variable component. Apart from
this, it is also possible to merge identical rungs to further simplify the model, and assume its
calculation in a single varying rung. Thus, the complex model of �gure 2.15 can be reduced to
a simpler version as shown in �gure 2.16.
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Figure 2.16: Simpli�ed circuit diagram of the �nal design with the rectangular extension of the electrode
and added air gaps.

The versatile nature of the components of these designs is an advantage of the fabrication pro-
cess of 3D printing, It is easily possible to change the dimensions of the design parameters,
such as the height, the width as well as the distance between each cog or each air gap.

2.5 Mathematical Model Calculations

The new sensor designs can be represented by their equivalent circuit diagram as a lossy trans-
mission line, as shown in �gures 2.16, and 2.13. This is similar to 2.3, reduced as 2.4, as seen
in the Appendix B. We assume that the electrodes of these new sensor designs are also purely
resistive [78]. Again, all the parameters are the same - the resistance of the sensor of ¢ x [m]
width is de�ned as R Æ½¢ x

HW [­ ] and ½[­ m] is the volume resistivity of the electrode material.
Given an in�nitely small part of the sensor in �gures 2.16 and 2.13, the current �ows from left
to right because of the potential difference in track U1. Dimensions H , t 1, t 2, d , W , w 1, w 2,
and L in these equations are taken from the sensor designs, as shown in �gures 2.14, 2.12, and
2.2.

I1(x, t ) Æ
¢U1(x, t )

Rn
Æ

¡ HW

½

¢U1(x, t )

¢ x
(2.1)
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The limit on ¢ x ! 0:

I1(x, t ) Æ
¡ HW

½

@U1(x, t )

@x
(2.2)

We get this equation in the time domain. Since we want impedance in the frequency domain,
the Fourier transform gives us:

Î1(x,! ) Æ
¡ HW

½

@̂U1(x,! )

@x
(2.3)

We differentiate the equation for x to get a second-order term of voltage.

@̂I1(x,! )

@x
Æ

¡ HW

½

@2Û1(x,! )

@x2 (2.4)

The capacitance in the design is due to two different structures, acting in parallel for our circuit.
Thus, the resulting capacitance should be an addition of both effects. The �rst effect is the
capacitance of the dielectric Cde, given by parallel plate approximation:

Cde Æ
" 0" r Ade

dde

Æ
" 0" rWde¢ xde

dde

(2.5)

with area Ade [mm 2] of the plates, distance between the plates dde, permittivity of vacuum
" 0[Fm ¡ 1], and relative permittivity and " r . The area under the plate Ade is a scalar multiplica-
tion of the width Wde and the component of change in the width ¢ xde that is added because of
X60.

The reactance component because of this capacitance Cde, is given as:

Xde Æ
1

! Cde

Æ
dde

!" 0" rWde¢ xde

(2.6)

The second effect is the capacitance of the air gap Cair , given by parallel plate approximation:

Cair Æ
" 0Aair

dair

Æ
" 0Wair¢ xair

dair

(2.7)

with area Aair of the plates, distance between the plates dair , permittivity of vacuum " 0 [Fm ¡ 1].
It is possible to ignore the relative permittivity " air because we assume the relative permittivity
of air to be 1. The area under the plate Aair is a scalar multiplication of the width Wair and the
component of change in the width ¢ xair that is added because of the air gap. The reactance
component because of this capacitance Cair , is given as:

Xair Æ
1

! Cair

Æ
dair

!" 0Wair¢ xair

(2.8)
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Apart from these, we have the resistive component introduced due to the addition of the top
electrode can be given as:

Rc Æ
½dc

Ac

Æ
½dc

Wc¢ xc

(2.9)

Rc is in [ ­ ]. The cross-sectional area of the added cog is Ac, which is a scalar multiplication of
the width Wc and the component of change in the width ¢ xc that is added because of the cog.
The length of this resistor is the height of the cog.

2.5.1 Triangular Design

For the rectangular design, the unit cell of the circuit shown in �gure 2.12 is used. To �nd
the equivalent impedance for this lumped model, �rst, we need to �nd impedance due to the
dielectric layer artefacts in the circuit of �gure 2.13. This is because of the �rst two rungs seen
in the rectangular design, and thus is possible to compute:

These parallel impedances can be calculated as an equivalent impedance.

Zt Æ
Z1Z2

Z1 Å Z2
(2.10)

The current passes through both these impedances Zr and Zt respectively (here denoted as
Z ), due to the potential difference between U2 and U1. This current Î c is expressed in Fourier
transform while assuming harmonic function.

Î1(x Å ¢ x,! ) ¡ Î1(x,! ) Æ ¡ Î c(! ) (2.11)

Î1(x Å ¢ x,! ) ¡ Î1(x,! ) Æ
¡

¡
Û2(x,! ) ¡ Û1(x,! )

¢

Z (! )
(2.12)

For a unit part of the sensor, it is possible to derive the equation as a partial derivative.

@̂I1(x,! )

@x
!

¡ HW

½

@2Û1(x,! )

@x2 Æj Z
¡
Û1(x,! ) ¡ Û2(x,! )

¢
(2.13)

@2Û1(x,! )

@x2 Æ
j ½Z

¡
Û2,(x,! ) ¡ Û1(x,! )

¢

H
(2.14)

Introducing the conduction parameter:

¡ Æ
j ½Z

H
(2.15)

For the top track, a second-order differential equation is given by:

@2Û1(x,! )

@x2 ¡ ¡
¡
Û2(x,! ) ¡ Û1(x,! )

¢
Æ0 (2.16)

And for the bottom track, the differential equation:

@2Û2(x,! )

@x2 ¡ ¡
¡
Û1(x,! ) ¡ Û2(x,! )

¢
Æ0 (2.17)
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Using this conduction parameter ¡ in equation B.18 in appendix B, and following all the steps,
we get equation B.53 for the total impedance:

Ztotal Æ
Û1(0,! ) ¡ Û2(0,! )

Î1(0,! )

Æ

p
2½

³
1Å e2

p
2¡ L

´

H
p

¡ W
³
¡ 1Å e2

p
2¡ L

´

(2.18)

2.5.2 Rectangular Design

For the rectangular design, the unit cell of the circuit shown in �gure 2.14 is used. To �nd
the equivalent impedance for this lumped model, �rst, we need to �nd impedance due to the
dielectric layer artefacts in the circuit of �gure 2.16.

In the �rst parallel rung, we have variable capacitance due to air as dielectric, in series with the
variable capacitance due to the dielectric layer. So the impedance is a scalar sum of both these
reactances.

Z1 ÆXair Å Xde

Æ
dair

!" 0Wair¢ xair
Å

dde

!" 0" rWde¢ xde

(2.19)

In the second parallel rung, a resistive part and two capacitive parts are present. To �nd the
equivalent impedance, we add both the reactance with the resistance due to the cog+

Z2 ÆXair Å Xde Å Rc

Æ
dair

!" 0Wair¢ xair
Å

dde

!" 0" rWde¢ xde
Å

½dc

Wc¢ xc

(2.20)

The impedance of the third parallel rung consists of the reactance due to the variable height of
the dielectric. It can be approximated as the following.

Z3 ÆXde

Æ
dde

!" 0" rWde¢ xde

(2.21)

The estimate of impedance due to the fourth rung is shown below.

Z4 ÆXde Å Rc

Æ
dde

!" 0" rWde¢ xde
Å

½dc

Wc¢ xc

(2.22)

These parallel impedance can be calculated as an equivalent impedance.

Zr Æ
Z1Z2Z3Z4

Z1Z2Z3 Å Z2Z3Z4 Å Z1Z2Z4 Å Z1Z3Z4
(2.23)

Finally, for both designs, this lumped impedance is divided into its real and imaginary compo-
nents. The phase shift in the measurement of the impedance is characterised by this imaginary
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component, and denoted with a scaling of ¡ j . ! is the frequency of excitation for the dielectric
since the Fourier transform helps to visualize the response of the sensor.

Ztotal (! ) Æ <{Z (! )} Å j = {Z (! )}

ÆRÅ j X

ÆRÅ
1

j ! C

ÆR¡ j
1

! C

(2.24)

< {Z (! )} is the real part of the impedance, the resistance ( R), and = {Z (! )} is the imaginary part
of the impedance, the reactance ( X). Because of the complex nature of the polymers used in
the sensor design, it is possible to assume the imaginary part of the impedance, the reactance
as purely capacitive, and assume the polymers have negligible inductive components.

From the equation 2.24, the dependence of the frequency is visible on the impedance response.
The reactive component is also inversely proportional to the frequency, and this effect can be
used to segregate the sensor into multiple parts when simultaneous frequencies are used to-
gether. For the addition of dimension in the sensor, it is valuable to increase its sensitivity, for
which the above-mentioned strategies are implemented. In the next section, a multi-frequency
approach is introduced for this design.

2.6 Multi-Frequency Approach

Conduction in a mixed resistive-capacitive sensor is determined by ¡ . This parameter is di-
rectly proportional to the frequency ( ¡ / ! and ! Æ2¼f ). At lower frequencies, the impedance
of the circuit will be higher, due to a larger value of the capacitive reactance XC concerning the
resistance R. Thus, very little current �ows through the sensor, giving a predominantly capaci-
tive response. Similarly, at higher frequencies, the value of resistance is higher and the conduc-
tion becomes predominantly resistive. This change creates two different conduction modes
that are related to the cut-off frequency fc. For an RC low-pass �lter, the theoretical cut-off fre-
quency at ( ¡ 3 dB) is experienced when the resistance's magnitude is equal to the magnitude of
capacitive reactance in the circuit, given by:

fc Æ
1

2¼RC
(2.25)

Since the lumped model of this sensor behaves as an RC low-pass �lter, the behaviour differs
at higher frequencies. It is possible to use this because of the frequency-dependent behaviour
of the dielectric polymer with a complex permittivity. As seen in equation 2.24, the polymers
exhibit a frequency dependence when subjected to alternating electric �elds. The molecular
structure of TPU is affected by the relaxation processes occurring within the material's com-
position since it has alternating soft and hard segments. When an external electric �eld is ap-
plied, these segments and dipoles undergo relaxation. It is easier for the polymer chains and
the dipoles to unwind and align with the electric �eld when the frequency is low, improving
the material's capacity to polarize, and increasing the capacitive permittivity. Thus, the electric
susceptibility of the material is directly dependent on the frequency, polarizing the material.
This polarization occurs by induction of dipole moments in the individual molecules, causing
the rotation of molecules in the medium. Since this susceptibility in the materials fabricated
in this project is not linear, anisotropic behaviour can exist, as explained later in this report.
At higher frequencies, the relaxation time shortens for these segments, preventing the polymer
chains and the dipoles from perfectly aligning with the changing electric �eld. This reduces the
polarization response and thus the capacitive permittivity.
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This mechanism makes it possible to use multiple different frequencies in various ranges and
get easily distinguishable signals at speci�c points in the geometry of the 2D sensor. The addi-
tion of dimension in this way can be formed by various strategies, explained in 7.2.6.

2.7 Conclusions

This chapter introduced various research for increasing sensitivity in a force and a pressure sen-
sor, especially the likes explored in this project. The basic concept behind the strategies used
was explained in the initial sections, that is addition of a cog-like structure of the electrode
layer, and the addition of air gaps in the dielectric layer. The preceding chapter introduced pre-
vious work in this project as a starting point for the modelling of the new sensor design. A trans-
mission line model was made for the added structural changes, and the mathematical model
was calculated. Finally, the principle behind the multi-frequency approach was introduced.
The modelling explained in the next chapter is based on these mathematical calculations.
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3 Modelling and Design

A mathematical model was created to extend the dimension from previous work using MAT-
LAB. A model was made for the new sensor, and an inverse �t was made for it for the multi-
frequency approach explained earlier. Finite Element Analysis (FEA) simulations were con-
ducted in COMSOL multiphysics to understand the sensor mechanism and were made before
designing as well as after testing the prototype. The steps taken to make the simulation are
explained in this section. Further, an analytical model is derived and implemented in Python
to understand the workings of these designs.

3.1 Simulation Design

Two different software are used to implement simulations: A mathematical model using MAT-
LAB to understand the behaviour of the entire sensor and get force and position spectra at
seven different frequencies, and an FEA simulation using COMSOL Multiphysics to understand
the displacement and electric �eld variations on the structure of the sensor at different forces.

3.1.1 Mathematical Model

The parameters used to simulate the model of the sensors are calculated from the printed sen-
sor using MATLAB, as shown in table 3.1. The impedance spectrum was modelled using seven
different frequencies. The impedance is calculated as a function of the force and the position
of the force applied.

Table 3.1: Sensor parameters for MATLAB

Parameter Name Value (electrodes, dielectric)
Sensor length (L) 100 mm
Sensor width (W) 10 mm
Relative permittivity ( " r) (4.68, 5.73)
Layer height (h) (300&m,600 &m)
Young's modulus (E) (22 MPa,6 MPa)
Frequencies 1.1, 2.3, 5.3, 10.1, 19.9, 49.9 and 99.7 kHz

The impedance values are calculated as a function of position and force. From previous mod-
els and experiments [24, 79], it is expected that the imaginary part of the impedance depends
merely on the force applied, and the real part of the impedance depends on both—the force
and the position where the force is applied.

3.1.2 FEA Simulation

To understand the multi-physics coupling between electrostatics and physical displacement
due to force, Finite Element Analysis (FEA) was performed with the help of COMSOL multi-
physics. For this, two different models were made, explained below. These models were made
to understand the change in sensitivity because of the added structures.

For all the designs, the materials used are described in subsection 4.2. A parametric sweep
is performed for forces ranging from 0 kNm ¡ 2 to 100 kNm ¡ 2 stepping at every 10 kNm ¡ 2. The
force is applied on the top layer of the design, and in z direction, and a prescribed displacement
of 0 mm is given to the bottom face of the sensor in all three directions. The top layer is given a
terminal potential of 1 V and the bottom plate is given a voltage of 0 V. This potential difference
creates a potential distribution in the dielectric, and the corresponding charge is calculated,
along with displacement created due to the force.
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Table 3.2: Material Properties used in COMSOL Multiphysics

Property Air PI-eTPU Flexion X60
Relative Permittivity ( ² r ) 1.00059 5.73 4.68
Poisson's Ratio (º ) 0.0 0.4999 0.4999
Young's Modulus (E) Pa 1.01£ 10¡ 5 2.2£ 107 [79] 6£ 106 [79]
Density ( ½) kgm ¡ 3 1.225 1100 1000
Electrical Conductivity ( ¾) Sm¡ 1 0.0 1.2 1.3

Each model is explained further in the next part of this report, and the results are shared in
section 6.

Triangular Design

Because of its complicated design as explained in section 3.3, and the unavailability of trian-
gles and pyramids as geometry in the software, it was decided to make a 2D simulation for
this design. This reduced the computational time, which allowed to obtain the analysis with
�ner element sizes. A depth of 20 mm was used out of the plane and the periodic continu-
ity condition was applied to both sides. The force was applied on the top plate of Expanded
Thermoplastic Polyurethane (eTPU) using the 'Solid Mechanics' physics. Additionally, a layer
of 2 mm is added as the dielectric layer, shown in Figure 2.12.

Figure 3.1: 2D FEA simulation of triangular design using COMSOL Multiphysics with the manu-
ally designed mesh setting, with the purple colour as electrodes made of Expanded Thermoplastic
Polyurethane (eTPU), the blue colour as dielectric material X60, and the grey colour as deforming do-
main, air. The top terminal is at 1 V and the top boundary has a force applied to it. The bottom terminal
is grounded, and the bottom boundary is mechanically restricted.

The mesh in Figure 3.1 is manually set, with parameters shown in Table 3.3.

The physics added to this model are Solid Mechanics and Electrostatics. For Solid Mechanics
physics, the software automatically assumes all the parts of the component to have linear elas-
tic properties. The initial values of Voltage for each component are also assumed to be 0 V and
the dielectric layers are assumed to follow the charge conservation laws by the software while
adding the Electrostatics physics.
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Element Size
Parameters

Value

Maximum element size: 1 mm
Minimum element size: 0.5 mm
Maximum element
growth rate:

1.1

Curvature factor: 0.5
Resolution of narrow
regions:

1

Table 3.3: Mesh manually created, shown in Figure 3.1

Figure 3.2: 2D FEA simulation of triangular design using COMSOL Multiphysics with the 'extremely �ne'
mesh setting, with the top terminal at 1 V and the top boundary has a force applied to it. The bottom
terminal is grounded, and the bottom boundary is mechanically restricted.

Another model was made with the same parameters, but instead of adding physics using 'Solid
Mechanics', the geometry of the components was dependent on a variable, that was swept
manually to simulate air leaving from the air gaps as the force was applied on top of the struc-
ture. A function of cos of the angle 45 ± is used with a variable that is swept over the constant
radius of 0.7 mm, to calculate the change in height of the dielectric layer. Compression be-
cause of the elastic materials is omitted here for simplicity and added later while calculating
the Analytic model, which is explained in the next section.

A simple capacitive 2D model was also made in COMSOL, without any artefacts, to understand
the change in sensitivity due to the triangular design.

Rectangular Design

As shown in Figure 3.3, a 3D model is created to simulate the second design. Half of the design
explained till now is used in this to make the simulation run faster.

Similar to the triangular design, another �le was made in the rectangular design where instead
of using Solid Mechanics as physics, the dimensions of the component were dependent on a
variable, that was swept in such a way that the air gap purges out air and the volume of all ma-
terials stays constant. Elasticity of the materials is omitted for simplicity and added later while
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Figure 3.3: 3D FEA simulation of rectangular design using COMSOL Multiphysics with the 'extra �ne'
mesh setting, with the top terminal at 1 V and the top boundary has a force applied to it. The bottom
terminal is grounded, and the bottom boundary is mechanically restricted.

calculating the Analytic model. A simple capacitive model was also made in 3D to understand
the change in sensitivity due to the added rectangular artefacts. Results are discussed in the
next chapter 6.

3.2 Analytical Model

A simple Python code was used to understand the effect of displacement on the capacitance
since it was not possible to analyse it with COMSOL Multiphysics as seen in the above section.
This section explains two different models were created to study the physics of these effects.
The results are discussed in Chapter 6.

3.2.1 Triangular Design

For this model, it is important to understand how the electric �eld interacts with the electric
charges that produce capacitive effects in the model. For this, Maxwell's equations are used.
The generalized form of this relationship is described in the following equations.

Maxwell's Equations

Gauss's Law for Electricity expresses the divergence of the electric �eld E in terms of the electric
charge density ½:

r¢ E Æ
½

" 0
(3.1)

Gauss's Law for Magnetism expresses the divergence of the magnetic �eld B and indicates that
there are no magnetic mono-poles:

r¢ B Æ0 (3.2)

Faraday's Law of Electromagnetic Induction relates the curl of the electric �eld E to the time
rate of change of the magnetic �eld B:

r£ E Æ ¡
@B

@t
(3.3)
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Figure 3.4: Cross-section of a unit cell of the �nal design triangles, extended L mm out of the plane.

Ampere's Circuital Law relates the curl of the magnetic �eld B to the current density J and the
time rate of change of the electric �eld E:

r£ B Æ¹ 0JÅ ¹ 0" 0
@E

@t
(3.4)

Gauss's electrical equation 3.1 is in the divergence form, and thus, true for every point in the
space. It can be expanded as follows for the two-dimensional sensor:

@Ex

@x
Å

@Ey

@y
Æ

½

"
(3.5)

For wd , this equation can be rewritten in the integral form:
Ó

s
D ¢ds Æ

Ñ

Vs

½free dV (3.6)

It shows the relationship between the electric �eld E with the closed surface s denoted by
Ò

s
and the distribution of the electric charge density ½within the closed volume Vs.

To �nd the capacitance of a slice of dx length, as shown in �gure 3.4, the following assumptions
are considered:

• The Expanded Thermoplastic Polyurethane (eTPU) is conductive and therefore acts as
equipotential plates at 0 and V volts, respectively.

• This makes the electric �eld to be developed primarily along the y axis. Along the x axis,
Ex is eliminated: Ñ

V
½dV Æ0 (3.7)

• Since the charge is conserved over the entire surface, the net �ux of the electric �eld
through a closed surface is zero. The electric �eld lines are con�ned to the y-direction
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due to the boundary conditions set by the equipotential plates. Thus, the interference
between air and the dielectric layer becomes:

Ó

s
D ¢ds Æ0 (3.8)

Thus, for Ey,1 and Ey,2:
" 1Ey,1 Æ" 2Ey,2 (3.9)

Also, from �gure 3.4, y1:

tan(° ) Æ
y1

x
y1 Æx tan(° ) (3.10)

and, y2:

tan(µ) Æ
y2

x
y2 Æx tan(µ) (3.11)

Noting that E Æ ¡r V the voltage drop ¢V across the region r : r 1 ! r 2:

¢V Æ ¡
Z r 2

r 1

E(r ) ¢dr (3.12)

Ey,1(t 1¡ y1) Å Ey,2(y1 ¡ y2) Å Ey,3(y2 Å d) ÆV (3.13)

From �gure 3.4 and equation 3.9, and taking " X60 Æ" x:

Ey,1 ÆEy,3 ÆEair / " x (3.14)

Using equation 3.14 in equation 3.13 and dropping the y-subscript since we only consider the
�elds in the y-direction:

V ÆEair

½
(t ¡ y1)

" x
Å (y1 ¡ y2) Å

(y2 Å d)

" x

¾

Eair Æ
V " x

(t ¡ y1) Å " x(y1 ¡ y2) Å (y2 Å d)
(3.15)

and for the dielectric displacement:

Dk Æ" 0" xEk

Æ
" 0" xEair

" x

Æ
" 0" xV

(t ¡ y1) Å " x(y1 ¡ y2) Å (y2 Å d)

Æ
" 0" xV

(t Å d ) Å (" x ¡ 1)(y1 ¡ y2)
(3.16)

where k is an integer indicating the layer number ( k Æ1,3).
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The interface of Expanded Thermoplastic Polyurethane (eTPU) and x has a free surface charge
density ¾. From equation 3.6, the free charge density, ½free, can be derived and related to the
surface charge density ¾according to:

Ó

s
D ¢ds Æ

Ñ

Vs

½free dV

D1 ¢A Æ¾A

¾ÆD1 (3.17)

The capacitance measured in a slice of width dx can be derived by the charge q on either con-
ductor per the voltage between the conductors:

C(x)dx Æ
q

V
Æ

¾A

V
Æ

¾L

V
dx

Æ
" 0" xL

(t Å d ) Å (" x ¡ 1)(y1(x) ¡ y2(x))
dx (3.18)

where L is the length of the structure in z-direction, perpendicular to the plane of the drawing
as in Figure 3.4.

Total capacitance Cwd can be derived by the integration of this capacitance C(x)dx in the entire
width of wd :

Cwd Æ
Z wd

0

" 0" xL

(t Å d ) Å (" x ¡ 1)(y1 ¡ y2)
dx (3.19)

To simplify this equation 3.19, the following substitutions are made:

(y1 ¡ y2) Æx
¡
tan(° ) ¡ tan(µ)

¢
(3.20)

(" x ¡ 1)
¡
tan(° ) ¡ tan(µ)

¢
Æ®(t1) (3.21)

t1 Å d Æ¯ (3.22)

Note that ® Æ®(t 1), i.e. a function of the thickness of the upper X60 layer. Replacing them in
the equation 3.19:

Cwd Æ
Z wd

0

" 0" xL

¯ Å ®(t1)x
dx

Æ
" 0" xL

®(t1)
ln

¡
¯ Å x®(t1)

¢¯
¯
¯
wd

0
(3.23)

This gives the �nal expression for the total capacitance in the region with width wd :

Cwd Æ
" 0" xL

®(t1)
ln

µ
¯ Å wd ®(t1)

¯

¶
(3.24)

Similarly, for the area under the width we, the voltage can be derived as:

E2(y1 ¡ y2) Å E3(y2 Å d) ÆV (3.25)

Here, like in Equation 3.14

E2 Æ
Eair

" x
(3.26)
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Replacing the new Ex in equation 3.26 and replacing the values of y1 and y2 from equation 3.10
and 3.11, respectively:

D1 Æ" 0" xE1

Æ
" 0" xV

" xy1 Å d Å (1¡ " x)y2

Æ
" 0" xV

" xx tan(° ) Å d ¡ (" x ¡ 1)x tan(µ)
(3.27)

Æ
" 0" xV

x
©
" x tan(° ) ¡ (" x ¡ 1) tan(µ)

ª
Å d

(3.28)

Æ
" 0" xV

x®(t 1)Å ¯
(3.29)

The substitutions that are replaced in the equation for simpli�cation are as follows:

" x tan(° ) ¡ (" x ¡ 1) tan(µ) Æ®(t 1) (3.30)

d Æ¯ (3.31)

Similarly, total capacitance Cwd can be derived by the integration of this capacitance C(x)dx in
the entire width of we:

Cwe Æ
Z we

0

" 0" xL

x®(t 1)Å ¯
dx (3.32)

Æ
" 0" xL

®(t 1)
ln

µ
¯ Å we®(t 1)

®(t 1)

¶¯
¯
¯
we

0
(3.33)

Æ
" 0" xL

®(t 1)
ln

µ
¯ Å we®(t 1)

®(t 1)

¶
(3.34)

This gives the �nal expression for the total capacitance in the region with width we.

In �gure 3.4, it is visible that both these regions with length we and wd , act in parallel to each
other. Thus, total capacitance Ctot can be derived by the scalar sum of both these capacitors.

Ctot ÆCwe Å Cwd (3.35)

3.2.2 Rectangular Design

As explained in section 2, the second design can be assumed as a chain of parallel rungs of
different capacitors and resistors in series. The change in capacitance is observed due to two
major mechanisms: 1) the effect of force on the top electrode, which changes the distance
between the electrode plates in the capacitive sensor, and 2) the bulging effect seen in the di-
electric material because of the air gaps around it.

For �gure 3.6, the geometry can be one of the three cases, based on the slicing position.

For the case where no force is applied on the top layer, the capacitance is given by equation 3.36:

Ceq Æ(2Cwe) Å Cwd Å Cwa (3.36)

For dielectrics stacked on each other between the electrodes, the capacitance acts like two ca-
pacitors where both dielectrics are in series. Thus, we can derive
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Figure 3.5: Top view of the structural design of the rectangular design. For the later calculations, the
part inside the orange box is considered a unit cell.

1

C
Æ

1

C1
Å

1

C2

Æ
h1

" 1A1
Å

h2

" 2A2

(3.37)

Since the area under the electrode surface is the same for both dielectrics, A1 ÆA2 ÆA:

C Æ
" 1" 2A

" 1h2 Å " 2h1
(3.38)

For we in �gure 3.6, for the case where the pattern is an electrode extension,

Cw1c1 Æ
" 0" rweL

" r t 2Å d
(3.39)

In the case where the pattern is dielectric,

Cwec2 Æ
" 0" rweL

" r t 2Å t 1Å d
(3.40)

and for the case where the pattern is an air gap,

Cwe c3 Æ
" 0" rweL

" r(t 1Å t 2)Å d
(3.41)

This case is added twice in the �nal equation of Cwe as we have two air gaps in our design.

Thus, we obtain the expression for Cwe in equation 3.36, as

Cwe ÆCwec1 Å Cwec2 Å 2Cwec3

Æ
" 0" rweL

" r(t 2)Å d
Å

" 0" rweL

" r(t 2)Å t 1Å d
Å

2" 0" rweL

" r(t 1Å t 2)Å d

(3.42)
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Figure 3.6: Cross-section of a unit cell of the �nal rectangular design. This structure is repeated for Lmm
in the direction transverse to w.

For wd in �gure 3.6, for the case where the pattern is an electrode extension,

Cwdc1 Æ
" 0" rwdL

t 2Å d
(3.43)

In the case where the pattern is dielectric,

Cwdc2 Æ
" 0" rwdL

t 1Å t 2Å d
(3.44)

and for the case where the pattern is an air gap,

Cwdc3 Æ
" 0" rwdL

" r(t 1)Å t 2Å d
(3.45)

Similarly, we obtain the expression for Cwd in equation 3.36, as

Cwd ÆCwdc1 Å Cwdc2 Å 2Cwdc3

Æ
" 0" rwdL

t 2Å d
Å

" 0" rwdL

t 1Å t 2Å d
Å

2" 0" rwdL

" r(t 1)Å t 2Å d

(3.46)

And for wa in �gure 3.6, the expression is similar to

Cwac Æ
" 0" rwaL

d
(3.47)

and thus we get the total of

Cwa Æ
4" 0" rwaL

d
(3.48)

Applying the values of Cwe, Cwd and Cwa in equation 3.36, we get

Ceq Æ(2Cwe) Å Cwd Å Cwa

Æ
2" 0" rweL

" r(t 2)Å d
Å

2" 0" rweL

" r(t 2)Å t 1Å d
Å

4" 0" rweL

" r(t 1Å t 2)Å d
Å

" 0" rwdL

t 2Å d

Å
" 0" rwdL

t 1Å t 2Å d
Å

2" 0" rwdL

" r(t 1)Å t 2Å d
Å

4" 0" rwaL

d

(3.49)
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Figure 3.7: Effect of bulging in the dielectric layer between two air gap layers.

Apart from this effect, the dielectric layer has an additional effect of bulging when force is ap-
plied to the sensor. ¢C can be characterized by the change in dimensions of the dielectric as it
spreads to the layer with air gaps. Thus, it is seen in both the layers, in both x and y dimensions,
for every cell of X60 between two air gaps. X60 is an in-compressible material with Poison's ratio
of ¼0.4999, which causes the bulging of material as its density remains constant as the material
is compressed.

weh1 Æwdh 2 Æconstant

Æ(we Å ¢ w )(h1¡ ¢ h)

Æweh1Å ¢ wh 1¡ ¢ hwe ¡ ¢ h¢ w

(3.50)

which gives

¢ w Æ
¢ hwe

h1¡ ¢ h
(3.51)

This effect is characterized in the code by sweeping the dimension of the structure. Additional
change in capacitance due to applied force ¢C is given by

¢C Æ
" 0" r ¢area

distance

Æ
" 0" rwd

h2

Æ
" 0" r(we Å ¢ w )

h1¡ ¢ h

(3.52)

Replacing values of ¢ w from 3.51,

Æ
" 0" r(we Å ¢ hwe

h1¡ ¢ h )

h1¡ ¢ h

Æ
" 0" r

(weÅh1Å¢ hwe¡ ¢ hwe
h1¡ ¢ h )

h1¡ ¢ h

Æ
" 0" rweh1

h1¡ ¢ h2

(3.53)
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As seen in �gure 3.5, this pattern is repeated twice when both dielectric layers are stacked on
top of each other, and once in all the other dielectric layers, except when the electrode is below
the dielectric layer, for 8/16. Replacing h1 Æt 1Å t 2Å d gives us the �nal expression of capaci-
tance.

Cr ÆCeq Å
8

16
¢C (3.54)

(3.55)

3.3 CAD models

To test the reproducibility of the design and fabrication process, the sensors were printed mul-
tiple times in the same print setting, once individually and once in a column of 5 sensors per
print.

More information about these sensors can be found in Appendix D.

These design iterations were modi�ed to suit the printing capabilities of the printer. Apart from
the printer, the properties of the materials were also considered while the prints were made.

3.3.1 Triangular Design

Figure 3.8 and Figure 3.9 show the CAD model of the triangular design, with the artefacts of the
dielectric layer added in x and y directions, respectively.

Figure 3.8: CAD model of design with triangular artefacts along the X direction.

There is empty space in the design, where the next material pointing on top of it has no support.
Initially, BVOH was used here, and the entire printed sensor was submerged in water for a few
hours. Post that, the printed sensors were put in the oven to be baked, as explained in section
4.2.7. The resulting sensor design was tearing along the places where the top electrode did not
have support while being baked. To avoid such problems, the air gap was reduced, and the
print was done upside down, with the top layer printed �rst on the printer bed. After all these
modi�cations, in the last iterations, the use of support material BVOH was omitted.

3.3.2 Rectangular Design

Figure 3.10 and Figure 3.11 show the rectangular design's CAD model, with the dielectric layer
artefacts added in X and Y directions, respectively.
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Figure 3.9: CAD model of design with triangular artefacts along the Y direction.

Figure 3.10: CAD model of design with rectangular artefacts along the X direction on the top layer, and
along the Y direction on the bottom layer.

Like in the triangular design, there is empty space in this design too, where the next material
pointing on top of it has no support. This space, characterised as air gaps, is cuboidal. Initially,
BVOH was used here as well, and the entire printed sensor was submerged in water for a few
hours. The use of BVOH was omitted in the newer prints, like in the previous design. The
width of the air gap was reduced majorly, and the width of the dielectric as well as the cogs
were increased on both sides. It was tough to have the Expanded Thermoplastic Polyurethane
(eTPU) top layer adhere to the previous layer of printed X60. To avoid issues as shown in Figure
4.1, the width of the Expanded Thermoplastic Polyurethane (eTPU) layers in the dielectric layer
was increased.

Design-related decisions were motivated due to these effects experienced during the fabrica-
tion process. These motivations and changes in the design process are expanded in chapter
6.
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Figure 3.11: CAD model of design with rectangular artefacts along the Y direction on the top layer, and
along the X direction on the bottom layer.

3.4 Conclusions

This chapter introduced the mathematical as well as the FEA models of the sensor designs. An
analytical model was also presented to compare the simulation results and further understand
and test the concept on which the new and improved design is based. CAD models were intro-
duced for the new designs and the motivation to choose its dimensions was discussed. These
CAD models were fabricated and tested in an experiment designed to test these simulated re-
sults in practice.
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4 Materials and Fabrication Method

In this chapter, the choices made for the design and fabrication of the sensor are explained. The
�rst part describes the requirements for the design, which is followed by introducing the ma-
terials used, with the help of material properties such as Poisson's ratio and Young's modulus.
The later part explains the design iterations and modi�cations. Most of the design decisions
are based on the possibility of fabricating the design, as the research was mostly focused on the
fabrication possibilities of such complex designs in the sub-millimetre range.

Wehner et al. demonstrated the operation of an entirely soft, autonomous robot using a multi-
material, embedded 3D printing technique. The robot's elastomeric architecture and rapid fab-
rication approach enable the programmable assembly of multiple materials [80]. Morrow et al.
devised a method for fabricating pneumatic structures using 3D printing. Soft robotic applica-
tions can bene�t from these structures. They offer a way to produce actuators and sensors with
intricate geometries previously unattainable [81]. Bartlett et al. investigated the creation of
pneumatic networks embedded in soft materials using 3D printing. These networks show how
3D printing may improve the adaptability and usefulness of soft robotic systems by enabling
�ne control over movement and shape-changing capabilities [82]. Hiller and Lipson created
soft actuators using 3D printing, which made it possible to create intricate and �exible robotic
parts. Their research showed how soft robots might be quickly prototyped and customized,
facilitating design iterations and functional improvements [83]. Truby et al. used 3D printing
to develop bio-inspired robots by focusing on inserting soft materials to replicate the �exibility
and mobility observed in nature. Their creations demonstrate their ability to construct intri-
cately functioning structures with lifelike movements [84]. Somireddy et al. investigate novel
structural designs to incorporate air gaps, fabricated using 3D printing. This manufacturing
approach is quite adaptable. It is possible to adjust the design to achieve desired attributes like
strength and �exibility by controlling the dimensions, distribution, and form of the artefacts
comprised in each print layer. In this way, it is possible to test several prototypes that qualify
the structures as components suitable for speci�c applications [85].

The creative application of various conductive plastics and 3D printing as a fabrication pro-
cess for various patterned structures can help to produce �exible, adaptable, and autonomous
systems. Raguz et al. discovered that the actuation of electrically powered soft robots depends
on the material characteristics and interacting Coulomb forces in their study on dielectric elas-
tomeric actuators [86]. These researches demonstrate the wide potential of applications of 3D
printing in the construction of soft, functioning robots, ranging from bio-inspired robots and
printable pneumatics to soft actuators and pneumatic networks. The fabrication technique,
3D printing, is introduced in the next section.

4.1 3D Printing

3D printing of a part comprises the following steps:

• Design: The �rst step, the design, involves creating a 3D model of the part using
Computer-Aided Design software, such as Inventor [87] or SolidWorks [88].

• Pre-processing: Subsequently, the model is converted into an STL �le and sliced into
G-code using specialized software such as CURA [89], which determines the path for the
printer's extruder to follow. Each slice of the part corresponds to a layer of a certain height
printed on top of the previous layer. Pre-processing also involves preparing and drying
the �lament material using a Materials Management System (MMS).
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• Fabrication: The second step, known as fabrication, involves loading the �lament into
the printer and initiating the print job. The printer adds each slice of the part on top
of the previous layer, starting with the �rst layer, which is deposited on a heated build
plate to ensure proper bonding. The printed part and any printed support structures are
removed from the build platform after printing is completed.

• Post-processing: The third and �nal step, called post-processing, involves removing any
support materials that were printed along with the part and cleaning the part if necessary.
This step may also include annealing the part by baking it to achieve certain material
properties.

In this project, multiple parts were printed together in an assembly that consisted of differ-
ent parts snapped to each other. It was possible to print this way because of the 3D printer
employed for this assignment. The Diabase H series printer is manufactured by Diabase Engi-
neering and is equipped with �ve extruders. All extruders are integrated into an automated tool
changer, enabling the sequential printing of up to �ve distinct materials within the same print.
The printer is equipped with a Flexion Direct Drive Extruder [90], which can facilitate high-
speed printing of ultra-�exible �lament materials, as required for the current designs. The cam
dial and cam follower screw system of the printer include four settings that are designed to
compress the �lament to varying degrees before extrusion, depending on the material being
printed. The printer also features an enclosure that prevents contamination and maintains the
temperature while printing.

In the next sections, the materials used are introduced and subsequently, their properties are
discussed.

4.2 Materials

Since the sensor previously designed by Patel is a capacitor, it is important to understand the
workings of a basic capacitor to design it.

C Æ
q

V
Æ

² r² 0A

d
(4.1)

C is the total capacitance of the sensor, q is the charge on the plates, A is the total area of the
plates, d is the thickness of the dielectric layer, ² r is the relative permittivity of the dielectric
material, and ² 0 is the permittivity of vacuum.

The previously designed sensor had a good capacitive response but was lacking in sensitivity.
For better sensitivity, the new sensor should be a better capacitor - the structure should be more
�exible, and the dielectric should be more susceptible. Since the sensor will be made using 3D
printing, the material has to be �exible, conductive, and commercially available �lament.

It is important to understand the role of mechanical properties like Poisson's ratio and Young's
modulus, as they in�uence the structural integrity and functionality of stretchable materials.

Young's Modulus

Young's modulus ( E) is a measure of the stiffness of a material. It quanti�es the material's abil-
ity to deform elastically under force. Materials with a low Young's modulus are more �exible,
adding sensitivity. However, excessive deformation might lead to a variety of non-linearities,
affecting the sensor's structural collapse.

Poisson's Ratio

Poisson's ratio ( º ) is the ratio of the transverse strain to the axial strain in a material. High
Poisson's ratio ( ¼0.5) indicates the material's ability to conserve volume under axial stress. The
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uniform thickness of the dielectric layer is maintained during stretching or compression, stabi-
lizing capacitance changes in the layer. A material with a low Poisson's ratio exhibits less lateral
expansion when stretched, giving a higher capacitance change.

Poisson's ratio and Young's modulus are vital in the design and use of �exible capacitive sensors
to ensure physical stress while producing clear and consistent readings. The balance of dura-
bility, sensitivity, and �exibility are the deciding factors for determining the right materials.

In this regard, materials like Thermoplastic Polyurethane (TPU) and Polydimethylsiloxane
(PDMS) are frequently employed in �exible sensors. These characteristics support the sensors'
ability to withstand a variety of mechanical deformations while maintaining the inner structure
and functionality.

Rogers et al. present creative approaches for combining circuits with elastomeric substrates,
enabling such materials to undergo deformation while retaining electrical properties. This fa-
cilitates developing �exible electrical devices possible with alternative materials [8]. Yu et al.
emphasize the importance of patterning techniques and the mechanical properties to preserve
conductivity despite extreme deformations such as bending, twisting, and stretching [26].

4.2.1 Materials used

For fabrication using FDM/FFF, both the dielectric layer and the conductive electrode layer
need to be made out of soft and �exible materials that are already available in �lament form in
the market. For a relatively large difference in the height of the dielectric layer, high elasticity
as well as high mechanical compliance are required. In previous work by Patel, a few materials
are tested. eTPU and X60 were chosen based on the results [24].

4.2.2 PI-eTPU 85-700+

Thermoplastic Polyurethane (TPU) is widely used to make waterproof or watertight parts, such
as sports equipment or footwear. The material in itself is hygroscopic, absorbing moisture from
the air. When fabricated using 3DP, the material bonds with itself and undergoes the process
of thermosetting, making the parts to be waterproof.

Because of its exceptional elasticity and durability, TPU is used in applications that require fre-
quent loading and unloading cycles. It also exhibits viscoelastic characteristics demonstrating
hysteresis, which results in non-linearities and energy dissipation in the capacitance response.

To design the sensor, PI-eTPU 85-700+ �lament from Palmiga Innovations [91] was used for
printing electrodes. It is an electrically conductive variant of this elastic TPU material. Carbon
black is incorporated into the TPU matrix during the �lament's manufacturing process, adding
conductive qualities without sacri�cing the TPU material's characteristic elasticity and �exibil-
ity. The shore hardness as reported by the manufacturer is 85 A and the maximum extension
is more than 700 %. It has a Poisson ratio of 0.45 and a Young's Modulus of 22 MPa. Since this
material is discontinued by the manufacturer, it is not possible to �nd the datasheet on their of-
�cial website. This information is taken from the MSc report of Schouten [79]. Table-4.1 shows
the mechanical and electrical properties of the material.

4.2.3 X60

Diabase Engineering's X60 is regarded as one of the softer 3D printing �laments available. It
has inherent strength, elasticity, and �exibility, as TPU is the main foundation material. X60 is
an ultra-�exible �lament with a shore hardness of 60A and a high relative dielectric constant
of around 5 [92], used to print the dielectric for the sensor. It has a Poisson ratio close to 0.5.
The value of 0.4999 and a Young's Modulus of 6 MPa is taken for simulations [79]. X60 also
can withstand a large electric �eld and is compatible with eTPU in a way that avoids chemical
reactions that degrade the materials.
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Table 4.1: Material Properties of Filament

Property PI-eTPU Flexion X60
Density 1.3 gcm¡ 3 1.2 gcm¡ 3

Tensile Strength 17 MPa 6 MPa
Tensile Modulus 12 MPa 1 MPa
Hardness 85 shore A 60 shore A
Relative Permittivity 60 4.79
Recommended Printing Temperature 200±C – 230±C 220±C – 240±C
Decomposition Temperature 250±C 300±C
Self-Ignition Temperature > 340±C > 350±C

Figure 4.1: Fabrication problems faced while printing the top layer of the sensor.

The dielectric layer of the elastic capacitor has a prominent impact on the performance of an
elastomeric capacitive sensor [53]. Certain materials have different dielectric constants de-
pending on how frequently an electric �eld is applied. When doing dynamic or high-speed
tests, such frequency dependency is crucial. The frequency dependence of X60 makes it possi-
ble to employ the sensor for a multi-frequency approach, as discussed in Section 2.6. As seen
in eq 4.1, capacitance is dependent largely on the ² r , the relative permittivity of the dielectric
material of the layer in between the electrodes as well as the electric �eld applied. The relative
permittivity of these parameters is determined by both, the material's dielectric strength and
the dielectric layer's thickness. The minimum dielectric layer that can be printed depends on
the minimum layer thickness achievable by the printer as well as the number of layers required
to separate both electrode layers from each other, avoiding a short circuit in the design. A noz-
zle with 0.4 mm diameter opening is used on a Diabase H series printer in this design. This
FDM/FFF printer can print each layer at a minimal thickness of 0.06 mm.

4.2.4 Support Material

While fabricating using 3D printing, it was challenging to get the top electrode to print on the
air gap, as eTPU from the top electrode layer did not have a heated base to adhere to. It caused
effects as seen in Figure4.1. A snap assembly was considered to be employed for the fabrica-
tion, where the different parts were to be printed individually and �tted into a singular sensor.
Disadvantages of FDM/FFF like poor layer adhesion due to the anisotropic distribution of the
bending forces, especially for the assembly where both the mating parts are elastic, were key
deciding factors for not continuing with the said method [93]. Apart from snap assembly, it
was also considered using an interlocking connection, since the multi-material prototype did
not have any durability criteria. For optimal friction, tension, and shear forces, a 0.5 mm tol-
erance is advised between the interlocking joints [94], which was way higher than the allowed
tolerance of this design. Thus, it was also omitted.

Since these designs had to be a single assembly with multi-material printing, the 3D printer
used was well capable of adding one more material to the assembly to solve this issue. It was
decided to add a water-soluble �lament to the assembly. Two different materials were explored
for the same: Butenediol Vinyl Alcohol Copolymer [95] and PLA [96], based on the availability
of the materials in the lab.
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Figure 4.2: Dissolution of BVOH(left) versus PLA(right)

(a) t (b) t+15 (c) t+30 (d) t+45 (e) t+60 (f) t+75

Figure 4.3: Dissolution of BVOH �lament, from time (t = time of adding water), till it gets completely
dissolved.

As seen in Figure 4.2, PLA expands on dissolving. Apart from this, BVOH is a more ef�cient
solute in terms of time and energy [97], this design utilized BVOH.

Based on the material properties, the manufacturer provides recommendations for parameters
to be adjusted for the printer. This is done using slicing software, such as CURA, and is a part of
the pre-processing stage of 3D printing. The next section explains the parameters used in this
project and their impact on the prints.

4.2.5 Printing Parameters

The effect of printing parameters on the 3D printing process is explored in this section. For the
various iterations of printing the design, the following parameters were experimented with:

In�ll

A 3D-printed part consists of an outer wall and an in�ll section inside this wall. The in�ll sec-
tion has two important parameters: the in�ll density and the in�ll pattern. The in�ll density
refers to the percentage of material inside the part, while the in�ll pattern refers to the pat-
tern in which the material is deposited inside the wall. Some common in�ll patterns include
rectilinear, lines, honeycomb, triangular, and concentric. In the case of the �exible conduc-
tive �lament eTPU used for the electrodes in this assignment, an 100 % in�ll density is utilized
to minimize resistance and enhance conductivity. As �exibility is not a concern for the elec-
trodes, a solid in�ll structure is preferred. On the other hand, the dielectric layer between the
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