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Summary

With 3D-printing gaining momentum in the fabrication of flexible electronics, there is a need
for a reliable method to connect metals and conductive polymers both electrically and me-
chanically as flexible 3D-printed electronics would require connecting to a metal conductor
to interface with standard electronics. In any practical application, flexible electronics require
connection with a metal conductor to interface with standard electronics. This research in-
vestigates a novel approach to connect metallic and 3D-polymeric conductors using mechan-
ical interlocking to characterize and test the mechanical and electrical behavior. Mechanical
interlocking is achieved through embedding perforated copper tape during the 3D-printing
process, in order for molten electrically conductive Thermoplastic Poly-Urethane (ETPU) to
extrude through the perforations. The physical sample is modelled to obtain desired electrical
performance metrics and fabricated in order to identify the optimal contact design to produce
the bestinterlocks. An experimental setup is fabricated to accommodate this sample in order to
perform tensile tests to evaluate simultaneous mechanical and electrical performance of these
contacts, simulating their potential real world applications. Behavior of contact resistance and
breaking points of copper tapes are observed for uniaxial and cyclic tensile loads.

The results showed that perforated tapes create mechanically stronger contacts than conven-
tional wires. Contact resistance is observed to be relatively low and stabilized under large pe-
riodic loads. More experiments along with comparisons to existing contact methods are re-
quired for statistically significant results. The current hypothesis for why the contacts work
well with mechanical interlocking lies in the mismatch amongst thermal expansion coeffi-
cient between copper and ETPU could promote shrink fit, thereby increasing effective con-
tact area between materials. The improvements with regards to fabrication, design parame-
ters and extensive testing in this research aid to the evolving field of additive manufacturing
of flexible electronics and sensors by addressing critical challenges in bonding electrical com-
ponents to 3D-printed structures, but also towards standardizing one such method. Applica-
tions could revolve around flexible, stretchable and conductive objects, as part of soft robotics
and biomedice. Wearable sensors that measure physiological signals, robotic prostheses which
emulate flexible limb behaviour like grasping and manipulation and skin/clothing integrated
displays, to name a few.
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Preface

This thesis is a research venture on how to improve a novel but reliable method to connect
metal with 3D-printed conductive polymer, with a hope to getting closer to standardize this
method. Although, I initially hoped to identify a newer solution. This open ended search was
not successful due to complications and an even more tumultuous 2021. Nevertheless, this
allowed me to explore further into understanding, simulating and fabricating an existing me-
chanical system, to utilize creativity in fabricating my own tools and a testing rig, in order to aid
and experiment. Ever since I obtained newfound pleasure working on mechanical aspects at
my internship at Roetz Bikes, this project further availed me an opportunity to help me venture
more towards the mechanical aspects, as I have always dreamt to shape my future endeavors.
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University of Twente, could not have been possible without the support of many benevolent
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learning. To Alexander Dijkshoorn, thank you for your patience, expertise and continuous en-
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for me to express personal difficulties and gaining your perspective, which was instrumental in
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Beyond academic support, I am thankful for the new (unexpected but welcome!) friendships
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passionate individuals who stood by me during difficult times and gifted me incredible mem-
ories on my journey. I extend an honorable mention to my Calslaan neighbor Vishal, from
providing my first meal in the Netherlands to making me feel at home in a new country. You
never failed to add humor and joy to my days, from discussing about aircrafts to making Salgam
as the official post dinner ritual drink. Navigating life in Enschede outside the campus was en-
riching. My gratitude extends to Valentin, for being an amazing roommate but an even greater
friend to my father, who enjoyed the camaraderie with your gang of friends and reminisces it
even today. I look forward to performing music on the same stage with you. Atif, your hospi-
tality knew no bounds. Your tales of life in Tunisia and helping me experience home cooked
Tunisian cuisine, were invaluable.

I'm extremely grateful for the newfound family amongst Bas, Lian, Mees, Marit, Petra, Sjors and
Talia. Learning more about the Dutch & Belgians and their cultures can be one thing, but being
an active participant in their lives has been wholesome. Their effort to include me to be a part
of their life and eagerness to see me again, has been overwhelming. It was surreal how back
when 'Tk spreek een beetje Nederlands’, I never felt out of place when they spoke amongst each
other in Dutch. They've all added quality to my life in the Netherlands.

In memory of Shreyas, who brought constant laughter, a sense of brotherhood and a shared
love for the anime: Dragon Ball Z. You will always be remembered for the positive impact you've
had on more people than you realize.
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Thank you for having faith in me through the ups and downs in this journey, for the utmost
care provided when my health failed and for eternally being a source of love. I cannot overlook
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serves as another marvellous source of inspiration and pride. Any achievement that I am part
of, is as much hers as it is mine, and I am truly grateful for her presence as one of my closest
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In summary, I relished my time in the Netherlands and express my gratitude to everyone who
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evolved into cherished memories and obtaining newfound family amongst people half the
world away.
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List of Abbreviations

AM Additive Manufacturing

FDM Fused Deposition Modelling

PI-ETPU Palmiga Innovations Engineered Thermoplastic Polyurethane
ETPU Engineered Thermoplastic Polyurethane

SCF Stress Concentration Factor

CAD Computer Aided Design

IMD]J Injection Molded Direct Joining

PLA Polylactic Acid

EPLA Electrically Conductive Composite Polylactic Acid

FLEPS Flexible and Printable Sensors an Systems
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1 Introduction

This report describes the work done by Vinod Ravi for the final assignment of his Master in
Electrical Engineering. The goal of the assignment is to characterize and test a novel method to
connect 3D-printed polymers to metallic conductors. The samples produced by utilizing this
method will be used to study the mechanical and electrical behavior of the system.

This chapter introduces the context for the study along with the challenges involved, followed
by the questions that will provide a basis for the goals of this research. Finally a global overview
of the entire report structure is provided.

1.1 Context

The rapid advancement of additive manufacturing (AM) techniques including Fused Deposi-
tion Modelling (FDM), direct metal depositing and selective laser sintering have revolutionized
the fabrication of complex and functional components, extending beyond the realm of static
objects to dynamic and interactive devices. The systems vary in the materials they can reliably
fabricate and the way they build their structures [1]. Printed formations now incorporate elec-
trical and electronic components, expanding the capabilities of 3D printing further than the
fabrication of static components with complicated geometries and into the creation of func-
tional units that can move, perceive, and compute. Interconnected electromechanical gadgets
and structural electronics, with in-built sensing devices, actuators, interlinks, and possibly pro-
cessors and power supplies, are the next technological advancement for 3D printing, and they
can be printed automatically in a single console [2]. In expanding the scope of design possi-
bilities for innovative products and to enable functionality that is not feasible with traditional
processes, such 3D-printed devices could allow designers to build sophisticated working mech-
anisms with a greater extent of customization. Monolithically manufactured, decentralized ac-
tuators and sensor systems can improve the sturdiness and flexibility of 3D-printed robotic de-
vices, specifically, soft robots [3]. This is because it allows for greater control across numerous
degrees of freedom of motion, which in turn allows for more intricate motions as well as shape
changes, greater dexterity, and greater system robustness via redundancy. A 3D-printed unified
electromechanical gadget has many uses beyond robotics, including in defence systems [4], in-
novative prosthetics [5], wearable technologies [6], embedded strain-sensing devices [7], and
individualized consumer devices [4].

Because of its capacity for creating geometrically complex parts smartly and safely in an office-
friendly surrounding, 3D printing approaches, especially FDM, has seen widespread use in AM
techniques that offer functional prototypes in a variety of materials. Most of these applications
require the bonding of electrical wires to the 3D printed parts. Getting electrical wires to bond
to these conductive prints is difficult because the contact resistance is highly dependent on
the type of connection used [8]. Current systems are either better suited for rigid 3D-prints
than flexible, deformable applications or have uncontrollable material characteristics and re-
producibility. More so, there is a dearth of research on how the bonding technique impacts
the contact resistance [9, 10]. Amalgamation of metallic conductors with conductive polymers
clearly opens up a spectrum of applications that demand diverse properties in conjunction:
Electrical conductivity, mechanical strength, flexibility and deformation durability. Commonly
explored solutions with regard to connecting metal and polymer revolve around mechanical
interlocking, adhesives, melting, soldering, welding and pressure contact.

Given the diverse range of applications that require these electrical connections, it is imperative
to define a set of standards to ensure reliability, quality and compatibility. This standard should
address compatibility of materials for their unique properties and long term stability. It should
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2 Novel method to contact metallic and 3D printed polymeric conductors

also offer design recommendations for creating effective and durable connections providing
guidelines on joint geometry and distribution of stress along the interface. Testing protocols
can be established further to evaluate the performance of metal-polymer connections namely,
electrical conductivity, mechanical loading and durability assessments under cyclic loading.
This would pave way for a standard to outline quality control procedures to ensure that fab-
ricated products indeed adhere to defined specifications. This is crucial for applications in
sectors like healthcare [11] and aerospace, where safety and reliability are paramount.

1.2 Pioneering Work

The foundational basis for this project is based on another research pursuit towards establish-
ment of a dependable method to achieve a reliable connection between metallic conductors
and conductive polymers carried out in the NIFTy group by Patrick Neuvel [12]. The outcome
of this research revealed that polymer tracks printed over perforated copper tape demonstrated
the ability to withstand a simple pulling force. Polymer had effectively been extruded through
holes and fused with a underlying base layer. This lays the groundwork for choosing mechan-
ical interlocking with its first steps towards a promising approach to a achieve a reliable con-
nection between dissimilar materials. Currently, solutions for connecting dissimilar materials
like metal and polymer fall short in standardization, adhesion enhancement, durability, flexi-
bility and cost. Both adhesion and durability are paramount to be assessed for the long term
performance in extreme conditions.

1.3 Problem Statement

Within the nascent realm of 3D-printed electronics, a significant challenge arises when it
comes to effectively connecting dissimilar materials like metal and polymer, especially elas-
tomers [13]. While metals offer excellent electrical conductivity and mechanical strength, poly-
mers provide the advantage of flexibility, deformability and light weight properties. However,
due to their limited mutual solubility and the stark contrast between the chemical and me-
chanical properties, these virtues of individual materials become a hurdle in creating a stable,
durable and conductive connection between them [14]. Securing metal with polymers can also
lead to stress build-up and mechanical failure arising from disparity in mechanical and thermal
properties [15]. While there is no dearth of bonding techniques described in the literature, there
is no one agreed-upon method. Methods such as exerting pressure to a PCB or contact [16] and
application of glue with silver paste or epoxy [17] are widely used. These are typically utilized
for rigid 3D-prints and are not predominantly ideal for flexible or deformable components.
Surface treatments, such as plasma surface activation and chemical methods [14], can improve
adhesion but add inherent complexity to the 3D printing procedure. Mechanical interlocking is
a solution for securely joining materials with different properties. When metal and polymer are
joined using mechanical interlocking formation, the joint strength is not affected by the weak
adhesion at the interface but rather by the structures and their inherent material properties
themselves [18].

1.4 Goals and Reseach questions

The cardinal objective of this master thesis is to characterize, potentially improve and quantify
both mechanical and electrical performance metrics by testing. The basis of this begins with
understanding the novel interlocking mechanism explored by Neuvel [12]. The first goal is to
design a sample and model it with regards to the desired performance metric under study.
The second goal is to implement the novel method and attempt to improve upon the build
of the sample. Finally to design an experimental setup to install the sample onto, in order to
simultaneously measure the electrical and mechanical performance.
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CHAPTER 1. INTRODUCTION 3

To achieve the goal of characterization and improving upon a novel method to secure conduc-
tive 3D-printed polymers to metallic conductors, the following research questions are defined:

* What is the motivation and evidence behind the novel method involved in connecting
3D-printed polymers to metallic conductors, and how can this be characterized with re-
gards to FDM?

* How can a physical sample employing this connective method be modelled in order to
define the desired mechanical and electrical performance?

* What are the factors to be considered in design and fabrication of a sample employing
this connective method?

— How to optimize electrical conduction alongside ensuring mechanical strength be-
tween conductor and polymer?

- How do printing parameters influence the electrical and mechanical properties of
the sample?

* How can an experimental setup be designed to measure both electrical and mechanical
properties?

* What happens to the resistance during loading/breaking point?
¢ What are the mechanical failure mechanisms of these connections?

e What are the insights obtained from the results and observations that can aid the ad-
vancement of mechanical interlocking as a standardized, stronger and more reliable
method to secure metallic conductors with conductive polymers?

1.5 Report Structure

Successful execution of this project presents several intricate challenges. These challenges
encompass understanding the connective mechanism, creation of a sophisticated equivalent
model capable of accurate representation, fabrication of a sample and establishment of a mea-
surement configuration to quantify its characteristics. Consequently, this document is struc-
tured to address each of the aspects individually, with each stage building upon the outcomes of
the preceding work. Chapter 2 introduces an overview of the theoretical background and high-
lighting currently explored solutions relevant to this. Chapter 3 provides the design choices
taken into consideration for conceiving a mechanically interlocked polymer-metal sample.
Chapter 4 provides the essential details for a fabrication process along with the parameters
involved. Cumulative findings from the preceding two chapters lead to the experimental setup
and the measurements performed, all of which are explained in Chapter 5. In Chapter 6 the
results of these measurements are analysed. Lastly, the report is concluded in Chapter 7 with
the findings discussed, along with recommendations for future studies which could pave way
one step closer to a quantifiable standard method to form a metal to conductive polymer con-
nection onboard flexible electronics.

This report presents the work conducted as part of Vinod Ravi as part of his Master’s Thesis. The
research methodologies followed, interpretations explained, experiments performed and find-
ings presented in this report have also been published as co-authored in "Mechanical Interlock-
ing for Connecting Electrical Wires to Flexible, FDM, 3D-Printed Conductors" [19], as part of 2022
IEEE International Conference on Flexible and Printable Sensors and Systems (FLEPS). This re-
port holds content that is largely based on the work published in cited paper [19]. This is honestly
stated to maintain transparency and avoid issues that can arise from self-citation and plagia-
rism. Please also refer to the paper accordingly for any similarities noted.
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4 Novel method to contact metallic and 3D printed polymeric conductors

2 Scientific Background

This chapter presents a relevant theoretical background of joining materials followed by a spe-
cific focus on connecting metals and polymers as dissimilar materials. An emphasis on utilizing
a specific method called Mechanical Interlocking is introduced and followed by a discussion of
how 3D-printed conductive polymer onto modified metal conductors can cause a mechani-
cally interlocked joint which is mechanically reliable alongside electrical conducting. Along
with a discussion of similar research carried out, the previous work done by Neuvel [12] in re-
gard to this is introduced, which serves as a basis for this research to improve upon.

2.1 Adhesion among materials

Adhesion, from Latin for 'to stick”, is the root of this term [20], and adhesive bonding is
widely used in contemporary manufacturing processes [21]. Adsorption principles, bond-
ing through chemicals, diffusion, electrostatic attraction, mechanical interlocking and weak
boundary layer theory are few of the hypothesized causes of adhesion. However, there is no a
single concept that is able to provide an exhaustive justification for all kinds of adhesive inter-
action and connectors [22]. The bonding procedure may involve particular surfaces, chemical
treatments, different mechanisms, specific environmental conditions and/or combinations of
them.

According to ASTM International’s D 907-04 standard, adhesion is defined as a state where two
surfaces of individual materials are held together by interface forces which may result from
chemical bonding or interlocking or both [23]. The potency of joining is dependent on multiple
properties like the surface energy of the individual materials and roughness [23]. Generally,
this process is utilized to combine individual parts together into a singular structure to achieve
a desired physical performance.

2.1.1 Types of Adhesion Mechanisms

Presently, there is no standard global model that explains all the occurring physical processes
at the interface between two joining materials. Different adhesion mechanism theories from
literature are briefly discussed to help understand the underlying phenomena and to bring
focus to one of these mechanisms later on, based on which this research is undertaken [24].

Chemical Bonding

Adhesion in two surfaces in proximity can occur from molecular bonding. Chemical bonding
can include various forms e.g. covalent, ionic and metallic bonding. This form of bonding
requires specific compatible materials alongside proximity in order to react chemically and
this type of bond is also referred to as primary Bond.

Physical Adsorption

Two materials can also be joined due to intermolecular Van der Waals forces. This bond is
comparatively weaker than primary bonds and yet is sufficient to support integral structural
loads when there is a large number of such interactions in a system [25].

Electron sharing

Electronic adhesion theory was proposed by Derjaguin [26] which describes sharing of elec-
trons amongst materials in contact due to varying electronic band structures. An electrostatic
charge force in the form of an electrical double layer is formed at the interface which adheres
the materials. When materials are separated, the electrons return to their original states and
thus the electrostatic force is reduced. This theory is supported by the observation of electri-

Vinod Ravi University of Twente



CHAPTER 2. SCIENTIFIC BACKGROUND 5

cal discharges when some adhesive bonds are broken. Electrostatic component of adhesion is
smaller than the physical adsorpotion due to Van der Waals forces [26].

Diffusion Theory

Adhesion is due to the movement of repeating macromolecules/monomers of two poly-
meric materials at their interface, which is referred to as diffusion theory [27]. Movement of
monomers from one polymer to another across their interface on a molecular level is classi-
fied as diffusion. This mechanism can be seen as a mechanical form of adhesion, it has been
observed that Van der Waals intermolecular forces contribute to increasing adhesion [27, 28].

Mechanical Interlocking

First introduced by McBain and Hopkins in 1925 The mechanical interlocking theory discusses
the idea that adhesives can flow into surface morphological irregularities on the substrate sur-
face [29]. The irregularities can be pits, holes or craters, where the adhesive penetrates and
conforms, thus enhancing the bond strength.

2.1.2 Events occurring at the interface during adhesion

Having a basic idea of the types of adhesions occurring amongst materials, a closer look can
be taken at the interface during contact. Two surfaces coming to contact cause a large number
of phenomena which are directly used in engineering applications involving structural adhe-
sives, protective coating, the friction of tires and lubrication. However, the phenomenon is not
completely understood [30].

Surface morphology is crucial for understanding material behavior in contact, influencing fric-
tional heating, wear and tear, adhesion, electrical conduction, thermal swelling and electro-
chemical reactions. Even seemingly smooth surfaces exhibit microscale roughness, visible un-
der a microscope. Upon contact between materials, these irregularities termed as asperities
also contact one another, thus play a key role in mechanical adhesion and electrical conduc-
tion.

Modelling the real area of contact at the interface between two materials squeezed together
has been an ongoing challenge [31]. The true area of contact is significantly smaller than the
visibly apparent contact area. When current is conducted between these materials, it is scat-
tered across a significant number of micro-contacts which occur at a variety of regions and
geometries at the interface.

Additionally, this also causes electrical contact resistance, which arises due to the true contact
area, which again relies on the size and spatial distribution of sperities in contact. Contact
resistance is necessary to be considered in our research as one of the goals involves establishing
electrical conduction [32]. Narrowing the focus to the type of materials involved in the research
can help in taking individual properties into account, which can also help provide an idea for
the type of adhesion that would be best suited for a mechanically reliable connection.

2.2 Adhesion between Dissimilar Materials

Over the years, there has been a nascent need for lightweight and high-performance engineer-
ing structures housing an increasing number of functions in individual parts which can be con-
ceived by incorporating various materials into a multi-material joint structure.

To be able to join dissimilar materials, constituent selection, joint design and the process
should equalize the challenges. Messler describes that differences should be attempted to be
reduced, by making optimal choices with regards to materials or other influential factors [33].
Understandably, this gets challenging amongst different levels of involved materials’ atomic,
micro and macro structure levels. Differences in chemical, thermal and physical properties like
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6 Novel method to contact metallic and 3D printed polymeric conductors

thermal expansion, fracture point, and elasticity can create problems that can compromise this
bond [13, 14].

2.2.1 Adhesion of Metal and Polymer as Dissimilar Materials

Polymer metal structures are being increasingly utilized in several engineering arenas, primar-
ily because of the potential for their associated weight savings.

It is essential to consider the individual properties of metal and polymer which can reveal the
difficulty in adhering them together. Metals are well known for their durability, strength and
conductivity, among others. Polymers can be flexible, versatile and in some applications, re-
generative [34]. Polymers considered in this study are thermoplastics, which become soft and
moldable upon raising their temperature and undergo hardening upon cooling. It can be in-
ferred that while they are dissimilar materials, they are complementary in terms of functional-
ity. Plastics have seen an increase in applications in engineering structures for their advantages
stemming from low weight and ease of fabrication. Applications in construction, automobiles
and aerospace have always demanded materials which are stronger, and stiffer but lighter.

Metal-polymer hybrid structures can ideally exploit the strength and stiffness of metals along-
side functional integration and lightweight provided by polymers.

The poor adhesion can be addressed with the application of plasma treatment, but is not con-
sidered due to the complexity involved alongside 3D printing [14, 24].

While adhesive joining techniques are mostly employed in connecting metals and polymers,
their main limitation involves low mechanical strength alongside extensive surface preparation
[35]. There has been a nascent interest in utilizing welding in the form of laser-induced local
heating, friction welding and ultrasonic welding [35], however, the individual shapes and sizes
of the material constituents can pose restrictions and complexity when utilized alongside the
process of 3D printing polymers while controlled thermal energy is to be strictly imparted only
at the interface, which can otherwise lead to a complete failure of joining [36].

Considering these challenges amongst adhesive joining and welding techniques, mechanical
interlocking emerges as an alternative. This offers the potential to overcome these limitations
by taking advantage of inherent properties of the materials involved. This opens up a field of
nascent possibilities in the field of metal and polymer bonding.

2.3 Mechanical interlocking for metal and polymer connection

Mechanical interlocking can cause enlargement of the interfacial contact area over which Van
der Waals forces act between materials. It could also influence additional secondary forces at
the interface which consist of frictional force, chain entanglement for molecular scale inter-
locking and mechanical forces for nano to macro level interlocking. Together, they all can aid
in enhancing interfacial strength [37].

Anatural solution to connecting dissimilar materials is observed amongst rigid tree roots which
are interlocked in soft soil as seen in Figure 2.1, which have inspired the design and fabrication
of stretchable electronics [38]. Alternatively, using the surface features of the materials can be
a solution when the materials are incompatible [39]. Interlocking occurs due to features like
hooks, surface roughness, pits, dimples and related surface irregularities of one material that
are infiltrated or connected by the other, which have been shown to improve bonding [40].

While there have been considerable efforts towards achieving high bonding strength between
metals and polymers, solely involving mechanical interlocking is fairly low. There have been
numerous experiments that are starting to make headway with this approach. Park et al. have
experimentally demonstrated the promising approach to utilizing mechanical interlocking to
address material limitations [41]. Sancaktar et al. prepared micro-geometries through sand-
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Metal film

I Interlocking

Inspiring | layer

Elastic polymer

Figure 2.1: Inspiration from tree roots interlocking and modelling the material and interface types lead-
ing to an interlocking connection between metals and polymers, which was used for enhancing bonding
between Gold and Polydimethylsiloxane(PDMS) [38].

blasting and were able to prove that surface roughness indeed enhances interface strength [42].
Similarly, chemical etching [43], [44], laser treatment [45] and plasma electrolytic oxidation [46]
on metal surfaces resulted in a porous structure, which when bonded with polymer provided
for a large contact area between them and favours interlocking.

Friction stir spot welding to improve Al and polymer joints was performed with a modified
approach involving drilling holes into the Al plate and having molten polymer poured during
the welding procedure [47]. The studies conducted by Paidar [48], Pabandi [49], and Aliasghari
[46] effectively explored this topic. Aliasghari et al. [46] found that the infiltration of polymer
into these holes resulted in mechanical keying, which contributed to the enhancement of joint
strength.

Likewise, interlocking can be classified into occurring at multiple scales based on the types
of features involved. In the above experiments, Injection Moulding Direct Joining (IMDJ) and
micro-geometries through sandblasting can be considered to be interlocks occurring at the
micro level whereas chemical treating and etching, at both the micro and nano levels through
the presence of pores. Polymer infiltration and keying within metallic plates can be considered
as interlocks occurring on the macro scale.

Injection Molded Direct Joining (IMD]J) is utilized amongst metal and polymer to achieve a
micro-scale interlocking [50], [44], [51], [52]. Metal surface is treated to form micro and nanos-
tructures, upon which molten polymer is injected onto. The polymer flows into these irregu-
larities and solidifies, upon which the metal-polymer joint is achieved by interlocks as seen in
Figure 2.2. Deeper infiltration of polymer and tighter contact resulted in reduced stress con-
centrations and a higher joining strength between the two.

Macro scale interlocking structures are considered to be the easiest to fabricate using ad-
vanced manufacturing methods [37]. It is already used extensively to promote connection in
stretchable electronics. The potential to design and directly implement interlocking structures
through 3D printing processes already exists. Interlocks at the micro and nano levels require
specially fabricated procedures to avoid damage to small-scale structures. Thus, mechanical
interlocking requires precise manufacturing methods involving 3D micro/nano printing and
3D lithography to facilitate interlocking during the fabrication of components [37].
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(a) Metal (b)
‘

Polymer

Surface Structure

Figure 2.2: Schematic of IMD] process. This depicts the micro and nano structures on the metal surface
followed by application of molten polymer in dark grey. After the polymer solidifies, formation of metal-
polymer interlocks are observed [50].

2.4 Previous work by Neuvel

Towards identifying and developing a reliable form to secure conductors to 3D printed con-
ducting structures, in [12] a variety of joint contact setups were tested to study the potency of
mechanical adhesion while ensuring electrical conduction.

As part of the exploratory research, Palmga Innovation engineered thermoplastic polyurethane
(PI-ETPU) and Proto Pasta conductive polylactic acid (PLA) were selected as conductive poly-
mers, along with thin copper tape as a conductor. Engineering thermoplastic polyurethane
(ETPU) is rubber-like, which makes it suitable for flexible applications when compared to elec-
trically conductive composite polylactic acid (EPLA) [53] which is comparatively rigid. The cop-
per tape was placed on a non-conductive base and the conductive polymer was affixed to the
tape. Tape surfaces were subject to treatments across individual samples and then had the
conductive polymer printed over. A necessary requirement was to ensure that the conductive
polymer is physically spread over the copper tape to produce maximum contact to ensure a
reliable electrical connection. The polymer is then pulled apart to gauge the mechanical adhe-
sion to the copper tape [12].

The results showed that polymer tracks printed over perforated copper tape remained the only
sample able to withstand a simple pulling force. The polymer extruded through the holes fused
seamlessly with an underlying non-conductive base polymer (See Figure 2.3). The fused poly-
mer is observed to be intact even when the copper tape was peeled off as seen in Figure 2.4 [12].

Figure 2.3: A cross sectional view of a sample with EPLA extruded over perforated copper tape on a base
layer of PLA. The green circles indicate where polymer has successfully penetrated through the holes
and bonded with the base layer [12].
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CHAPTER 2. SCIENTIFIC BACKGROUND 9

A successful fusion occurred at a defined optimal print bed and nozzle temperature. This is
theorized to occur as lower environmental temperatures would cause quicker polymer cooling
to occur thereby preventing the molten polymer from flowing through the holes to fuse with
the base layer.

Figure 2.4: Tracks of ETPU printed on a pair of perforated copper tapes which are mounted on a base
layer of TPU (NinjaFlex) [54] with a bed temperature of 60 °C to 65°C (top). The red circle depicts the
ETPU having fused with the base layer through the copper tape. These polymeric stakes are formed
as they penetrate through the perforations in the copper tape and are observed here when the tape is
pulled away (bottom) [12].

Printing polymer over perforated copper tape is seemingly the best candidate for mechanical
adhesion between dissimilar materials like metal and conductive polymer, whose underlying
mechanism is classified as mechanical interlocking.

2.5 Conclusion

The exploration of adhesion mechanisms reveals the limitations of traditional bonding meth-
ods with regards to connecting metals and polymers. Understanding the events occurring at
the interface along with the role of surface morphology and contact resistance, provides in-
sights into the complexities involved in achieving reliable adhesion. Chemical bonding and
physical adsorption are often insufficient due to the diverse properties of these materials. How-
ever, mechanical interlocking emerges as a promising solution.

Mechanical interlocking, with its ability to enlarge the contact area and create interlocks at var-
ious scales, offers a unique solution, addressing low mechanical strength and extensive surface
preparation. The review of metal-polymer adhesion emphasize the complimentary properties
of these materials and the need for standardising a joining method. While adhesive techniques
and welding face limitations, mechanical interlocking occurring at the macro, micro and nano
scales proves to be a versatile method.

The previous work presented in this context, particularly the experiments connecting conduc-
tors and 3D-printed polymers, demonstrates the feasibility and potential of mechanical inter-
locking. The successful fusion of polymers with perforated copper tape highlights the impor-
tance of precise printing parameters for optimal results.

The next chapter will set the stage for the mechanical interlocking with regards to the choices
made, sample designing and studying the contact resistance in depth.
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3 Design And Modelling

In this chapter, an overview of the design choices required to fabricate a mechanically inter-
locked metal-polymer sample is given, followed by a discussion of part of an experimental
setup model best suited to quantify the simultaneous electrical and mechanical performance
of the sample. A lumped model of the sample is utilized to understand how to better measure
the contact resistance which also includes modification of the sample into having 4 contacts.
Analysis of the undesirable constituent assists in further optimizing the sample to aid in mea-
surement.

3.1 Design Requirements

An individual sample comprises the conductive polymer and metallic conductor, both of
whose design choices have implementation challenges that need to be taken into consider-
ation. One of the first considerations involves the fabrication being FDM process compati-
ble. This would involve thermoplastics in filament form undergoing expansion, while being
extruded through a nozzle, and selectively deposited layer by layer. This requires a 3D CAD
model of the design and knowledge of the properties of the chosen material for printing.

Considering the necessity of quantifying the performance, there is a need for having access to
multiple samples having similar properties. It would be worth having access to smaller samples
for faster printing times but also allowing for multiple samples produced in a single iteration.

Achieving good contact between the polymer and conductor is to be considered electrically
and mechanically:

» Low electrical resistance at the region of contact between conductor and polymer. This
will be considered as contact resistance.

* Arobust structure that combines flexibility and conductivity.

* Mechanically robust to withstand bending, tensile/compressive deformations and dam-
age due to fatigue

e Simple fabrication process with freedom for customization for corresponding applica-
tions

As the design progresses, it is essential to accommodate features that will make it suitable for
testing as part of an experimental test setup.

3.1.1 Polymer

Based on the research and experimentation by Patrick Neuvel [12], perforated copper tapes
achieved the best form of mechanical interlocking with polymer printed over it. This provides
a foundation regarding the choice of material and the type of mechanical adhesion. ETPU was
chosen for fabrication, testing and any future recommendations due to its flexible nature. It
had lower resistivity when compared to Proto Pasta [55]. Requirements for the fabrication of
samples will be considered in detail in Chapter 4.

3.1.2 Conductor - Copper wires

Copper wires are extensively used as part of electrical circuits for their conductivity, coupled
with their ease of use and availability. Generally, the thin and flexible nature could allow for
intricate routes and compact designs. Achieving mechanical interlocking using copper wire
and polymer could occur on a macro scale level as discussed before.
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Topology 0 Topology 1 Topology 2 Topology 5

Figure 3.1: A depiction of various geometries for embedding of copper wire in polymer, as seen from a
top view, and nomenclature of topology. With topologies of 1 and higher, there is always enclosed area
of polymer to pass through one or more loops.

The level of interlocking will depend on the geometry used but also the topology of the cop-
per wire which will be secured within the polymer. In this case, topology can be defined as the
physical arrangement of the wire with labels given to increment with the number of loops(See
Figure 3.1). A closed loop will allow for the polymer to pass through and physically interlock
with the wire. Increasing the number of interlocks will increase the overall strength of the con-
nection.

Copper wire embedded inside polymer

As experimented by Patrick Neuvel, it is interesting to consider copper wires with regards to
the additive manufacturing technique used, namely FDM. This can provide insight into the
optimal choice of conductor geometry of the perforated tapes and wires.

An ETPU block was printed and copper wire is placed, after which more layers of polymer were
printed. This experiment was performed to check how well copper wire behaves similar to the
sample fabrication method as performed by Patrick [12].

A mismatch between the radius of the wire and the groove within the polymer matrix caused
the wire to slide out. This is also attributed to the minimum print resolution of the nozzle.
Replacing a single strand with a multicore wire, it was observed that there was potential mis-
alignment produced due to collisions with the printing nozzle. These collisions also led to some
strands being isolated away from the rest (See 3.2).

Figure 3.2: A flexible polymer block with copper tape and multicore wire embedded. One of the wire
strand has been displaced physically from the rest by the motion of the printer nozzle.

Observations

Ensuring the precise alignment and positioning of wires within the 3D printed structure de-
mands meticulous attention and is poorly controllable in this method. Any misalignment dur-
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12 Novel method to contact metallic and 3D printed polymeric conductors

ing the layer-by-layer printing process can lead to misconnects or incomplete electrical paths.
Twisting of wires and loosening creates complications towards producing uniform samples
which needs to be studied. It is also important to mention the additional complexity involved
in placing these wires with high level of coordination and precision onto the block of polymer,
only for collisions with the nozzle to cause disorientation.

Consistent adhesion was clearly lacking between the wires and the polymer material. Contact
surface area between the polymer and wires can also be considered to be small. The wires could
be pulled away from the polymer bulk which indicated that there was no form of interlocking,
to withstand a pulling force, present.

3.1.3 Conductor - Perforated Copper tape

Copper tape inevitably emerges as the superior choice over copper wires within the realm of
FDM printed electronics, drawing from the insights obtained from Patrick’s research [12]. In
contrast to the limitations experienced by utilizing copper wires, perforated copper tapes offer
a transformative solution.

Acrylic-backed perforated copper tapes, as used by Patrick, can be considered as a fixed geom-
etry, eliminating misalignment concerns. While the acrylic glue does not assist in securing the
tape onto the polymer, due to incompatibility, controlled heating with a soldering rod to se-
cure polymer stakes through the holes mechanically interlocks and secures the tape. The tape
is also thin and flexible, and its flat surface allows it to conform with additional polymer layers
extruded on top and to adapt to mechanical stresses.

Properties

A thin flexible copper tape with holes helps in minimizing stress concentrations when com-
pared to a solid conductor without any perforations [15, 56]. The stress concentration factor
(SCF) of a structure is influenced by it’s shape and thickness and is defined as the ratio of the
maximum stress in the material to the nominal stress applied [56]. A thin material has lower
SCF than a thicker one and a flexible material has a lower SCF than a rigid material. Accord-
ingly, a material with holes has a lower SCF than an inlay without since the holes act as stress
relievers. The number of perforations on the tape (see Figure 3.3 can influence the degree of in-
terlocking and overall strength of the connections. More holes may accommodate more molten
polymer for better interlocking but it is necessary to also think about how this can simultane-
ously weaken the tape’s overall structural integrity during pulling.
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Figure 3.3: Schematic of potential patterns for increasing the number of holes in various tapes. The
label below every sample indicates the number of holes to be perforated. The photo on the right depicts
a copper tape with 20 holes resting on a piece of ETPU.

The shape of the holes in the tape could also influence interlocking. While irregular or com-
plex shapes may enhance interlocking when compared to simple shapes like circles, their fab-
rication would involve laser cutters or any potentially automated complex processes. Sharp
corners of the tape within complex shaped holes in contact with polymer could incur wounds,
stress concentrations or mechanical weakening [15,56]. Achieving consistent results with com-
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CHAPTER 3. DESIGN AND MODELLING 13

plex shapes may be more challenging due to a large number of samples required for testing,
where a slight variation in hole geometry can impact performance. Circular holes were chosen
and perforated into tapes using the same jig used by Patrick in Phase II [12].

The orientation or pattern of the holes can also impact the potency and stability of the in-
terlocks formed. Spacing and distribution of holes across the tape can determine how evenly
stress is distributed during mechanical loading. Two common patterns to be considered are
ortholinear and staggered as seen in 3.4.
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Figure 3.4: Schematic of Ortholinear and Staggered hole patterns on a copper tape.

A staggered hole arrangement can provide better stress distribution across the entire pattern,
reducing the risk oflocalized stress concentrations. However, an ortholinear pattern of perfora-
tions is chosen for uniform mechanical interlocking and its simplicity in design and fabrication.
Aiding to this is the immediate availability of the punching jig with ortholinear pattern [12] (See
Chapter 4 for more details) used by Patrick. A staggered hole pattern can be implemented in
the future to comparatively check for improvements based on the results provided by the or-
tholinear hole pattern.

3.2 Basic Sample

Based on the considerations a basic prototype sample is designed, keeping an overall simple
process, minimizing material consumption along with the necessity for fabricating duplicates
for testing. A basic CAD model can help to visually understand the design for any further
changes as necessary (See Figure 3.5). This sample is named "2 tape sample" for reference.

Copper tapes are perforated prior to printing an even layered block of polymer. The print-
ing is commanded to pause upon extrusion of half the total number of layers. This is where
the copper tapes are secured after which the remaining half of the layers is extruded over the
tapes. This produces a complete copper-ETPU mechanically interlocked sample (See Figure
3.6). Keeping the print bed dimensions in mind, further considerations can be done to be able
to produce multiple samples at once.

Samples are sliced through their cross section to observe the interlocks at the macro level. This
gives insight regarding the nature of the contact. Tapes are pulled away from the polymer block

(b) Completed version of the 2 tape sample with copper

(a) Copper tapes over a half printed block of polymer. tapes embedded.

Figure 3.5: CAD model depicting the 2 stages of fabrication to produce a 2 tape sample.
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Polymer

|~7 Width of Copper tape 44

Figure 3.6: Schematic depicting the hole pattern on the copper tape embedded within the polymer
along with a cross sectional view. The polymer filled region between the blocks of copper represent the
stakes that occur when polymer flows through perforation.

in a controlled manner to enable to identify the breaking point, and the number of load cycles
it can withstand as function of the various parameters as discussed above.

3.3 Modelling

Contact resistance represents the electrical resistance at the interface between electrical con-
tacts and is a part of the total resistance of the system [57]. In the sample, contact resistance
arises due to the unpredictable conduction between the tape and polymer, being influenced
by contact area, surface roughness, individual material properties, tightness of contacts and
the mechanical integrity of the interlocks. Specifically, this interface would classify as the point
where the perforated copper tape and polymer (PI-ETPU) come into contact and interlock.
This region has been pictorially represented in the cross sectional view in Figure 3.6. Contact
resistance embodies a primal aspect of electrical performance evaluation, specially when con-
sidering a flexible and conductive 3D printed structure. Quantifying contact resistance serves
as a bridge between the mechanical and electrical domains, providing an insight about how
mechanical interlocking between perforated copper tape and ETPU influences electrical con-
duction. Currently explored and employed methods for measuring contact resistance are 4-
point sensing [58] and the Transfer Length Method (TLM) [59]. These methods can be complex
to implement when we consider measuring electrical performances of flexible samples simul-
taneously under mechanical loading.

Contactresistance is essentially an impedance to the path of current flow due to the insufficient
electrical contact and hence can be a source of heating through the Joule-Lenz effect [60, 61].
Heating of contact surfaces is thereby one of the more adverse effects of contact resistances.
Increase in contact resistance has also been commonly attributed to fretting corrosion [62] and
looseness of contacts. The former occurs by wear and tear of contacts which are subjected
to micromotion due to temperature variatioins or vibrations. Research has indicated that an
increase in contact resistance is mainly attributed to relative motion between electrical con-
tacts [63]. Admittedly, the electric contacts within the sample are hidden in the bulk of the poly-
mer matrix, which obviously brings challenges to obtain the response of physical parameters
such as quality of mechanical interlocks and the copper-polymer interface without destruc-
tive testing. Currently, research about the effect of bonding methods on the contact resistance
are very limited [8-10]. Thus, contact resistance is a way to obtain insight about the quality
of electrical connections while also ensuring less impedance to the path of current. Modelling
a setup required to perform tensile and electrical measurements simultaneously could depict
the robustness of the interlocked contacts.
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3.3.1 2-wire resistance measurement

In the context of our research, a practical 2 wire connection is considered with the designed 2
tape sample whose resistance R is to be measured (See Figure 3.7. All wire and test leads have
some resistances, which are denoted by R, respectively on both wires connecting the contacts
of the sample [64, 65]. In this situation, the resistance meter would now measure the resistance
which includes the combination of wire resistances and the sample resistance R.

Resistance Meter

®» ©

Resistance to be measured

Figure 3.7: 2 wire resistance measurement circuit.

The resistance meter yields:
Ro wire :== Rw+ R+ Ry (3.1)

Despite only desiring the value of R, there are additional resistances adding to the 2 wire resis-
tance measurement which are dependant on the wires. These can not be eliminated regardless
of the quality of the wires. The contact resistance also only accounts for a small fraction of the
total resistance and this method is also limited in its ability to differentiate between the contact
resistance and the sample’s bulk resistance. This is also an unexplored limitation of the sample
design having only a single path for the current to flow [64, 65].

3.3.2 3-wire and 4-wire resistance measurement

In a 3-wire resistance measurement, a separate wire is utilized to measure the voltage drop
over the sample whose resistance R is being measured. Consider a practical 3-wire resistance
measurement as seen in Figure 3.8. The lower half of the connection is similar to the 2 wire
connection, maintaining a single wire as path for the measurement current and for the voltage
measurement. The voltage measurement wire in the top half is again connected to the resis-
tance to be measured, however the resistance Ry in this wire does not influence the voltage
measurement. Due to the high internal impedance of the voltage meter, there is a very negli-
gible amount of current flowing through this wire, which generally be ignored for all practical
purposes. So, presence of resistance Ry in this wire does not cause any voltage drop. The resis-
tance meter can compensate for the top wire resistance however the lower half has no means
to compensate for the resistance Ry3 [64, 65].

The resistance meter yields:

R3_wire := R+ Rys (3.2)
It is observed that resistance Ry, is eliminated from the measurement. It is still better than 2
wire measurement.

In a 4-wire resistance measurement, 2 separate wires are utilized to measure the voltage drop
across the sample whose resistance is being measured. Consider a practical 4-wire resistance
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wl

—

Resistance to be measured

Figure 3.8: 3-wire resistance measurement circuit.

measurement as seen in Figure 3.9. The wires measuring voltage across the sample are classi-

— TEST

Resistance to be measured

Figure 3.9: 4-wire resistance measurement circuit.

fied as Sense leads which are connected to the ends of the resistance to be measured. Current
passes through the outer wires which are classified as Test leads. Once again, there is negligi-
ble amount of current flowing through the sense leads so presence of wire resistances on the
sense leads does not cause any voltage drop, thus eliminating any errors. Hence, voltmeter
measurement is essentially the same as the voltage across resistance R.

Hence, the resistance measured here is:

|4
Ry wire := T =R (3.3)

As a result, the sample resistance value can be measured more accurately than both 2 and 3-
wire measurement methods. The sensing leads must be connected as close to the resistance R
as possible [64, 65], so that it excludes the resistance from any part of the testing leads.

Using a 2 tape sample in place of the resistance to be measured would provide us with the total
resistance of the entire sample and wires. Contact resistance is more specific to the interface,
occurring between individual perforated copper tape and the ETPU interlocked with it. This
means that there is no way to isolate the contact resistances of the tapes from the ETPU bulk
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resistance. This demands a change in the sample design such that, the difference between the
3 and 4-wire resistance measurement can isolate the contact resistance of a specific tape while
the tape experiences a pulling force.

3.3.3 Characterization

The separation of the sense and test leads in the 4-wire measurement method, necessitates 4
connections. The sample requires 4 contacts in order to utilize the method. Consider a new
mechanically interlocked sample with 4 copper tapes as shown in Figure 3.10.

Figure 3.10: Schematic of an ETPU sample with 4 copper tapes mechanically interlocked within. A
zoomed in view depicts the perforations on each tape embedded within.

A lumped model of this sample is presented in Figure 3.11 which provides a better understand-
ing of the constituents onboard. Contact resistances are indicated by orange contacts, the bulk
resistance of the ETPU sample is represented by the two blue 2R}, resistances. A parasitic re-
sistance termed as Rsp occurs between 2 adjacent tapes. Any current that passes between two
proximal contacts across the plane encounters this resistance. The individual resistances of the
copper tapes themselves are insignificant and are not considered in the lumped model.

Bulk

/esista nce

Parasitic
Resistance

Lumped model

Contact
resistance

Figure 3.11: Schematic representation of the physical structure (left) of the 4 tape sample along with
its constituent resistances and a lumped model (right) expressing the same in terms of corresponding
resistors and connectors.

3.3.4 Difference in 3-wire and 4-wire resistance modelling

This lumped model (Figure 3.11) can now be considered onboard 3-wire and 4-wire resistance
measurement circuits.

In the 4-wire configuration (See Figure 3.12), no current passes through the top contacts, hence
the values of R¢ are not considered here. However, current passing through the top part of
the bulk resistance (Iygp) is of importance. The model equation for the 4-wire resistance Ry
measurement based on the 4 tape sample yields:

_Vi-Va _ (2Ry)(I2rb) _ (2Rp) (2Ryp) (1in)

R4 . =
Lin Iin (Iin)(2Rp + 2Ry + 2R3p)

(3.4)
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Figure 3.12: Schematic of the lumped model of the 4 tape sample incorporated into the 4-wire resistance
measurement circuit to determine the contact resistance of the top right electrode. The input current
I, flows through the bottom contacts while the voltage is measured over the top contacts.

~ R
" 1+ (Rsp/2Rp)

o

R, (3.5)
No contact resistances are considered in the above equation, as in the 4-wire resistance
method, almost no current passes through the contacts. Vinput/ Iin is the measured resistance
of the system which is essentially 2R}, resistance at the top lying in parallel with the remaining
resistance elements.

&
@

Figure 3.13: Schematic of the lumped model of the 4 tape sample incorporated into the 3-wire resistance
measurement circuit to determine the contact resistance of the top right electrode. The input current
I, flows through the top right contact and exits through the bottom left contact. The voltage is again
measured over the top contacts.

In the 3-wire configuration, see Figure 3.13, the input current passes through the top left
contact, which will be considered here. Similar to the 4-wire measurement, current passing
through the top part of the bulk resistance (I5gp) is of importance. The model equation for the
3-wire resistance R3 measurement yields:

_V1—V2:R

(2Ry) (I2R,) (2Rp)(2Rp + R3p) (Iin)
R3:= +—

=R 3.6
Im ¢TI C T ) @ @Ry + Ran) (5.6
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Rs = Rc + Ry, 3.7)

The tape at the top right is the one whose contact resistance is under study. The difference
between the model equations for the 3-wire resistance Rs and 4-wire resistance Ry yields:

Ry B R3p
= RC +
1+ (Rsp/2Ry) 2+ (Rap/Ry)

AR3,4 =R3—Ry=Rc+Rp—- (3.8)
An assumption is considered that the bulk resistance R}, is considerably greater than parasitic
resistance Rsp, thus RRLE is negligible.

ARs 4~ Rc+ Ryp/2 (3.9)

It is observed that the measurements yield the contact resistance and an additional term R3p/2
due to the interplanar offset of electrodes from one another. Contact resistance of a specific
contact could change if external force is applied exclusively. This sample could be fixed on a
testing setup for a near simultaneous 3-wire and 4-wire resistance measurements to be per-
formed with a pulling force on a contact to observe the behavior of the contact resistance.

Dependencies on Parasitic Resistance

The value of the contact resistance R¢ is the unique objective from the measurements and
from Equation 3.9. It is measurable only when Rc > Rsp/2. The parasitic resistance Rsp is
solely contributed and affected by the inherent geometry in the polymeric region between the
samples.

Here, it is very important to define labelling terminology utilized before proceeding further.

Contact resistivity (henceforth considered as o¢) is labelled as a surface property arising from
the contribution of the true contacting areas of copper and ETPU at the interface.

Parasitic resistivity (henceforth considered as psp) is labelled as a material property that is
clearly dependent on its own intrinsic features. Here, the term is defined by the ETPU’s unique
molecular structure, as the parasitic element is classified for being within the ETPU region be-
tween adjacent copper tapes (See Figure 3.11).

Considering this, change in ARj3 4 is linear with both contact resistivity and parasitic resistivity.
R3p can be thus minimized by making specific geometrical choices for the sample. A schematic
depiction of the interior region between the tapes is seen in Figure 3.14. In this scenario, a 2
dimensional approach is considered where current direction is assumed to be moving from
the copper tape into the bulk and the proximal region in the same plane. Further research is
required to model the exact direction of currents in the 3 dimensional aspect as this plane is in
fact sandwiched by more layers of ETPU all around.

Rc > R3p (3.10)

oc _ PsplLsp
> —_—

— 3.11)
Ac Azp

From Figure 3.14 and Equation 3.11, it can is inferred that parasitic resistance R3p can be mini-
mized by reducing the length or rather, the distance(L3p) between adjacent copper tapes. Sim-
ilarly, increasing the cross sectional area Asp reduces R3p. To reduce the 3D deformation hap-
pening between the region of adjacent copper tapes during pulling, the entire sample’s width
can also be reduced. Both of these design choices can be physically implemented during the
fabrication process up to a certain degree. These are clearly discussed and incorporated in the
next section.
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4 tape sample

Figure 3.14: Zoomed in view of the 4 tape sample depicting the interior region where adjacent copper
tapes are embedded. The blue dotted arrows indicate the assumed directions of current strictly within
the plane. Embedded copper tape contributes to the contact resistance whereas the polymeric bulk
contributes to the parasitic resistance. A indicates their respective cross sectional area perpendicular to
the direction of the current whereas L indicates their respective length.

3.4 Revised Sample Design

The main prospects to consider from the modelling involve:
» Using 4 copper tapes as contacts for a 4 tape sample.

* Reducing the gap between two adjacent copper tapes. This would also be dependant on
the minimum print resolution of the 3D printer nozzle.

* Reducing the sample width to reduce the 3D deformations.

* Considering a hole on the sample for securing a bolt through it, in order to mount on the
experimental setup for being stationary when the copper tape is pulled.

Recapping other general considerations

e Minimal size in order to fabricate multiple samples at one iteration. This would also
require considering the size of the print bed and time taken for individual sample fabri-
cation.

* Even number of layers, so as to pause and mount copper tape in the middle.

These considerations are detailed with their dimensions and presented in the next chapter.

3.5 Conclusion

The design of the sample is optimized by analyzing the lumped model and its undesirable con-
stituent (R3p). This design can now be modelled in an appropriate CAD software and fabri-
cated. This can finally be utilized onboard an experimental test setup where the 3-wire and
4-wire measurements are done simultaneously as one of the copper tapes is influenced by an
external force.
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Figure 3.15: CAD design of a revised sample design with the changes incorporated.

The next chapter details the materials used and fabrication process required to create a me-
chanically interlocked copper tape - ETPU sample.
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4 Materials and Fabrication

4.1 Introduction

In this chapter we delve into the crucial aspects of materials selection and fabrication pro-
cedures undertaken to create test specimens for a comprehensive study on the mechanical
and electrical performances of mechanically interlocked metal-polymer hybrid materials. It
focuses on the integration of copper tape and a conductive polymer, specifically PI-ETPU 85-
700+, to form mechanically interlocked structures. Additionally, this chapter outlines the 3D
models, electric contacts, 3D printers and polymers utilized in the experimental setup, pro-
viding a foundation for subsequent analyses. In later sections the specific materials used, the
printing parameters and the technique employed to ensure a consistent and controlled man-
ufacturing process will be detailed. This chapter is concluded by presenting the final samples
after fabrication, setting the stage for exploration of their mechanical and electrical behaviors
in the experimental setup discussed in the following chapter.

4.2 Materials and Equipment
4.2.1 Electrical Contacts

The electric contacts are comprised of 6.35 mm wide and 66 um thick copper tape (See Figure
4.1) with a conductive acrylic adhesive on one side [66].

-

Figure 4.1: 3M Copper tape with adhesive backing . [66].

4.2.2 Polymers
(Palmiga Innovations) PI-ETPU 85-700+ conductive flexible filament

This 3D printing filament is both flexible and conductive, having been manufactured from ther-
moplastic polyurethane. This was an unreleased filament from Palmiga Innovations, whose
conductivity before printing is 80 Q cm [55]. The maximum extension as reported by the man-
ufacturer is more than 700 % [67].

(Ultimaker) ToughPLA

This a non conductive polylactic acid material that is optimized for fabricating tough parts like
tools and jigs. Primarily used for fabricating clamps, assistance tool and base platform required
for experiments. These tools are further detailed in the next chapter.

(68]
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4.2.3 Printers
Diabase H-Series 3D printer.

This multi-material printer is capable of printing with up to 5 filaments, which are switched
or chosen based on a turret configuration (See Figure 4.2). This printer is primarily used to
fabricate the conductive polymer block and an assistance tool for connecting the copper tape
to the polymer block.

Figure 4.2: Diabase H-Series Multi-Material 3D printer.

Ultimaker S3 3D printer

This printer [69] fabricates the essential non-conductive parts required for the experimental
setup.

Associated printing software

* Dassault Solidworks 2021, as CAD modelling software

e CURA4.11, as 3D printing slicer software

4.2.4 Custom punching jig

To fabricate perforations in the copper tape, a custom punching jig (printed by Patrick on a
Form 2 stereolithography printer, Formlabs, USA) was utilized [12]. Figure 4.3 depicts the jig
and its parts. This jig is complemented by a hand piece consisting of 10, 600 um diameter hard-
ened steel pins which are trimmed short with edges sanded flat. Upon applying an impulsive
force, the pins punch a hole in the tape and displace the copper scrap away from the bulk. A
schematic representing this can be seen in Figure 4.4.

The holes are spaced in a rectangular grid consisting of 5, arranged with 1 mm between rows
and 1.2 mm between each column. Holes with multiples of 10 can be punched with this jig
whereas a single hardened sewing pin is used to punch holes in arrangements of fewer than 10
holes. The top half of the jig’s hole layout also gives the flexibility to punch holes in a variety of
patterns using a single pin.

4.2.5 Assistance Tool

This mounting aid was developed out of necessity to overcome the challenges of adhering cop-
per tapes to the top of the polymer surface in close contact. There is a constant challenge to
reliably attach two adjacent tapes onto the polymer separated by a tiny gap due to the heated
bed temperatures and the poor adhesion between the tapes and the polymer itself. It ensures
a spacing of 0.8 mm between the tapes. An assistance tool was designed and fabricated as
shown in Figure 4.6. It constitutes a marked wing element on which the copper tapes are to
be mounted. A handle is utilized as leverage for gripping whereas the dividing notch physically
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Handpiece

Axial view

Bottom half

Figure 4.3: Various parts of the punching jig. The jig consists of two halves. The bottom half consists of
a groove to house the copper tape securely. The top half clamps fown to ensure a constant alignment of
tape thus allowing the user to punch holes [12].

Applied force

1\

Flat ended pin

Copper tape workpiece

Bottom half of the jig

Copper scrap

Figure 4.4: Schematic depicting the working of the punching jig.

Figure 4.5: The jig securing a piece of copper tape along with the handpiece inserted to perforate the
tape. A set of perforated copper tapes are shown beside the jig. [12].
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separates the tape when being mounted. It enables a separation distance of 0.8 mm between
adjacent copper tapes.

Handle

Dividing Notch €y

Wing

Figure 4.6: Assistance tool along with diagrams of its basic parts and dimensions (mm). This tool is
used for mounting the perforated regions of the adjacent copper tapes onto the ETPU block while also
protecting the user from the heated bed. The core functionality is to ensure 0.8 mm gap between these
tapes. Markers on the wing are used as reference to orient the tool with respect to the polymer matrix.

4.3 Electrical contact fabrication

This section comprises of the detailed steps involved in fabricating the polymer sample,
mounting of the perforated copper tape and soldering required to secure the contacts onto
the polymer matrix. These are the major steps required in order to complete the mechanically
interlocked connection between ETPU and perforated copper tape.

As can be seen in Figure 4.5, holes are punched out of the tape with the help of the special-
ized punch. The scrap copper is displaced when the flat-ended pins are driven in with enough
power to punch a hole. For identification of the respective tapes after the printed polymer
encases them, unique markings are input that correspond to the tape’s number of holes, the
pattern of design and the length of the tape that needs to be encased. These identification
markers can be seen in Figure 4.7. Also, samples were made where one copper tape contact is
replaced by a frayed multicore wire with an original diameter of 1 mm .

Figure 4.7: A set of tapes with a different number of perforations and identification markers. Shown
here from the left are tapes of 20, 0 and 10 holes, with 4.8 mm being the length of the tape to be enclosed
by the polymer.

The printed polymer is in the shape of a cuboid of 71 mm x 21 mm x 0.8 mm with a 6 mm hole in
the centre, fabricated from PI-ETPU 85-700+ on the Diabase Engineering H series 3D printer.
The CAD model utlized is shown in Figure 4.8. Table 4.1 presents the printing parameters uti-
lized while fabricating all samples. As specified, each layer of the polymer sample is 0.1mm
amounting to 8 layers.

The nozzle and bed temperatures are set optimally to be high enough to induce seepage of
ETPU into the perforations on the copper tape. The extrusion multiplier was initially set to 1 by
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% 6.00 0.80

71.00
]
1

21.00

Figure 4.8: CAD Model of the sample’s block of ETPU. The dimensions are labelled in millimeter(mm).

Table 4.1: 3D-Printing parameters.

3D-Printing parameter Value
Bed temperature 65°C
Nozzle temperature 225°C
Extrusion width 0.45 mm
Extrusion multiplier 1.3
Infill Density 100%
Infill angle +45°\ —45°
Layer height 0.1 mm
Printing speed 25mms™!

default, which produced gaps between individual extruded polymer paths. Setting a value of
1.3 eliminated these gaps. A printing speed of 25 mms™~! is considered to be slightly low, so as
to give ample time to allow for the extruded molten polymer to seep into the perforation. This
defines a good quality interlock. High printing speeds could cause extrusions to skip over small
perforations, leading to less effective interlocks.

The printing of the polymer is paused manually when the lower half of the total layers has been
extruded onto the heated bed of the printer. With 4 out of the 8 layers extruded, the next step
of the fabrication involves the process of mounting the copper tapes onto the polymer before
resuming printing, with the objective to encase them.

The copper tapes are mounted onto the assistance tool near the notch beginning from the re-
gion where there is no perforation and all the way, to the other end. The markers (See Figure
4.6) on the wings are utilized to align the assistance tool with respect to the half-printed poly-
mer sample, such that both midpoints of the width of the polymer block and wingspan match.
With this alignment, the assistance tool is slid toward the polymer block and the perforated re-
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gions of the copper tapes are in contact with the polymer matrix. After the tapes are embedded
into the polymer, the assistance tool is pulled away manually using the handle as leverage. The
notch is primal to ensure a gap all throughout the length of the tape. The non-perforated areas
of the tape securely adhere to the printed bed to reduce any potential movements or obstruc-
tions to the nozzle when the print is resumed.

The process of mounting perforated copper tapes onto the matrix is better explained through
means of Figure 4.9.

= =

Figure 4.9: Multiple stages of copper tape mounting using the assistance tool. The tool is docked to the
polymer matrix, the perforated copper region is held in place and the tool gently removed. This occurs
prior to soldering, which completely secures the tape onto the polymer.

Along with copper and polymer being dissimilar materials, the acrylic adhesive on the under-
side of the tape did not adhere to the polymer surface either. A soldering iron at 350 °C is used
to iron the tape on the polymer (See Figure 4.10). Additionally, unidirectional strokes are per-
formed to melt nearby polymer matrix and disperse it towards the edges of the tape. This me-
chanically fastens the tape onto the sample surface. It was also observed that some of the poly-
mer entered the holes, thereby further assisting in mechanically securing the tape. Figure 4.11
depicts the behaviour of tapes before and after soldering treatment.

N e

B

Figure 4.10: Soldering the copper tapes and wires of 5 samples at once. This occurs once half the total
layers of ETPU is extruded.

The print is resumed and the remaining layers get extruded over the polymer sample with cop-
per tapes as shown in Figure 4.12. Multiple batches of samples were fabricated in sets of 5 to
compensate for the time taken as shown in Figure 4.13.
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Figure 4.11: Copper tapes before soldering (left) do not adhere flat on the polymer surface even with
acrylic glue backing. After soldering (right), the tapes are securely placed within the polymer matrix.

Figure 4.12: Resuming printing on polymer samples after the copper tapes have been mounted and
soldered.

Figure 4.13: A set of 5 samples after fabrication on the heated printing bed.

4.4 Final samples

Samples can be differentiated based on the physical shape of the conductor, namely tape and
wire. Tape samples can further be distinguished by the number of holes perforated onto them.
Wire samples are essentially multi-core frayed apart and basically undergo the same procedure
as mounting of tapes mentioned in the previous section. Figure 4.14 depicts the two types of
samples fabricated.

This intricate sample consisting of mechanical interlocks are sliced across the cross section for
observation. These results are discussed in Chapter 6.
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Tape Sample

Wire Sample

Figure 4.14: Sample used in the measurements.

4.5 Conclusion

This chapter provides a detailed account of the materials and fabrication processes employed
in the creation of mechanically interlocked metal-polymer samples for subsequent mechani-
cal and electrical performance studies. Conductive polymer used in this study was PI-ETPU
85-700+, which remains a flexible and conductive filament with unique properties. The copper
tape, serving as the electrical contact was prepared using a custom punching jig for perfora-
tions. An assistance tool was developed as a necessity to address challenges in securing the
copper tapes to the polymer surface in the midst of the print job, ensuring a reliable and con-
sistent connection.

The fabrication involved aligning and embedding the copper tapes onto the polymer matrices
followed by soldering to enhance the adhesion. The resulting samples exhibited mechanical
interlocking and are poised for further investigation into their mechanical and electrical per-
formances, which will be discussed in detail in the next chapter involving the experimental
setup.
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5 Experimental Setup And Measurements

5.1 Introduction

This chapter incorporates the details of a setup required for gathering the desired data in terms
of equipment, their configuration and common procedural overview of an experiment along
with the measurements performed.

Investigating the robustness of these connections when subjected to mechanical loading pro-
vide insights into long term stability and resilience in applications involving mechanical stress
or deformation. Measuring contact resistance in conjunction with this provides a quantita-
tive assessment of the functionality and reliability of electrical connections under mechanical
loads. Alternatively, this also allows for a holistic analysis of the performance of the interlocking
connections into how mechanical behavior impacts electrical conductivity and vice versa.

5.2 Setup Concept

The lumped models of the 4 tape sample onboard the 3-wire and 4-wire resistance measure-
ment circuits (See Chapter 3) are considered as a foundation to the setup. The 4-wire resistance
circuit involves separation of the connecting leads into specific current and voltage leads (See
Figure 3.12 and 3.13, when compared to the 3-wire measurement. For the 4-wire resistance
measurement, the current flows through the bottom contacts, while voltage is measured over
the top contacts. In the case of 3-wire resistance measurements, the input current is switched
to the top contact so that it directly flows through the top right contact under study. This is
represented in a combined lumped model in Figure 5.1.

I in
V, R¢ ‘

R3p

I—

INDEX: 3-Wire 4-Wire

Figure 5.1: Combined lumped resistance model of the sample for both 3-wire and 4-wire resistance
measurements to determine the contact resistance measurement of the top right contact. Also, simul-
taneously, a pulling force F is applied to the top right contact to study the behavior of the contact resis-
tance under load.

The path of the current can be switched so that both measurements can be obtained in a very
short interval of time. Incorporating an actuator to deliver a force into this circuit would con-
stitute the skeletal measurement system as seen in Figure 5.2.

5.3 Components

With the fabricated sample and a skeletal measurement setup design, the next step is to de-
velop a configuration to serve as an experimental setup. The main components required are
enumerated:

1. Fabricated sample
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Multimeter

Actuator

Figure 5.2: Schematic of the skeletal measurement setup with the 4 tape sample set in place to measure
3-wire and 4-wire resistance by means of a switch, in order to obtain the contact resistance of the top
right tape as it is being pulled by an actuator.

2. Multimeter for 4-wire measurements - Keithley 2000
3. Linear Actuator and clamp

4. Base platform

5. Aluminum working plate

6. SMAC Controller

7. Power supply unit

8. Arduino with a 5-pin relay module for switching

9. PC - MATLAB

5.3.1 Linear Actuation and related custom parts

The SMAC LCA25-050-15E is a linear actuator with a 50 mm stroke, which can be either position
or force controlled. It’'s working range is upto 11 N. Figure 5.3 shows the SMAC which is a large
block with a metallic rod as the actuator. The SMAC can be fixed onto the working plate using
mounting blocks (Figure 5.7).

B 24v==16a/c
SF— S/N: DB245

Figure 5.3: SMAC LCA25-050-15E.

A PLA [70] based clamp (See Figure 5.4) is fabricated to secure the copper tape onto the SMAC
actuator rod in order to be pulled. It has an M5 bolt hole in order to be affixed to the rod. It
also has 2 M5 bolts all the way through the pincer region in order to tighten the gripping on
the copper tape (See Figure 5.4b). The peculiar design of the clamp is better motivated using
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(a) CAD model of the clamp. (b) Clamp attached to the end of SMAC actuator
rod.

Figure 5.4: Clamp made of non conductive PLA.

Figure 5.5 as reference. The distance of 20 mm is provided to account for manual screwing of
the actuator bolt through the bolt hole and allowing excess copper tape to continue completing
the circuit. The open rectangular groove seen at the top is to be used as a pathway for wiring
to be passing through without interrupting the electrical circuit. The red arrow in Figure 5.5
represents the complete coincidence of the lines of force between actuator rod and clamped
section, thus removing any potential errors from offset.

20.00

Figure 5.5: Isometric view of the Clamp. Red arrow depicts the direction of force from the actuator.
Dimension is labelled in millimetre(mm).

A base platform (See Figure 5.6) is 3D-printed to secure the sample in a stationary position
for measurements. It consists of multiple bolt holes to secure itself onto the working plate
and holes in the centre where samples are affixed as seen in Figure 5.9a. This was designed
keeping the SMAC actuator rod’s height in consideration, in order to provide for a linear pulling
action. This platform is also fabricated from a non conductive PLA [70]. The working plate is
conductive, hence this platform serves as a non conductive conduit upon which samples can
be tested without additional contacts from the external environment. Figure 5.9b shows a close
up photo of the orientation of the SMAC actuator rod, clamp, sample and base platform before
the initiation of any pulling force.

5.3.2 Complete illustrated diagram and Layout photo

The setup is established on top of a 50cm x 50 cm x 3 cm aluminum mounting plate which
also consists of 5mm threaded bores placed in an ortholinear pattern along its surface. This
allows for easy assembly of individual modular structures for unique experiments. Figure 5.7
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(a) CAD model of base platform. (b) 4 tape sample mounted on the fabricated base
platform. The clamp attached to the actuator rod
can also be seen.

Figure 5.6: Base platform made of non conductive PLA.

represents a schematic which can be used to better understand the assembly of components
whereas Figure 5.8 shows the photo of the same.

Keithley 2000 R ‘\ F .| SMAC

- V | >
Q .\‘ 1\/][\'1‘1‘[\1; X Controller

*

ARDUINO

Figure 5.7: Diagram of the measurement setup.

The setup (See Figure 5.8) consists of a multimeter (Keithley 2000) for the 4-wire resistance
measurement controlled through MATLAB, a linear actuator (SMAC) running a force control
loop. An Arduino platform is integrated with a relay to switch one of the current terminals
between two contacts in order to select either the 3-wire or the 4-wire resistance measurement
circuit. Mounting blocks are used to fix the SMAC actuator onboard the aluminum work plate
in a manner such that it applies a force along the copper tape axially. The 4 tape sample is
bolted securely onto the base platform through a central hole in its bulk, which prevents any
unnecessary translation or rotation. The copper tape (Seen in Figure 5.9a and Figure 5.9b) is
clasped by the clamp, which is bolted to the SMAC actuator rod. The electrical contact from the
tapes to the the measurement system is established using multimeter probes and copper wires
which are soldered to the ends of the copper tapes. Various views of the experimental setup are
seen in Figure 5.9. This setup remains the same for all measurements where only the sample is
switched.

5.4 Measurements

This section starts of by introducing the common elements of all the measurements. These
include features of the measurement circuit and physical features of the sample which remain
the same throughout. Following which the measurements are discussed.
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SMAC
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(a) Close up of the working plate depicting the sam- (b) Clamp clasping the copper tape prior to pulling
ple ready to be pulled. it.

Figure 5.9: Close up of the sample depicting the copper tape clamping orientation.

All parts of the measurement setup are interfaced through the MATLAB environment, including
(provided) actuator and data acquisition scripts. A small time interval is provided to initialize
the Keithley 2000, the SMAC actuator and the Arduino board. The number of power line cycles
(NPLC) onboard the Keithley 2000 is set to 0.1. This indicates that an input signal is integrated
over 2ms to obtain a single measurement. The relay is then powered on to complete the 4-
wire measurement circuit and switched off to complete the 3-wire measurement circuit. The
resistances at these instances are recorded along with the respective force and position values
updated within the SMAC. This loop recurs until the force is applied over the desired time.
The positional change and force applied during pulling are recorded by the SMAC actuator as
negative.

Figure 5.10 depicts the physical parameters of the sample which remain the same through all
the measurements performed. The zoomed in schematic of the tape depth indicates the posi-
tion of the copper tape embedded in the middle layer of the ETPU bulk and is considered as the
interior view. These could also be considered similarly for the wire sample, where wire depth
indicates the length of the wire embedded within the ETPU bulk at its middle layer.
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Tape depth
4.8 mm

Sample thickness
0.8 mm

Figure 5.10: Physical parameters of the sample remaining constant in the measurements.

The ETPU bulk of all the samples was fabricated with the same print parameters. In Table 4.1 all
the print parameters involved are listed. Refer to Chapter 4 for more details about the choices
involved.

5.4.1 Uniaxial loading with resistance measurement

The first measurement involves the application of a linearly increasing uniaxial pulling force
on both types of samples. The number of perforations on the copper tape were also varied
amongst samples. The goals of these experiments were to observe the behavior at the interface
of the ETPU interlocked copper tapes when a pulling force is applied. Along with obtaining
insight in the resistance measurements during pulling, this provides a preliminary idea about
the working range of the copper tapes with respect to the number of holes within application
of the actuator’s force range. Breaking points of these copper tapes based on the number of
perforations could be a good indicator of the efficacy of interlocks when compared to a sample
without any perforations.

Time 300s

Figure 5.11: Sample utilized with various hole configurations.

The number and pattern of perforations on tape samples are shown in Figure 5.11. Tape sam-
ples with the following number of perforations are considered: 0, 1, 2, 3, 5, 10 and 20. Along
with this, 2 wire samples are also considered. To ensure consistent and reproducible testing,
the samples were securely bolted onto the platform. A uniaxial pulling force increasing linearly
from 0 N to 12 N over 300 seconds is applied on the samples (See Figure 5.11), while measuring
the 3-wire and 4-wire resistances. This is in line with the objectives of this research, simulating
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a gradual, incremental force reflecting the mechanical stresses these contacts might experi-
ence in practical applications. Samples undergoing structural failure during these loads can be
visually inspected to better understand the failure mechanism of the mechanical interlocking.

5.4.2 Cyclic Loading with resistance measurement

Moving on, samples are subjected to a cyclic triangular force profile over an extended period,
allowing for study under repetitive loading conditions. This approach is aimed to gain a bet-
ter understanding of contact resistance in flexible conductors during cyclic loading, which is
primal in various applications.

T
120s Time 3600s

Figure 5.12: Sample utilized with various hole configurations.

Figure 5.12 also depicts the number and pattern of perforations on the tape samples. Only tape
samples with 10 and 20 perforations are considered. The cyclic loading profile consists of a
triangular waveform ranging from O N to 10 N, with a loading rate of ié Ns™! (See Figure 5.12).
The time period of this wave is 120 s. This cyclic loading is maintained for a duration of 3600,
allowing for the study of the sample’s response to a significant number of loading cycles.

5.5 Conclusion

Based on the development of the lumped model from Chapter 3 and fabrication of samples
from Chatper 4 and a few custom fabricated parts, an experimental setup is designed. This
is required to secure fabricated samples and perform simultaneous force and resistance tests.
Details of significant constituents and the functionality of the measurement system are estab-
lished. Along with a preface of the necessary parameters, types of samples involved and com-
mon procedures, an overview of the performed experiments utilizing a uniaxial and triangular
force profile is presented. The results of the measurements are presented in the next chapter.
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6 Results

6.1 Introduction

This chapter houses the results of the two experiments in sequence as mentioned in Chapter 5.
The goals are to obtain insight in the nature of the interlocking region between the polymer and
copper tape and to measure the breaking point of samples, identifying influential parameters,
estimating contact resistance from individual resistances and to identify its behavior through
the types of loading on the samples. This will address both the mechanical and electrical char-
acteristics of the sample.

6.2 Mechanical interlock interface

A fabricated sample is sliced through its cross section with a scalpel in order to have a look at
the copper-polymer interface where the interlocks occur. Figure 6.1 depicts the sliced cross
section of a sample and a close up of the interlocking occurring in multiple samples. This form
of destructive testing is an easy way to identify the quality of the sample so far.

Figure 6.1: Cross section of a sliced sample along with microscopic images of the cross sections of mul-
tiple samples. [19].

The microscopy clearly shows polymer extruded through the perforations in the tape. Suffi-
cient fusion between the top and bottom halves of the polymer layers was observed despite
there is considerable time passing between pausing the extrusion, mounting copper tapes and
resuming the job. Clearly, some voids are visible in the immediate proximity of the copper
tape. These form ridges along the interface between copper and polymer. The copper tapes
occurring bent or with a curved "U" shape is due to the punching action from the jig whose im-
pulsive force can bring about such changes. This shows that there can be considerable grounds
for improvement in the quality of interlocking which is further discussed in the Future Recom-
mendations in Chapter 8.

6.3 Uniaxial Loading Measurements

In this section, the results of uniaxial loading upon the samples, which was discussed in subsec-
tion 5.4.1, are shown. The results are focused on the position of the tape, the simultaneously
measured 3-wire and 4-wire resistances, the contact resistance between the copper tape and
polymer and the breaking points of the samples.
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6.3.1 Positional measurements and breaking point

» Positional displacement during pulling
10 T T T T T

10" E

Position [mm]
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Copperth
Copperzh
Copper3h
Copper5h
Copper10h
Copper20h
OrangeWire2
1

1 1 1 1 1

0 50 100 150 200 250 300 350
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Figure 6.2: Positional change of copper tapes when pulled uniaxially with a linearly increasing force
from ON to 10N. The near instantaneous vertical climb indicates structural failure of samples. Or-
angeWire2’s color index is blue ,located topmost (verified by Figure 6.4)

Positional changes were noted for every sample, however most interesting are ones which en-
countered structural failure with regards to either the tape or the polymer stake within the per-
foration. Figure 6.2 show the position versus time measurements of 4 samples. Captions for

Figure 6.2 and Figure 6.3 clarify the blue colored index usage for the wire and tape sample with
0 holes.
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Positional displacement during pulling
T T T T
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Figure 6.3: A zoomed in section of Figure 6.2 which depicts the samples where copper tape did not slip
out of the matrix at the end of the test. CopperOH’s color index is blue, located in the middle.

From Figure 6.3, it is observed that copper tape with 10 and 20 holes underwent the least po-
sitional change during pulling. This demonstrates their resilience to load. Following by closely
are tapes with 3 and 5 holes. The sample with embedded wire failed the earliest, even before
the tapes with 1 and 2 holes. While an anomaly was observed with the tape with 0 holes, fur-
ther consideration in required to study the effect of having no perforation but merely relying
on soldering.

The forces depicting the breaking point of the wire and 1 hole sample are shown in Figure 6.4
and Figure 6.5 respectively. This can be a very basic proof of the potential mechanical inter-
locking can have when compared to the conventional wire embedding that is widely used.
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Figure 6.4: Results for wire sample: Position and Force over time (top), 3-wire and 4-wire resistance
versus time (middle) and their difference versus time (bottom).
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Figure 6.5: Results for 20 hole sample: Position and Force over time (top), 3-wire and 4-wire resistance
versus time (middle) and their difference versus time (bottom).

Additionally, copper tape with no holes slipped out of the polymer matrix. Without any form of
interlocking, this sample only relied on the immediate adhesion from the melting of polymer
in its proximity from the soldering effect.

Figure 6.6 depicts the clamp pulling a copper tape with 1 hole before it broke away from the
polymer matrix. A pit is formed which depicts the individual polymer stake which is being
pulled directly through the tape. While the pit is observed in the top layers, the stake is clearly
4 layers below. This pit could be a result of the polymer stake in strong contact with the upper
layers of the matrix as well. This observation was not present in any other samples. This could
potentially mean that the distribution of the pulling forces on multiple polymer stakes hap-
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Figure 6.6: Pit formed due to the polymer stake being pulled through the singular hole of the copper
tape under loading.

pens uniformly. This is evidence that mechanical interlocking through the copper tape indeed
withstands the load provided physically.

Figure 6.7 shows the aftermath of breaking points on the copper tapes on samples consisting
of 1 and 2 holes. Two possible ways of failure in this situation involve breaking of polymer stake
or tears in the perforations.

(a) The intact hole depicts the failure of the poly- (b) The tape depicts 2 holes which are deformed
mer stake passing through it, thus letting the copper from pulling. The tape is not torn off, which indi-
tape slide out of the polymer matrix. Plastic defor- cates the failure of the polymer stake.

mation is observed.

Figure 6.7: Close up of copper tapes depicting the state of 1 hole (left) and 2 hole (right) perforations
after slipping out of the polymer matrix.

Figure 6.7a shows how the individual perforation remained intact while the tape slipped away
from the matrix. This indicates that the polymer stake must have broken off or would have been
sliced by the surrounding copper tape along with the pulling force. This can be observed in
Figure 6.8, where the stakes have been sliced with only short stubs remaining. Figure 6.7b also
depicts the same aftermath involving a tape with 2 holes. Two potential scenarios for failure are
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Figure 6.8: Close up of polymer matrix after pulling out the copper tape, depicting two broken polymer
stakes.

better explained in Chapter 7 under subsection 7.5. Interestingly, in both scenarios the holes
are slightly elongated through pulling. This is evidence of the polymer stakes resisting the pull,
thus causing these deformations in the holes.

6.3.2 Resistance measurement

Figure 6.9 shows that the tape with 1 hole has a breaking point of around 10.5 N at around 265
seconds while Figure 6.4 shows the wire sample has a breaking point of around 9.6 N occurring
at 242 seconds.

The behavior of resistances in both the specimens starts off with a small dip at the start of
pulling action, followed by a rise in the resistance. Near the point of breaking, the resistance
unexpectedly decreases. Potential underlying phenomena behind this are explained in Chap-
ter 7. However, the 4-wire resistance data already shows that the wire has a greater starting
resistance than either of the tapes.

It is also interesting to note the decrease in the 4-wire resistance value of the 20 hole sample
(See Figure 6.5) when compared to the 1 hole sample at the start of the measurement.

Figure 6.10 shows the change in the difference between the 3-wire and 4-wire resistance R¢ +
Rsp/2 before pulling and the normalized contact resistance approximation (Rc + Rsp/2)/Ry
during pulling . While these results do not show a direct relationship between the number of
holes and contact resistance R, but it does go on to show that R¢ is within a couple percent
of the sample resistance. With increasing force, Rc + R3p/2 initially climbs and then descends,
which is observed on all the samples except the tapes with 1 and 2 holes which broke away from
the sample. The change in resistances is observed to be higher for the wires when compared to
the tapes. This could also be due to the resultant increase in the spacing between the wire and
proximal tape, when compared between samples consisting purely of tapes [19].
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Figure 6.9: Results for 1 hole sample: Position and Force over time (top), 3-wire and 4-wire resistance
versus time (middle) and their difference versus time (bottom).
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Figure 6.10: The difference in 3-wire and 4-wire resistance measurement before pulling (top) and con-
tact resistance approximation while pulling (bottom).
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6.4 Cyclicloading measurements

The results of cyclic loading, which was discussed in subsection 5.4.2, are shown. The results
are focused on the positional change and force experienced by the tape, the 3-wire and 4-wire
simultaneous resistances, contact resistance between the copper tape and polymer over time.
The period of the cyclic triangular signal is 120 seconds, with a gradually increasing pulling
force from ON to 10 N and decreasing back to 0 N. The negative symbol once again represents
the action of pulling.

6.4.1 Positional and resistance measurements
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Figure 6.11: Results for 10 hole sample: Position and Force over time (top), 3-wire and 4-wire resistance
versus time (middle) and their difference versus time (bottom).
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Figure 6.11 shows a multitude of cycles for the sample with 10 holes and Figure 6.12 depicts the
same for the sample with 20 holes. In Figure 6.12, a sudden reduction in the noise is observed
at around 2500 s, which is unaccounted for now.
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Figure 6.12: Results for 20 hole sample: Position and Force over time (top), 3-wire and 4-wire resistance
versus time (middle) and their difference versus time (bottom).

Neither of the samples broke off during 30 cycles of measurement spanning an hour. From the
results obtained in subsection 6.3.1, it can be once again predicted that a tape with 20 holes
is expected to resist load better than a tape with 10 holes. Clearly, that is also observed in the
results. Over a time period of 3600 seconds, the tape with 10 holes has moved 3.2 mm. The tape
with 20 holes has moved 1.4 mm. This is calculated by noting the change in the initial and final
peak of the positional response. However, this occurance can be due to a combination of cop-
per tape deformation along with slippage within the grasp of the clamp. This is also a potential
indicator of how many cycles a sample can withstand before reaching its breaking point. In this
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specific case, twice the number of holes clearly showed half the position change. Greater num-
ber of holes accommodate a larger resistance to the cyclic load, thus gives a nascent promise
to explore this with greater number of holes in the future.

The starting 4-wire resistance of the 20 hole sample is also lesser than the 4-wire resistance of
the 10 hole sample. It can be observed that during the pulling force from ON to 10N in each
half cycle of the wave, the resistance appears to behave similar to what is observed in Figure
6.10. There seems to be a minute stable zone followed by an increase in the resistance as the
pulling force increases. The gradual offset is observed wherein the resistance decreases with
time.

Figure 6.13 depicts the normalized contact resistance approximation for the tape with 10 holes
with respect to the force applied along with time.
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Figure 6.13: Difference between 3-wire and 4-wire resistance with respect to the cyclic load on a 10 hole
copper tape. The loop runs clockwise with time indexed by the colored bar on the right.

A stable clockwise, hysteresis loop is observed. Moreover, contact resistance decreases after
pulling, which can be theorized to be caused to an improved contact at the interface between
ETPU and the copper tape. A drift is observed before the cyclic measurement stablizes which
could be explained by creep.

6.5 Conclusion

The cyclic tests depicts the change in robustness with varying number of holes under repeated
loading. Mechanical failure occurred for tapes with 1 and 2 holes, with the polymer stake hav-
ing been broken. From the results, it can be seen taht these two samples performed better
than a wire sample as well. The contact resistance is first observed to generally increase with
the beginning of the load, following a gradual decrease. Contact resistance is also noted to
be accounting for only a few percent of the sample resistance, thus establishing a foundation
for further research into how mechanical interlocking can be suitable for applications onboard
flexible and conductive systems.

Also, there is no clear indication of contact resistance reliance on the number of holes. That be-
ing said, while the parasitic component of the resistance R3p/2 is prevalent, contact resistance
is relatively low and stable under large periodic loads.

The behavior of samples during loads are discussed in Chapter 7, which could be a reasonable
explanation for the observations. These measurements also bring into question, to ponder for
ways to fine tune the experimental setup, alternative methods for better estimation of contact
resistance and better forms of analyzing the parasitic and bulk resistances that are part of the
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samples. A variety of these are also mentioned in the future recommendation part of the Chap-
ter 8.
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7 Discussion

The preceding chapters have ventured towards achieving a reliable connection between metal
and polymer, beginning with an analysis of the design, fabrication, experiments and results.
This chapter serves to explain key concepts and mention potential correlations based on the
obtained results.

7.1 Copper tape versus copper wire

The results obtained from this study indicate that there are significant differences in the me-
chanical and electrical behavior of copper tape and copper wire samples. The tape samples
clearly demonstrated a higher degree of mechanical bonding presumably due to the effective
interlocking between copper and ETPU, when compared to the wire samples. This is evident
from the higher pull-out force required to remove the tape samples from the polymer matrix
when compared to the wire samples.

In terms of electrical behavior, the tape samples showed a lower resistance compared to the
wire samples. This could be attributed to the larger surface area of the embedded tape, which
allowed for a greater contact area between the conductive polymer and the copper tape. This
resulted in a lower resistance path for the current to flow through, which clearly impacts the
performance of the system.

However, it is important to note that the tape samples also showed a higher degree of variabil-
ity in their mechanical and electrical behavior. One probable cause can be attributed to the
perforation mechanism used to create the holes in the tape, which resulted in some degree of
bending and deformation of the tape as seen in Figure 6.1. The amount of deformation varies
with every perforation and quality of the interlock with the proximal ETPU layers.

While more number of samples need to be tested statistically in order to obtain more concrete
results, so far the results do favor copper tape in being a more effective method for connecting
metallic conductors to conductive polymers. Along with the recommendation to optimize the
perforation mechanism, it can be worth to investigate the long-term stability and durability of
the interlocking mechanism for both tape and wire samples to determine their suitability for
specific practical applications

7.2 Role of the perforations

The holes on the copper tape embedded within the ETPU matrix play a crucial role in the me-
chanical interlocking mechanism. The stakes that occur when the polymer flows through the
holes create a strong mechanical bond between the metal and polymer, which enhances the
overall strength and durability of the connection.

The size, shape and distribution of the perforations can significantly affect the mechanical
properties of the connection. Greater number of perforations mean greater number of poly-
mer stakes which resist the pull of the copper tape, thus improving the load bearing capacity of
the connection.

It is also important to consider the potential side effect in amassing a large number of holes
on the copper tape could weaken the structure in general and may amount to tearing or struc-
tural failure of the tape during pulling. Optimizing the number of holes while also taking other
details into consideration can pave way for desirable performance.
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7.3 Difference in thermal expansion between ETPU and copper

It is clear that ETPU remains a flexible polymer and its thermal expansion coefficient is higher
than that of copper, which means that ETPU expands or shrinks more than copper when sub-
jected to a temperature change. This is the underlying theory that can explain why the inter-
locks between ETPU and copper work well.

During the printing process, the copper tape mounted onto the polymer matrix is subjected
to heat from the bed and soldering iron (Explained in Chapter 4. The first half layer of the
base ETPU layer melts, thus allowing for the copper tape to be anchored. This is in addition to
smearing some polymer onto the tape boundaries to further secure it. Molten polymer is then
extruded onto the tape, which flows through the perforations and fuses with the base layer.
Upon cooling, ETPU hardens and solidifies within the perforation, thus allowing for the forma-
tion of stakes. This mismatch in the thermal expansion coefficients between ETPU and copper
could promote a shrink fit within the perforation, where post cooling, the effective contact area
at the interface between these materials could increase. The stake likely undergoes contraction
and pulls the ETPU against the contacting copper tape. Hence, it is critical to consider the ther-
mal expansion of the materials involved while designing and optimizing the connection, along
with maintaining supportive ambient temperatures such as the printing bed.

7.4 Contact points between copper and polymer during pulling

Direction of copper tape
pressing against the ETPU stake

ETPU Stake

Pulling Force

Figure 7.1: Multiple views of the macro level interface between perforated copper and ETPU stakes
through it. The green arc indicates the region where contact could be enhanced due to the tape being
pressed against the surface of the ETPU stake.

When perforated copper tape is pulled in one direction, several underlying behaviors can be
considered at the interface between the copper tape and the surrounding ETPU regions, some
of which could particularly impact the measurement of contact resistance. A pit formation
was observed during pulling as seen in Figure 6.6. As seen in Figure 7.1, there could be an in-
crease in the contact area between the copper tape and surrounding ETPU along the direction
of the applied force. This could result in improved electrical conductivity at the interface thus
implying reduction in contact resistivity, which is a desired parameter for use in respective ap-
plications. However, it is also important to consider that on the other side of the arc, copper
tape may correspondingly move away from the ETPU stake, thus more observational research
is necessary to aptly identify these changes as linear or non linear.
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Pulling of the copper tape with ETPU enveloped all around can influence further responses
within the interface. Deformation, stress concentrations, increased friction and change in ori-
entation of polymer chains are some of them. Specific behavior is again dependent on the
material properties, geometry of perforations, magnitude and direction of applied force and
rate of pulling. As discussed previously, the number of holes and the amount of copper tape
embedded within the bulk of the ETPU matrix could very well affect the contact resistance as
well. Experimental testing could give a deeper understanding of these interactions and can
further assist in optimizing the design for improving the desired performance factors.

7.5 Failure point scenario

To understand the points of failure, we consider an individual hole encompassing a polymer
stake as shown in Figure 7.2. This occurs at every instance of perforation located on the tape in
the experiments performed, prior to initializing the pulling force.

)

Figure 7.2: Schematic depicting the state of polymer stake through the perforation on copper tape be-
fore pulling. The red arrow indicates the direction of pulling force

Figure 7.3 depicts two instances of failures along with the polymer-tape interlock schematics.
The first case as shown in Figure 7.3a is corresponding with the result obtained in Figure 6.7a.
Along with some plastic deformation, the hole on the copper is still intact after it is pulled away
from the polymer matrix. Probably explanation would amount to breaking of the polymer stake
that was embedded within the hole. A potential reason for the breaking is that the copper tape
could have sliced through the polymer stake, most probably in the case of a thinner polymer
stake which could be classified as a weaker interlock occurring at the hole [15, 56].

The second case as shown in Figure 7.3b is with regards to the result obtained in Figure 6.7b
where the two hole sample broke away from the polymer matrix with a structural failure oc-
curring on the tape. The polymer stake would have to be structurally intact for the most part,
in order to tear through the copper tape. From the results, there has been enough evidence
that greater number of holes amount for greater breaking force required. The tearing as seen
in Figure 6.7b could be due to the fact that two polymer stakes were interlocked with the tapes
thus giving a greater physical resistance to being pulled when compared to the tape with 1 hole.
This resistance could have been too much for hole around the stake to withstand and thus had
to break away.

7.6 Estimation of R3p

From designing a lumped model of the sample in subsection 3.3.3 in Chapter 3, it was known
that the change in the resistances of the 3-wire and 4-wire measurement amounted to the con-
tact resistance Rc and a parasitic resistance Rsp (Equation 3.9). Figure 7.4 depicts the geomet-
rical dimensions of the sample along with the lumped model. Using this as reference, a purely
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(a) Failure of polymer stake when copper tape is (b) Failure of perforated copper tape when it is
pulled away. Perforation on the copper tape is pulled away. Polymer stake cuts through the cop-
nearly intact. per tape thus tearing the tape beyond the hole.

Figure 7.3: Schematic of 2 possible failure points at the macro level interface between the copper-ETPU
interlocking witin the polymer matrix.

geometrical estimation can be made about R3p, in an attempt to estimate values of parasitic
resistance R3p and contact resistance R—C. L and W represent the length and width of the
constituent, respectively.

From a geometrical standpoint, the parasitic resistance R3p is considered to be almost negligi-
ble when compared to the constituent bulk resistance Ry,. This is desired, in order to maximise
the sensitivity to detect the contact resistance. This is also considered in Chapter 3, where the
distance between adjacent copper tapes is minimized to directly reduce the parasitic contribu-
tion from the space between. Hence, implementing these assumptions into Equation 3.5, we
obtain that Ry = R4_wire-

(L3p)=0.8 mm 1

(W3p)=4.8 mm
—

61.4 mm

v

P
<

Figure 7.4: Schematic depicting the lumped model of the tape sample along with a geometrical model
with dimensions labelled. The dotted lines indicate the region of the tape embedded within the ETPU
layers.

Lsp 0.8mm/4.8mm 35 35

= b/ :—Rb:
Wsp 61.4mm/21mm 1228 1228

R3p Ry (7.1)
From Figure 6.10 and other 3-wire and 4-wire resistance graphs obtained, R4-wire = 11.54kQ
to 17.28kQ at O N pulling force for tape samples from 0 to 20 holes. Using Equation 7.1, this
estimation provides value for Rsp in the range of 329 Q to 492 Q [19].
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Using Figure 6.10, values of ARs 4 are noted accordingly. We use Equation 3.9 and obtain values
for contact resistance Rc lying in the range of 10.4 Q to 426.45 Q.

We use Equation 3.7 to obtain the value of bulk resistance Ry, and verify these with the values of
4-wire resistance from the graphs obtained. This should provide us an idea about the validity
of our assumption R}, = R4-wire from geometrical estimation [19].

Ry-wire was found from the graphs to be ranging from 11.54 kQ to 17.28 kQ2, whereas R}, was cal-
culated to be ranging correspondingly from 11.77kQ to 17.38kQ. While there are disparities
upto around 300 €2, there must be further considerations of the assumptions taken in Equation
3.9, neglecting a remnant term RR—f. This can be studied and addressed in detail if an advanced
approach takes the geometrical and electrical effects in a 3-dimensions into consideration.
While contact resistance seems to be arguably larger for the wire samples, but this could be
explained by a larger spacing between the copper tape and wire [19]. Producing a consistent
wire sample to validate the results could be difficult without more sophisticated procedures for
fabrication and embedding the wires into the polymer. Contact resistance only amounts to a
few percentage of the sample resistance measured, thus definitely a modest indicator of the ef-
fectiveness of mechanical interlocking achieved by extruding polymer onto perforated copper

tapes [19].

7.7 Behavior of resistance during pulling

The behavior of the resistance in both the measurements performed is quite interesting to look
at. Alongside being influenced by the individual mechanical and electrical properties of the
sample, it is also affected by the nature of the physical interlock and change in contact points
at the interface due to specific type of loading. There could be more underlying reasons which
have not be found yet.

In uniaxial loading, it has been observed that the resistance initially stays stable for a very short
amount of time before ascending with increasing force, especially for the samples which did
not break. As explained in subsection 7.4, the number of contact points between ETPU stake
and copper tape has been theorized to vary with respect to their positions while remaining
stationary and during pulling. Figure 7.5 depicts remnants of failed samples where the widened
perforations can be observed.

Figure 7.5: Closeup of copper tape after failure of the sample along with a schematic showing the ridges
around the perforation.
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This irregular widening can occur when the ETPU stake endures the pulling force, thus tearing
away at the hole. This tear also leaves behind folds or ridges on the tape. Figure 7.5 also depicts
a schematic on the left where these ridges are shown at the boundary of the hole.

The initial increase in resistance could potentially mean that the ETPU stake’s contact with the
copper tape could be reduced due to the widening of the perforation due to stronger loads.
Figure 7.6 depicts what happens to the ETPU and copper tape when viewed from a marco and
micro scale level. The gap on the tape depicted on the bottom left indicates the original per-
foration having slighly moved away from the ETPU stake due to the pulling force. When ob-
served from a macro scale, tThe highlighted blue regions which signify contact points (asper-
ities) would seemingly reduce by half due to lack of contact. At the micro scale, it can depend
on the deformations of asperities and their combined contribution to effective contact area.

Pulling Force
On Copper
Tape

Figure 7.6: Schematic depicting the orientation of ETPU stake and copper tape along with their respec-
tive zoomed in view of contact points at the interface. The blue regions indicate the contacting points
between both materials.

However, it can also be hypothesized that on the opposite side of the ETPU, effective contact
area is seemingly increased. The resistance stabilizes and slowly decreases as force increases.
This can possibly be explained due to the increased contact of the ETPU stake with the newly
formed ridges on the tapes. This is considered in addition to the flattening of asperities as de-
picted in Figure 7.6 on the bottom right, due to the increased force. The larger blue circles
depict the increased effective contact area occurring at the micro level when compared to the
asperities on the top right. Greater effective contact area for conduction can directly influence
and reduce the resistance. This combined effect from the ridges and flattened asperities could
counteract the reduced contact on the other half of the ETPU’s surface, which might explain
why resistance is observed to reduce towards the end of the experiments. However, this re-
duction is also observed in the wire samples even without having effective interlocks with the
polymer compared to tape samples. With the frayed structure of the embedded wires, there can
still be some polymer seepage between individual wire strands which could amount to a weak
form of mechanical interlocking. This is again a hypothesis, as there is no sure way of determin-
ing the pattern of frayed wires during extrusion of polymer onto it, which ended up fabricating
samples with varying quality. Currently, producing wire samples with consistent quality remain
a challenge with a lot of variables in procedure and human error, so this hypothesis might very
well apply to this specific wire sample alone.
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7.8 Conclusion

An in depth study towards establishing a reliable connection between ETPU and copper has
provided valuable insights about the mechanical and electrical behavior of the sample. The re-
sults depict a nascent promise for utilizing perforated copper tape when compared to wires, for
stronger mechanical bonding and lower electrical resistance. Role of optimizing perforations
for enhancing performance is evident, but the study also highlights potential challenges such
as structural weakening and the need for further investigation into long term stability. The dis-
cussion on thermal expansion disparity between ETPU and copper highlights the importance
of considering material properties during design and optimization decisions. The influence of
asperities between copper and polymer during pulling, helps in understanding the behavior of
the connection under load. The behavior of resistance during load, characterized by its initial
stability, subsequent and eventual stabilization or reduction, opens up avenues for further ex-
perimental testing. This discussion not only sheds light onto current findings but also sets the
stage for future refinements and suggestions which could fortify the foundations laid in this
research work, which is recommended in the next chapter, along with the conclusive remarks
of the undertaken research.
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8 Conclusion and Recommendations

8.1 Conclusion

The characterization and testing of mechanical interlocking to bond metals to 3D-printed poly-
meric conductors is investigated. After understanding the theoretical background of joining
materials it is followed by an emphasis on utilizing mechanical interlocking to secure metals
and polymers. This is further complemented by understanding the pioneering previous work
done in this realm, which served as a foundation to build upon.

A thin block of ETPU polymer with four perforated copper tapes embedded within was de-
signed as the test specimen. A lumped electrical model of this physical sample was an essential
first step in the derivation of expressions for the contact and parasitic resistances of the system.
This model is a simplified representation of the physical sample which also assumes the inher-
ent properties are uniform and without variations, thus remains easy to implement. However,
considering the 3 dimensional structure of the sample along with the environmental effects
and further factors during loading is a necessary step in studying the behavior of contact resis-
tance. Contact resistance is one of the main performance parameters whose behaviour is to be
observed through testing.

Prior to testing, this designed sample was fabricated using FDM 3D printing and utilizing a
custom-made punching jig to perforate the copper tapes. The printing parameters and hole
patterns were optimized to achieve effective interlocking, electrical conduction and successful
embedding of copper between polymer layers.

An experimental setup was designed and implemented around the sample, to measure the
mechanical and electrical properties under uniaxial and cyclic tensile loads. This consisted of
a clamp and base plate, which were custom built specifically to function as means of pulling
and as the sample holder. This setup provided a way for simultaneously measuring the contact
resistance while a tensile force is applied to the samples. These forces consisted of uniaxial and
cyclic loading, to simulate potential real world applications. The behaviour of contact resis-
tance and breaking points of copper tapes were observed. The results were analyzed and po-
tential factors that influence the performance of the interlocking method were discussed. Some
of these are the role of perforations, difference in thermal expansion coefficients between ETPU
and copper along with the hypothesized effect of contact points between copper and polymer
during loading and the copper tape failure mechanisms.

From the results obtained, a direct relation between number of holes and the contact resis-
tance is not established [19]. The parasitic resistance term Rsp/2 is noted to be significant [19].
Ideally, this parasitic resistance is undesirable and further geometrical considerations can be
implemented to further reduce this. But more importantly, it has been observed from the
measurements that contact resistance remains relatively low and stable even under large pe-
riodic loads [19]. Upon taking more considerations in the future for the lumped model, fur-
ther changes can be implemented into the design of samples, which can once more reduce
the parasitic contribution of resistance. For an improved comprehension, there is a clear need
for further experimentation along with being able to compare results with current sample de-
signs [19].

Mechanical interlocking among perforated copper tapes can create mechanically stronger and
more stable contacts than conventional wires, based on the tests performed. It should be worth
noting that flexibility was indeed one of the persistent limitations of conventional methods like
soldering, chemical adhesion or welding. The interlocking connections within these samples
are considered to remain effective due to the change in thermal expansion coefficients between
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copper and ETPU, which promotes shrink fit upon cooling which directly influences the real
contact area between these materials.

This novel method initially explored by Neuvel [12], indeed has the potential to be applied in
flexible, stretchable and conductive devices, as part of soft robotics and biomedical applica-
tions. Wearable sensors that measure physiological signals, robotic prostheses which emulate
flexible limb behaviour like grasping and manipulation and skin/clothing integrated displays,
to name a few.

In conclusion, this thesis has demonstrated the feasibility and effectiveness of interlocking
metals and 3D-printed polymeric conductors, for establishing electrical contacts onboard flex-
ible 3D-printed structures and leaves ample insights and suggestions for further advancements
in this field.

8.2 Future Recommendation

It is clear that there are several ventures towards improving and standardizing mechanical in-
terlocking as a reliable method in order to be employed in applications. One of the main lim-
itations is the lack of more complex theoretical model that can better predict the contact re-
sistance under different loading conditions. The corresponding expressions derived are based
on a lumped electrical model that is fairly simple. It does not account for the complex multi-
layered geometry along with the deformation of the copper tapes and ETPU. Moreover, the
experimental setup and measurement techniques may have some sources of error and uncer-
tainty that affect the reliability and validity of results. A more systematic and rigorous approach
is necessary to find optimal parameters to maximize interlocking strength and electrical con-
ductivity. In an overview, these are mostly around modelling, fabrication, improving the obser-
vation and accuracy of results along with suggestions that can carry this research forward.

* Materials, geometry and print patterns

The samples used in this research were designed and fabricated taking considerations
for testing and simplicity. Based on the various parameters involved, there is room for
further optimization of design and print parameters, such as number, pattern and size
of perforations on the copper tape, thickness and layers of ETPU layer, printing speed,
alignment and mounting of tapes. Research can also be extended to explore different
combinations of materials that could benefit this reliable and conductive connection
corresponding to the applications.

Utilizing a staggered hole pattern in place of an ortholinear one could result in potentially
stronger interlocking. A staggered hole pattern on a metal surface makes it comparatively
stronger than a surface with a ortholinear pattern [71]. Along with providing more even
distribution of stress, staggered hole pattern possess wider open areas to perforate more
holes [71], which could seemingly increase the number of interlocks.

Extrusion print pattern of ETPU was rectilinear with a flow multiplier of 130% and in-
fill density 100%. Newer patterns can be further explored amongst various samples and
compared.

Influential parameters can indeed affect the mechanical and electrical properties of the
sample along with the reproducibility and reliability. This calls for a systematic study of
the effects of these parameters on the interlocking mechanism and contact resistance,
in order to find optimal values of each parameters and establish a standard protocol for
fabrication and testing of the samples.

* Design of jig
Ajig similar to assistance tool can be designed to heat and systematically secure the tape
onto the polymer matrix with fewer human errors with regards to positional placement.
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Utilizing a soldering rod manually to produce consistent sample quality repeatedly is a
challenge, thus could impact the results. A standardized and uniformly distributed form
of heating can improve the interlock quality as the role played by the soldering rod is
cardinal in securing the copper tape onto the polymer even prior to interlocking. A large
heated plate can be ironed on the tape to distribute heat equally throughout and allowing
for proximal polymer matter to be molten and smeared over.

Perforated copper tapes were also observed to have burrs still attached. These are ad-
hered scrap material remnants after the punch is used. A sharper punch and a corre-
sponding hole with lower tolerance can be used to avoid copper tape bending. Addition-
ally, a stronger punching force can also be utilized. Burrs could also occur if the punching
angle is not completely perpendicular. A slight angle change from human influences can
be eliminated with a design update or utilizing a designated machine.

» Experiment and measurement
To validate the reliability and reproducibility of the novel method, a greater number of
samples need to be tested along with different hole configurations and tape geometries.
This is also a statistical analysis of the contact resistance and breaking force data from
across multiple runs can help identify the significance and variability of the results.

Greater force magnitudes can be considered for testing can be considered to study the
durability and fatigue behavior of contacts greater force application to study breaking
points during cyclic loading in order to also obtain insight into the behavior of resistance
during loading and unloading cycles.

To explain the observed behavior of the 4-wire resistance, which showed how it de-
creased, increased and again slightly decreased with increasing force, a possible hypoth-
esis is the piezoresistive effect of the EPTU material. This effect refers to the change in
electrical resistance due to mechanical deformation.

To measure the contact resistance more effectively, a different setup should be designed
to reduce the parasitic resistance R3p. Currently this resistance is quite significant, with
the piezoresistive effect bringing changes due to pulling. A different sample geometry or
electrode layout can also be explored to reduce the the effect of the parasitic resistance.

* Observation

So far, destructive observation was employed to study the anatomy and obtain informa-
tion insight about the quality of the contact. Due to this, any specific sample’s behavior to
loading conditions cannot not be determined. A non-destructive way to observe the con-
tact quality could help in obtaining reliable results during testing. A sample’s interlock
quality could be directly related to its performance under load. This form of observation
could also provide clues for the potential voids observed in polymer matrix within the
immediate proximity of the copper regions. Further implementation of this could help
in simultaneous observation of the interface during polymer extrusion, solidification and
loading conditions.

Analysis of the failure point can be improved by taking a 3 dimensional consideration of
the interior of the sample into account. This can help to model the stress distribution
and current flow within the sample.
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A Appendix 1

During the preparation of this work the author used OpenAl's ChatGPT 3.5 in order to improve
the quality of writing with the aim to enhance readability & articulation and to obtain a prelim-
inary idea for the skeletal structure of various sections of the report.

Critical analyses, inferences and conclusions remain solely drawn by the author.

After using this tool/service, the author reviewed and edited the content as needed and takes full
responsibility for the content of the work.

Figure A.1: Copper tapes mounted on the assistance tool with the perforated region lying outside the
tool. The polymer block and the assistance tool are both lying on the heated printed bed as depicted in
the white.

Figure A.2: The markers on the wings are utilized to bring the assistance tool closer in order to place
the perforated region of the copper tape onto the polymer block. The copper tapes do not stick to the
surface.

Figure A.3: The tool is pulled away, leaving behind adjacent copper tapes secured onto the half printed
polymer block.
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