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Abstract

The shift towards sustainable electric mobility has further increased the efforts in research in
advanced materials and integrated component design in electric vehicle (EV) battery systems.
This doctoral work examines four interrelated subsystems in the EV battery pack taking into
consideration materials and design strategies that improve structural, electrical, as well as
environmental performance.

The first investigation (https://doi.org/10.3390/polym17081056) involved modification of
lightweight carbon fiber composite (CFRP) using multi-walled carbon nanotubes (MWCNTs)
treated with an ionic liquid as an additive process to the structure. Two forms of MWCNTs
(Pristine, and nickel coated) were used; each was mixed into the resin in the amount of one
to three percent by weight. Before mixing, both types of nanotubes were treated with 5 wt%
of ionic liquid dissolved in ethanol to enhance the level of their interaction with the material
around them. The sample with 3 wt% of ionic liquid treated pristine MWCNTs exhibited the
optimum mechanical response and the closest values for flexural strength, nearly 803 MPa and
modulus, at nearly 88 GPa, while its storage modulus was close to 18 GPa. During testing, a
slight non-linear response was observed at mid-span deflection, suggesting more effective load
transfer across the fiber–matrix interface. The reduced electrical resistance of approximately 29
Ω indicates the formation of conductive networks, confirming the multifunctional potential of
the developed laminates.

The second project (https://doi.org/10.1016/j.est.2025.120036) focused on copper busbars
role to enhance the safety of energy transmission and storage devices. Electric-vehicle batteries
rely on current-carrying components that are expected to be kept safe in situations requiring fast
charging and rapid acceleration, which are factors that lead to elevated temperature, increased
mechanical loading and the straining of electrical joints. A single digital model was developed to
understand these effects in combination of electrical, thermal, magnetic and structural behavior.
The model was used with copper busbars that operated from 100 to 500 A and were supported by
finite element simulations and experimental measurements. The results showed stable behavior
till approx. 200 A, voltage drops between 0.009 and 0.047 V, contact resistance between 12.4
and 18.7 micro-ohms and magnetic fields between 8 and 40 mT, all within the limits stated in
IEC 60269-1, IEC 61439-1 and CISPR 25. High current loads (500 A) resulted in localized heat
in the vicinity of 273 ◦C, as well as permanent deformation in excess of 1 mm, that indicated
demands for thicker sections, integrated cooling and laminated layouts. Three sizes of copper
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busbars were investigated, and both the simulations and experimental tests proved that all designs
fulfilled the structural and working requirements. The work provides an evaluated digital model
associating simulations with physical behavior and potentially helping to determine busbars for
safer and more reliable battery system designs for use in future electric vehicles.

The third study (https://doi.org/10.3390/s25216778) examined the performance of reed
sensors designed for vibration-prone environments . Reed sensors are used widely in electric
vehicles because they can help to enhance safety and operative stability, and the performance is
impacted by how they react to magnetic fields during movement and vibration. A set of tests
were conducted to determine the switching distances of the sensor when placed in front of five
different positions of a cylindrical magnet using a test fixture made with 3D printing. From the
analysis it was concluded that the right and slightly upward position of the magnet gave the
most favorable result, as the release distance was reduced and the switching was more even.
A housing prototype was then produced using Selective Laser Sintering using polybutylene
terephthalate and a stainless steel spring was incorporated to increase sensitivity and provide a
stable operation. The spring reduced the activation distance to around 2.3 mm, which was up to
sixty-percent improvement, and it also made the measurements more repeatable. The results
indicate a realistic path for the development of reed sensors that can be used more reliably in
challenging automotive applications.

The final investigation was a sustainable approach to creating simple electronic component
by forming laser-induced graphene on a layer of paper coated with a thin layer produced from
Lignin. The coating mixtures were made with softwood kraft lignin grades EKWZ and SWWZ
from Lignoboost AB as a main source of carbon and nine different mixtures were made by
varying the amount of 4-hydroxymethylfurfural, urea, propylene glycol and formaldehyde. Each
of the additives had a specific function for, assisting removal of water during the heating process,
bonding within the coating, flexibility, and making the mixture stable during the processing.
When a low-power CO2 laser ran over the coated paper, the surface layer turned into a conductive
porous carbon pattern. Optimized mixture and laser settings were able to print patterned tracks
with a sheet resistance lower than one hundred ohms per square of material, and the tracks were
set into the shapes of an interdigitated array that functioned as small capacitors. The coated
paper also remained smooth after processing, and there were no apparent cracks in the smeared
regions, which indicates that the method may extract a wider area and more complicated layouts.
This approach opens a route to the simple and flexible electronics from natural sources, and may
benefit future applications of paper-based sensors, miniaturized energy storage components and
inexpensive circuit elements on which environmental impact is of little concern.

The above four investigations are a unified path for developing battery systems with high
performance, combined with modular architecture and low environmental. The outcomes
indicate a use of lighter structural parts, more stable sensing parts, better current-carrying parts
and electronics manufactured out of renewable sources, providing support for current objectives
within the electric-vehicle sector. The results also demonstrate how material selection, device

https://doi.org/10.3390/s25216778
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architecture, and digital modeling can work together to increase the reliability while being able
to reduce the overall footprint of the 3D fabrications for battery systems used in the future.
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Chapter 1

Introduction and Theoretical Scope

Global efforts to decarbonize transport have intensified interest in electric vehicles (EVs), placing
renewed emphasis on battery systems that are lighter, safer, and more sustainable. The present
thesis investigates four component-level domains that are related to EV battery performance:
(i) multifunctional structural enclosures based on carbon-fiber nanocomposites, (ii) copper
busbar design for efficient current distribution, (iii) mechanically stabilized reed switches for
reliable sensing under vibration, and (iv) low-impact electronics fabricated as laser-induced
graphene (LIG) on lignin-based substrates. The motivation for this is to demonstrate how
material selection choices converge and design practices can lead to gain a system level solution
for durability, electrical efficiency and environmental compatibility.

1.1 Global Energy Transition and Electric Mobility

The shift towards electrification of transport policy and industrial roadmaps can be attributed
to the energy transition. Battery packs are now electromechanical assemblies as an integral
part of the functional system where the battery enclosure, metallic components for high current
transmission, sensors and embedded circuits interact using coupled mechanical, thermal and
electromagnetic loads. Design choices that were previously made with a single attribute includ-
ing, mass reduction, or thermal stability or corrosion resistance are now increasingly looked at
in terms of their cross-effects in terms of safety, re-recyclability and manufacturing throughput.

Within this context, carbon fiber reinforced polymers (CFRPs) promise high specific stiffness
and strength, however, the use in enclosure applications may be dependent on impact resistance,
heat management adjacent to cells and/or compatibility of such materials with sensing or
shielding functions. Power routing through copper busbars should have low resistive losses
and local heating during fast charge events while having low electromagnetic compatibility.
Sensing subsystems tend to cause reliability problems in vibrations and thermal cycling as well.
Similarly, the environmental footprint of printed wiring and complex circuit fabrication through
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materials with low solvent content to ease recycling is also very important in future applications.
The present work addresses these requirements by a combination of experimental methods and a
modeling approach and by a focus on scalable fabrication methods.

1.2 Problem Statement

Despite rapid advances in the automobile sector, several gaps still persist at the component and
system level:

1. Structural enclosures : Conventional metallic housings provide high strength and thermal
conductivity but at the cost of high mass and complicate electrical isolation. To resolve
the weight issue, unmodified CFRP composites are also utilized but may lack multi-
functionality, such as, limited damping, and/ or challenging thermal pathways.

2. Power distribution : Copper busbars are key components in power distribution. But, their
geometry and joining methods such as welding are often optimized empirically. Study on
predictive framework, localized heating at welds, stress accumulation near fasteners, and
non-uniform magnetic fields due to current still needs to be addressed.

3. Sensing reliability :Reed switches/ sensors are helpful for low-power position and/
or interlock functions in automobile. However, their switching repeatability could be
degraded due to misalignment, shock, and high-frequency vibration. Minor geometric
changes in the housing or actuation magnet can also change the hysteresis and switching
time of reed sensors.

4. Sustainable electronics : Most flexible circuits rely on petrochemical substrates and
solvent-intensive processes. For sustainability and CO2 footprint, bio-based substrates are
the most feasible option due to their environmental friendly properties. Nevertheless, for
consistent conductivity, and mechanical integrity after laser conversion, careful tuning
of both chemistry and process parameters are important aspects which require further
investigations.

1.3 Research Objectives

The thesis pursues four interlinked objectives:

• O1–Multifunctional CFRP nanocomposites: Fabricate and characterize CFRP lam-
inates incorporating ionic-liquid-modified multi-walled carbon nanotubes (MWCNTs)
for balance among flexural strength, storage modulus, electrical resistance, and thermal
characteristics. Targeted outcome: a composition that achieves high flexural strength
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(≈ 803 MPa) and modulus (≈ 88 GPa) while reducing electrical resistance to the percola-
tion regime.

• O2–Digital-twin-guided busbar design: Develop a coupled electromagnetic–thermal–mechanical
model for copper busbars to assess the performance between 100 A and 500 A. Conduct
experimental test to evaluate structural and functional performance. Targeted outcome:
voltage drop (≈ 0.009 V to 0.047 V), magnetic field distributions, hot-spot formation at
welds, and thermally induced deformation.

• O3–Mechanically stabilized reed sensors: Redesign reed switch housings using sustain-
able materials and advanced fabrication techniques. Evaluation of switching dynamics
under different orientations of magnet. Incorporate spring to reduce switching distance
and improve damping capability under extreme conditions. Targeted outcome: activation
of reed sensor near 2.3 mm with reduced variance.

• O4–LIG on lignin substrates: Establish a low-power CO2-laser process for converting
lignin-based coatings to conductive graphene-like networks. Targeted outcome: fabricate
interdigitated capacitors, and achieve sheet resistances below 100 Ω sq−1 with minimal
substrate damage.

1.4 Literature Review

1.4.1 Materials for Lightweight, Functional Enclosures

Electric-vehicle (EV) battery systems require materials that combine low density with multi-
functional performance for efficient heat dissipation, electromagnetic shielding, and structural
integrity. CFRP composites have emerged as leading candidates within both automotive and
aerospace sectors because of their high strength-to-weight ratio, corrosion resistance, and tun-
able mechanical characteristics [1–3]. Incorporating nanomaterials e.g multi-walled carbon
nanotubes (MWCNTs) into CFRP composites further enhances structural and functional perfor-
mance of composites making them suitable for multifunctional battery enclosures in advanced
automobiles [4–6].

Ren et al. [4] reported tensile strengths close to 1200 MPa under corrosive conditions
to draw attention on durability of CFRP composites in chemically aggressive environments.
Good results (close to 0.8 W m−1 K−1) were obtained by Moyer et al. [5], who confirmed
the possibilities of such composites for the treatment of passive heat in compact assembly.
Performance optimization can be achieved by adjustment of fiber orientation, surface treatment
and resin chemistry when reinforced with functional nanofillers [7–9]. Responding to the
international demand for sustainable, high-strength materials, in recent studies the focus has
been laid on hybrid systems and energy-efficient processing strategies [10–14]. Increasing
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industrial implementation of CFRP hybrid composites is also a way forward to minimize energy
consumption and life cycle emissions without compromising the mechanical excellence.

Embedding nanoscale reinforcements such as particles, tubes or fibers have significant im-
proving composite stiffness, conductivity and toughness [15–18]. Among them, MWCNTs can
be the most effective ones, which have dedicated to their excellent aspect ratio and the inherent
electrical and thermal properties. When treated with environmental friendly modifiers, they dis-
perse homogeneously and have an interfacial compatibility, which allows their use in sustainable
automotive structures [19–21]. Experimental data clearly illustrate measurable improvements.
Wu et al. [19] about 30% of higher tensile strength and enhanced thermal transport with 1 wt%
functionalized MWCNTs. Dhanaraju et al. [22] considerable flexural-strength and modulus
enhancements. Brown et al. [23] increased dynamic-mechanical-response. Similar results
were obtained by Kumar et al. [24] and Chen [25] who achieved high thermal conductivity
at low nanotube loadings, while Spinelli et al. [26] and Zhang et al. [27] demonstrated large
conductivity gains with small filler content.

Interfacial modification is very important to get better performance. Polymeric, metallic and
silane-based coatings have been developed to enhance the nanotube dispersion and adhesion [28–
33]. Contemporary research in this field also considers the assessment of the environmental and
economical significance from the experience of modified MWCNTs, highlighting the need of
scalable, and low impact routes [34]. Functionalization approaches ranging from acid oxidation,
plasma treatment to solvent-based functionalization are done to attain higher surface reactivity
and compatibility with polymer matrices [35–43]. However, aggressive chemistries can affect
the graphitic structure of MWCNTs [30, 30, 44]. Consequently, there has been a virtual shift
towards eco-friendly surface treatments which maintain structure and provide better dispersion in
a number of matrices [45–47]. The green solvents used include plant extracts, ionic liquids (ILs),
and biodegradable polymers are nowadays preferred because of their capacity to be recycled
and have a low environmental impact, and thus they are being used more and more in different
areas of energy, electronics, and biomedicine [46–50].

Among these approaches, ionic liquids have been of specific interest in view of their use
as surface modifiers for carbon-based nanomaterials [51–53]. Their low volatility, chemical
tunability and thermal stability ease uniform nanofiller dispersion and strong interfacial coupling
in matrix material [53]. Avoiding usage of conventional volatile organic solvents the IL based
processing is in agreement with sustainable nano-technology principles [54]. Carbon nanotubes
treated with ILs typically have improved mechanical integrity and increased thermal stability
[55]; Imidazolium-based ILs in particular have superior characteristics in use, as they improve
the colloidal stability of the nanotubes and enhance conductivity and reinforcement [55–57].
Moreover, IL treatment can be be done at room temperature, which is convenient for reducing
the energy input and minimizing the degradation of the nanotubes.

Parallel to these composite developments, attention has shifted to bio-derived carbon sources
like lignin which is an abundant by-product of pulp and paper production with a high content
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of aromatic carbon [58–60]. Once rejected as a waste product, lignin has now been identified
as a sustainable source material to make conductive materials. Once coated with flexible
substrates and locally converted by laser irradiation, it will create porous laser induced graphene
(LIG) foam. This conductive foam provides an avenue towards biodegradable and recyclable
electronics [61–63].

LIG allows direct and mask-free production of conductive networks on the lignin-coated
papers at a low cost. Recent research showed that LIG that derived from lignin, had a high
electrical conductivity, mechanical flexibility and strong adhesion [64–67]. Additives can
be added, such as borax or mild solvents, to increase the flame resistance performance of
the coatings, graphitic quality, and simple exchange or in situ patterning can be ensured in
miniaturized systems [68, 69]. The combination of low sheet resistance and foldability as well
as durability makes LIG based on lignin attractive for wearable sensors and flexible circuits
[70–72]. Its porous morphology is also a benefit as its high electrochemical activity will prove
advantageous in supercapacitors and biosensors [71, 73, 74].

Practical demonstrations are presented for LIG-based chemical and motion sensors, micro
supercapacitors, and heaters with high areal capacitance (up to 136 mF cm−1, exceptional
cycling endurance (> 10000 cycles), and high mechanical resilience [75–78]. Simple methods of
transferring patterns simplify integration into soft or wearable devices [72, 79]. Environmentally,
LIG derived from lignin offers a great benefit over petroleum-based materials because it valorizes
an industrial waste stream, cuts life cycle emissions [80]. Remaining challenges include aspects
of scaling, uniformity of conductivity over large areas, and compatibility with more traditional
electronic packaging [78, 81]. In short, lightweight CFRP compounds reinforced with functional
nanostructures and bioderived carbon systems such as lignin-based LIG together are a dual
approach towards high-performance, and sustainable materials for EV battery enclosures.

1.4.2 Power Distribution and Electromagnetic Compatibility

An electric-vehicle (EV) battery pack is a highly integrated electro-mechanical system which
consists of hundreds of individual cells connected in series and parallel arrangements [82].
This architecture offers the voltage and energy capacity that is needed, whereas it also brings
large challenges in terms of thermal management and power distribution. Effective current
management is therefore a key for maintaining safety, stability of operation and long operational
life. Electrical interconnections between cells are usually achieved with the use of busbars,
which will allow high currents to be transported with little loss of energy due to resistive losses
and/or localized heating [83, 84].

Busbars have two roles both as current distributors between cells and modules on the one
hand and as conduction paths of heat between the cells on the other. Their material composing,
their cross-sectional geometry and the joining method affect directly both the energy efficiency
and the durability of the systems [85–87]. Material selection is based on conductivity, weight
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and corrosion resistance requirements [88–92]. Of these, copper is currently the most popular,
owing to its high conductivity of electricity and stable oxidation behavior [93–98]. Modern
busbar configurations include solid, laminated and flexible busbars which are designed to have a
balance between electrical, mechanical and packaging requirements [99, 100].

Traditional prototyping of busbar assemblies has depended upon primary physical inves-
tigation that is alternatively costly, time-consuming, and cannot completely outline coupled
thermal-electrical interactions [101, 84]. To overcome these limitations, a concept to form a
trans-formative tool for designing and performance optimization; namely, the Digital Twin
(DT) has come into existence. A DT is an ever-changing digital replica of a physical system
combining real-time operational data to stimule behaviour under different conditions [102–104].
This approach opens up the possibility of predictive maintenance and designing and optimising
products without repeatedly fabricating them [105–107].

Digital twins enable fast assessment of material and geometry selection, and assist engineers
in simulating multi-physical interactions between the components like Joule heating, magnetic
field distribution and structural deformation [107, 108, 83]. For example they have been
successfully used to analyse the current distribution and the formation of hot spots during fast
charging operations [109, 110]. DT-based topology optimization offers functionalities that allow
further material savings and maintenance or improvement of electrical and thermal functionality
[111–116]. These capabilities make digital twins an invaluable asset for improved safety margins
as well as energy efficiency for the modern EV battery systems.

The overall reliability and safety of high capacity EV batteries relies on continuous moni-
toring and the accurate interpretation of the data and results of the operation. As both primary
current carrying elements, a busbar, has a direct impact on the electrical efficiency, thermal
equilibrium and mechanical integrity of the battery pack. However, even within the currently
available literature, the treatment of these domains remains independent of one another with
no consideration of the interdependence of electrical, magnetic, and mechanical phenomena.
Solving this gap means need to develop an integrated multiphysics models which can of simul-
taneously solving electrical, thermal, magnetic, and structural effects. Such unified modeling
frameworks would provide a more realistic insight of busbar behavior under dynamic loading,
and provide a guiding line for the design of safer, long lasting and more energy-efficient battery
systems for the next generation of EVs.

1.4.3 Sensing in Vibration-Prone Environments

Sensors are important components in electric-vehicle (EV) architectures which provide realtime
data to monitor the health of the batteries, the operational status and safety-critical conditions
[117]. A wide range of sensors is implemented in the area of battery management system
(BMS), including temperature sensors for thermal-runaway prevention, current/voltage sensors
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for estimating the charge state and strain sensors for detecting mechanical deformation or impact
event [118–121].

Among these, reed sensors have seen a broad adoption in automotive systems due to
their non-contact actuation, mechanical simplicity and robust performance in harsh service
conditions like vibration, dust exposure and temperature conditions [122–125].The compactness
and passiveness of the sensor lend it to a special adaption in space limited and safety critical
sub-system of EVs.

A typical reed sensor consists of a pair of ferromagnetic contact blades made hermetically
sealed in a glass capsule which closes when exposed to an external magnetic field. This
configuration provides high switching response speed, high insulation resistance and long service
life, which are the advantages for EV safety applications [126–128]. Continued improvement of
current precision manufacturing practices has led to miniaturised and more reliable reed switches
that are used in fluid level sensing, proximity sensing and current measurement [127]. However,
performance degradation can be caused by high-temperature or high-vibration conditions where
degradation can be caused by mechanical wear, contact deformation and electromagnetic
interference which add electrical noise or contact bounce [126, 129, 130]. Furthermore, the
combination of the reed sensors with complicated electronic structures may have packaging and
shielding requirements that prevent from high integrated compactness systems [131].

In order to overcome these challenges recent research centers have gone toward materi-
als and fabrication innovations to promote robust sensors. Hybrid composites with transition
metal dichalcogenides (TMDs) and graphene-based nanomaterials have been shown to possess
enhanced magnetic sensitivity, mechanical stability and environmental stability [132–134]. Sim-
ilarly, the use of high-performance polymers and fibre reinforced thermosets for encapsulation
of the sensors has led to increased resistance against thermal cycling and fatigue and fatigue
[135, 136]. Parallel advances in the fabrication of microelectromechanical systems (MEMS)
and additive manufacturing have allowed for the miniaturization of sensors and the ability to
add geometric customization that is required for the complex geometrical topologies occurring
in EV battery packs [128, 136–138].

While these developments have greatly improved the reliability and adaptability of industrial
automotive sensing systems, there has always been a gap between the model-based predicted
sensing system performance and its validation under actual operating conditions. Bridging this
divide will require comprehensive experimental campaigns with replicates of the combined
effects of temperature, vibration, and electromagnetic stress of the type common to vehicular
environments.
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1.4.4 Low-Impact Flexible Electronics

Recent research has focused more on the use of sustainable materials in design of next-generation
sensing platforms. Alongside traditional technologies (reed switches), using laser-induced
graphene (LIG) material developed directly on lignin-based biopolymer substrates, provides
flexible, conductive, and environmentally compatible sensor architectures [139]. The combina-
tion of the electrical functionality of graphene and the renewability of lignin allows LIG to make
low-cost and solventless electronic patterns without any metallization or chemical treatment.

Experimental demonstrations of LIG-based sensors have shown them to have high gauge
sensitivity, strong mechanical flexibility, and good mechanical stability and trustworthy perfor-
mances at persistently bending or thermal cycling, which makes them suitable candidates to be
incorporated into electric vehicle components and battery monitoring modules [140, 141]. Their
light weight and conformability also help to embed them in curved or irregular surfaces without
causing extra wirings and system mass.

Despite all these advantages, there are still challenges related to the large area manufacturing
and guaranteeing uniformity of the patterns over extended surfaces. Good adhesion of the
laser-converted conductive traces to different polymer substrates has to be improved. Besides,
design of integration with existing automotive electronic architectures, impedance matching and
environmental sealing have to be carefully considered.

Even cooperating with these limitations, LIG-enabled sensing platforms are a technically
and environmentally feasible direction for the progress of diagnostic and monitoring systems for
electric-mobility applications. Their correspondence with the principles of circular manufac-
turing brings up the potential of bio-derived, laser-processed materials for next generation of
low-impact flexible electronics.

1.5 Thesis Structure

The thesis is arranged to follow the chronological development of materials to system aspects:

• Chapter 1 sets up context, objectives, and reviews the relevant literature in much of the
areas of materials, power distribution, sensing and sustainable electronics.

• Chapter 2 describes experimental approaches and modeling tools for various projects
noting the fabrication of composites, set up of digital twins for busbars, reed switch
prototyping and testing protocols, and LIG processing on lignin based bio polymer
coatings.

• Chapter 3 presents results and analysis for each domain with a focus on the quantitative
performance (e.g., flexural strength approx. 803 MPa with voltage drop 0.009–0.047 V,
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100–500 A, reed sensor activation 2.3 mm, sheet resistance less than 100 Ω sq−1 and
explaining the interpreting mechanism where such data is possible.

• Chapter 4 is an integration of results at the pack level of the battery pack in discussion
of these trade-offs between structural, electrical and environmental criteria and outlining
feasible module architectures.

• Chapter 5 summarizes contributions, acknowledgment to limitations (e.g. long-term
durability and full module integrates) and proposes future working such as life-cycle
evaluation and obtain pack-scale digital-twin extensions.



Chapter 2

Experimental Methods and
Instrumentation

2.1 Fabrication and Characterization of CFRP Nano-composites
(Project 1)

2.1.1 Materials

The matrix system used in this study was based on a two-component epoxy resin (Araldite® 5052,
Huntsman, USA) cured with the corresponding hardener (Aradur® 5052). The reinforcement
was a plain-weave carbon-fiber fabric (Toray 3K, 0◦ / 90◦ orientation, 200 g m−2 areal density).
Multi-walled carbon nanotubes (MWCNTs) were introduced as nano-scale reinforcements to
enhance both mechanical and electrical properties. Two grades were used: pristine MWCNTs
(outer diameter between 20 and 40 nm, length between 5 and 15 µm, > 95 % carbon purity)
and nickel-coated MWCNTs (outer diameter between 5 and 15 nm, length > 50 µm, 60 wt
% Ni). Pristine MWCNTs were supplied by Chengdu International, China, and nickel-coated
MWCNTs were purchased from US Research Nanomaterials Inc., Houston, TX, USA.

To improve dispersion and interfacial characteristics of MWCNTs in the epoxy matrix, the
ionic liquid 1–butyl–3–methylimidazolium bis (trifluoromethylsulfonyl) imide ([BMIM][Tf2N],
> 99 % purity, Sigma-Aldrich, Germany) was used as a surface modifier. Absolute ethanol
(analytical grade) served as a solvent medium during functionalization. All materials were
handled and stored in a desiccated environment at 25 ± 2 ◦C to prevent moisture absorption
prior to processing.
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2.1.2 Ionic Liquid Functionalization of MWCNTs

Functionalization of both pristine and nickel-coated MWCNTs was carried out to improve
their wetting and compatibility with the epoxy system while preserving their intrinsic structure.
Approximately 3 g of MWCNTs were dispersed in 50 mL of a 5 wt % [BMIM][Tf2N] solution
prepared in ethanol. The suspension was magnetically stirred for 15 min and subsequently
sonicated for 30 min at 60 ◦C in an ultrasonic bath (Elmasonic P60H, Elma GmbH). Following
sonication, the mixture was vacuum-filtered and dried in an oven at 60 ◦C for 1 h under −1 bar
to remove residual solvent.

This non-covalent treatment allowed adsorption of the ionic liquid on the nanotube surface
through π–π bond and electrostatic interactions, thereby enhancing dispersion without disrupting
the graphitic network. The treated powders were stored in sealed amber vials until composite
fabrication to avoid contamination or moisture uptake. The whole process is shown in Phase-I
of Figure 2.1.

2.1.3 Laminate Fabrication via Vacuum Bagging

The fabrication of nanocomposite laminates was performed using a vacuum-assisted resin
infusion process to ensure uniform impregnation of the carbon-fiber reinforcement and to
minimize void formation. The whole process is shown in Phase-II of Figure 2.1. The epoxy
matrix was prepared by dispersing the functionalized MWCNTs into the Araldite® 5052 resin at
filler loadings of 1.0, 1.5, 2.0, and 3.0 wt %. Each dispersion was initially mixed by mechanical
stirring at 600 rpm for 20 min and subsequently ultrasonicated for 45 to 60 min at 60 ◦C using
an ultrasonicator.

After homogenization, the stoichiometric amount of Aradur® 5052 hardener was then added
(100 : 40 resin-to-hardener ratio by weight), and the mixture was stirred gently to prevent
re-entrainment of air bubbles. The mixtures were degassed under a vacuum of −1 bar for 15
min to remove entrapped air.

Four plies of carbon-fiber fabric were cut into 200 × 200 mm sheets and stacked in a 0◦ / 90◦

lay-up sequence on a flat mold coated with release film. The prepared resin was poured onto
the stack, and the assembly was enclosed in a vacuum bag with breather and sealant tapes.
Infusion was carried out under full vacuum pressure of −1 bar for 30 min to ensure complete
impregnation. Curing proceeded at ambient temperature for 24 h, followed by post-curing at
100 ◦C for 4 h in an oven. The resulting laminates were approximately 1.0 ± 0.1 mm thick and
exhibited a glossy, void-free surface finish.
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Fig. 2.1 Schematic of the fabrication route for CFRP nanocomposites showing ionic-liquid modification of
MWCNTs, dispersion into the epoxy matrix, and subsequent laminate formation through vacuum-assisted
resin infusion and curing.

2.1.4 Characterization Techniques

Mechanical Testing
Flexural properties were determined according to ASTM D7264 using a universal testing
machine (Galdabini, 30 kN load cell). Test specimens (60 × 13 × 1 mm) were cut using a
diamond saw to avoid edge damage. The three-point bending configuration employed a support
span of 40 mm and a crosshead speed of 2 mm min−1. Five specimens were tested for each
formulation, and mean values with standard deviations were calculated.

Dynamic Mechanical Analysis (DMA)
Viscoelastic behavior was evaluated with a Hitachi DMA7100 operating in dual-cantilever
mode. Samples (50 × 10 × 1 mm) were scanned from 25 ◦C to 2500 ◦C at a heating rate of
10 ◦C min−1 and an oscillation frequency of 1 Hz. Storage modulus (E ′), loss modulus (E ′′),
and damping factor (tan δ ) were recorded to assess matrix stiffness and energy dissipation.

Electrical and Thermal Measurements
Electrical resistance was measured using a two-probe impedance setup over the 10 Hz to 1 MHz
frequency range. For thermal conductivity, a Thermtest GHFM-01 guarded heat-flow meter
was used following ASTM E1530-19. Measurements were performed at mean temperatures of
30 ◦C, 60 ◦C, and 90 ◦C using stainless-steel reference disks for calibration.

Morphological and Structural Characterization Surface and fracture morphologies were
examined using a Thermo Fisher Phenom XL G2 scanning electron microscope operating at
10 kV. Samples were sputter-coated with gold for 30 s to prevent charging. Chemical characteri-
zation of ionic-liquid adsorption was verified by Fourier-transform infrared spectroscopy (FTIR)



2.2 Digital Twin Modeling and Experimental Evaluation of Copper Busbar (Project 2) 13

using a PerkinElmer Spectrum Two spectrometer over the 400–4000 cm−1 range with 4 cm−1

resolution.

2.2 Digital Twin Modeling and Experimental Evaluation of
Copper Busbar (Project 2)

2.2.1 Materials and Busbars Configurations

Copper busbars of > 99.9 % purity were sourced from MISTA S.p.A., Italy, and machined into
three representative configurations for analysis:

• Type I – Large-format, laser-welded busbar (216 × 14 × 3 mm) intended for high-current
applications.

• Type II – Medium rigid busbar (108 × 14 × 3 mm) for contact-resistance evaluation.

• Type III – Small geometry variants (83 × 64 × 3 mm) fabricated in three forms: A
(central cavity), B (solid block), and C (narrowed solid geometry). The difference in
geometries is illustrated in Figure 2.2.

All specimens were cleaned ultrasonically in ethanol for 10 min and air-dried to remove
machining residues prior to joining or testing.

Fig. 2.2 Type III copper busbars used for electromagnetic analysis, illustrating the three structural
configurations (A–C) that vary in cavity placement and cross-sectional narrowing to influence magnetic-
flux concentration and current distribution.

2.2.2 Laser Welding and Metallurgical Characterization

Laser welding of Type I samples was performed with a fiber-laser system (FL 8000 – ARM 100
/ 290, IPG Photonics) operating at 8 kW, 0 mm focal offset, and a scan speed of 50 mm s−1.
The process complied with BS EN ISO 13919-1:2019 standards for weld quality.
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Cross-sectional samples were prepared by sequential grinding with SiC papers (grit 120 →
2000) and etched in 10 % FeCl3 for 15 s. Optical micrographs were captured using an Olympus
DSX 1000 digital microscope to assess penetration depth, fusion uniformity, and porosity.
Preliminary inspection revealed complete fusion with minor grain coarsening near the heat-
affected zone, characteristic of rapid thermal cycling during high-energy welding.

2.2.3 Digital Twin Model Construction

A three-dimensional multiphysics model was developed in COMSOL Multiphysics 6.3, coupling
the following physics interfaces:

• Magnetic Fields (no currents) and Electric Currents for electromagnetic simulation,

• Heat Transfer in Solids to capture Joule-heating and conductive losses,

• Solid Mechanics to resolve thermally induced stress and deformation.

These modules were linked through electromagnetic-heating and thermal-expansion couplings.
Each busbar geometry was discretized with fine tetrahedral elements, refined around weld and
bolt zones to improve convergence. Boundary conditions included fixed mechanical supports
at bolt locations, an ambient temperature of 25 ◦C, and applied direct currents from 100 A to
500 A.

Outputs from the model comprised:

• Electric-potential and current-density distributions,

• Resistive heat generation and temperature fields,

• Magnetic-flux density mapping, and

• Thermo-mechanical deformation contours.

Preliminary convergence tests confirmed mesh independence when element counts exceeded
1.2 × 105 nodes, ensuring numerical stability without excessive computation time.

2.2.4 Experimental Characterization

Mechanical Evaluation
Mechanical integrity of welded Type I busbars was assessed by:

• Three-point bending tests (ASTM E143; support span 100 mm) on Galdabini universal
testing machine,



2.2 Digital Twin Modeling and Experimental Evaluation of Copper Busbar (Project 2) 15

• Torsion testing using an Instron 8850 rotational rig, and

• Edge-bending tests to evaluate local compliance and weld ductility.

Peak load, yield force, and deflection at failure were recorded to evaluate structural performance
of the laser welded busbars.

Electrical Characterization
For Type II busbars, contact resistance was measured according to IEC 60269-1 using both two-
and four-probe configurations on a Hioki RM3545A micro-ohmmeter. Tests were conducted at
torques of 3.2 Nm and currents of 1 A and 10 A to replicate operational conditions. Average
resistance values ranged between 12 and 19 µΩ.

Magnetic Flux Mapping
Type III geometries were tested under 40 A DC using ACS37612 Hall-effect sensors positioned
1.6 mm above the surface. The experimental set-up is shown in Figure 2.3.

Metallurgical Analysis
Post-test microscopy confirmed weld integrity and revealed limited micro-voiding (< 2 %) within
the fusion line. Grain-size variation was consistent with heat-input gradients predicted by the
simulation, validating the thermal model.

Fig. 2.3 Experimental setup for magnetic-flux density measurements, showing the fixed-position Hall-
effect sensor used to capture the field generated by Type III busbars carrying a controlled DC load.

2.2.5 Data Correlation and Model Verification

Simulation results showed voltage drops increasing linearly from 0.009 V (100 A) to 0.047 V
(500 A), matching experimental trends within ± 5 %. Peak temperature rise at 500 A was
approximately 273 ◦C, concentrated at weld and bolt regions. Corresponding thermal expansion
produced a maximum displacement near 1.1 mm, closely replicating measured deformation.
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Magnetic-field magnitudes ranged between 8 and 40 mT, remaining below electromagnetic-
compatibility limits specified in CISPR 25. The lowest field intensity (≈ 0.43 mT) occurred in
cavity design A, whereas the narrowed geometry C produced the highest (≈ 0.69 mT). These
findings validated the sensitivity of flux distribution to geometric constraints and confirmed the
predictive accuracy of the digital-twin framework.

2.3 Reed Sensor Fabrication and Testing (Project 3)

2.3.1 Design Concept and Materials

The reed-switch system investigated in this study was designed to operate reliably under mechan-
ical vibration and thermal fluctuation typical of electric-vehicle (EV) battery environments. The
base element was a KSK-1A66-1530 normally-open reed switch (Standex-Meder Electronics,
Germany) rated at 200 V DC, 1.2 A, and a switching power of 10 W. Magnetic actuation was
provided by a cylindrical iron-based permanent magnet ( /0 10 mm×4 mm), producing a surface
magnetic field between 30 mT and 50 mT as verified using a Lake Shore 475 DSP Gaussmeter.

Sensor housings were fabricated through additive manufacturing to assess the influence of
mechanical constraints and alignment on switching behavior. Initial prototypes (Figure 2.4)
were printed by fused deposition modeling (FDM) using polylactic acid (PLA), which allowed
rapid dimensional verification. Final enclosures (Figure 2.5) were produced via selective laser
sintering (SLS) in polybutylene terephthalate (PBT) powder (EOS PA 2200 grade), chosen for
its enhanced mechanical strength, dimensional accuracy, and heat resistance up to 120 ◦C.

To stabilize the reed terminals and mitigate contact fatigue, a miniature stainless-steel
compression spring was integrated within the housing cavity. The spring orientation was
varied at 0◦ and 90◦ relative to the reed terminals, while terminal geometry was tested in both
straight and bent configurations. The assembly ensured a controlled mechanical preload on the
contact blades, thereby improving response consistency and resilience against vibration-induced
misalignment.

2.3.2 Fabrication Process

Each reed switch and magnet pair were first characterized magnetically to determine the baseline
activation distance under ideal alignment using the FDM manufactured test case as shown in
Figure 2.4. The sensors were then mounted within the SLS-fabricated housings (Figure 2.5)
according to four design variants:

1. Straight terminals + aligned spring

2. Straight terminals + rotated spring
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3. Bent terminals + aligned spring

4. Bent terminals + rotated spring

Fig. 2.4 FDM-printed prototype used for reed-sensor characterization, including the (a) magnet, (b)
reed sensor, (c) linear sliders for displacement control, (d) & (e) the assembled test fixture designed for
repeatable switching-distance measurement.

Fig. 2.5 Spring-integrated reed-sensor testing setup: (a) UTM-based control of magnet displacement for
precise switching-distance acquisition, (b) electrical verification circuit confirming contact closure and
release, and (c) schematic of the reed sensor actuation and relaxation mechanism.

2.3.3 Performance Testing Protocol

Switching distances were measured using a linear scale and LED-based circuit indicator, record-
ing activation (“ON”) and release (“OFF”) points across different orientations of the magnet.
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Schematics of different orientations of the magnet used during the experiments is also shown in
the Figure 2.6.

Five magnet orientations were examined:

• Center – aligned,

• Center – angled (15◦),

• Center – upward (+ 2 mm offset),

• Right-shift – aligned (+ 3 mm lateral offset), and

• Right-shift – upward (+ 3 mm, + 2 mm).

Fig. 2.6 Five magnet-orientation configurations used in reed-switch evaluation, showing variations in (a)
center-aligned (b) center-angled (c) center upward (d) right-shift-aligned (e) right-shift-upward, relative
to the sensor to quantify alignment-dependent switching behavior.

Each configuration was tested in ten trials. Final prototypes were evaluated with spring
orientations of 0◦ and 90◦ and terminal geometries (straight and bent). The optimized configura-
tion achieved consistent activation at 2.3 mm and release at 2.7 mm, demonstrating improved
sensitivity and repeatability over standard designs.
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Table 2.1 Details of lignin-based coating formulations

Formulation Lignin Type Additives Spray duration (s) Pressure
(bar)

A EKWZ 4HMF 5 1
B EKWZ Phenolic (10%) + 4HMF 60 1
C EKWZ Urea (10%) + Formaldehyde (90%) 5 1
D EKWZ Urea (20%) + Formaldehyde (50%) 30 2
E EKWZ Urea (26%) + 4HMF 20 1
F EKWZ 4HMF + PG (30%) + Formaldehyde 5 1
G EKWZ 4HMF + PG (20%) 5 1
H EKWZ 4HMF + PG (70%) 5 1
I SWWZ 4HMF + PG (10%) 5 1

2.4 Laser-Induced Graphene (LIG) on Bio-polymer Coated
Substrates (Project 4)

A sustainable method was developed to fabricate conductive graphene patterns (alternative to
traditional printed electronics) from lignin-based bio-polymer coatings using low-power CO2

laser irradiation.

2.4.1 Materials and Coating Formulation

The substrates used for LIG fabrication were 170 GSM CONDAT MATT PERIGORD paper
sheets, chosen for their uniform surface finish and dimensional stability under laser irradiation.
Lignin-based coating solutions were prepared using softwood kraft lignin (EKWZ and SWWZ
grades, Lignoboost AB) as the principal carbon precursor. Nine formulations (A–I) were
produced by varying the ratios of 4-hydroxymethylfurfural (HMF), urea, propylene glycol (PG),
and formaldehyde. The additives served, respectively, as dehydration catalysts, cross-linking
agents, plasticizers, and stabilizers.

Each formulation contained 10 wt % total solids dispersed in distilled water and was
homogenized using a IKA RW 20 Digital overhead stirrer at 800 rpm for 20 min. The resulting
suspensions were sprayed onto the paper substrate using an airbrush Timbertech operated at 1 to
2 bar pressure as shown in the experimental setup (Figure 2.7). Deposition time was adjusted
between 5 s and 60 s to obtain coatings between 25 µm and 40 µm thick. The coated samples
were dried at 80 ◦C for 24 h in an oven before laser processing. The formulations used in the
current project are listed in Table 2.1.
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Fig. 2.7 Experimental arrangement for LIG formation on lignin-based coatings, showing the (a) air brush
(b) bio polymers (c) masking system (d) air compressor, and (e) CO2 laser etching process for formation
of laser induced graphene on bio polymer coatings.

2.4.2 Laser Processing Parameters

Laser graphitization (Figure 2.7e) was carried out with a CO2 laser (30 mm, λ = 10.6 µm). The
scan resolution was fixed at 450 DPI, frequency 5 kHz, and traverse speed 200 mm−1. Three
power sequences were examined:

• LIG–1: 3 % + 1 % (two-pass)

• LIG–2: 1 % + 3 % + 1 % (three-pass)

• LIG–3: 1 % + 1 % + 1 % (three-pass, equal power)

Preliminary trials showed that power levels ≥ 10 % ablated the substrate, whereas lower settings
yielded incomplete conversion. The LIG–1 condition produced continuous, well-adhered films
with minimal discoloration and was therefore adopted for subsequent device fabrication. All
patterns were generated in ambient air without inert-gas shielding to maintain process simplicity.

2.4.3 Electrical and Micro-structural Characterization

Sheet resistance was measured using a four-point probe, and micro-structural quality was verified
via optical microscopy. Formulations G, H, and I, especially when processed under LIG–1
conditions, exhibited the lowest sheet resistances (below 100 Ω sq−1). Samples were rinsed with
de-ionized water for 30 s and dried at 60 ◦C to remove loosely bound residues before electrical
testing.

2.4.4 Device Fabrication and Performance Testing

To demonstrate circuit functionality, interdigitated capacitors (IDCs) were patterned using the
LIG–1 sequence on optimized lignin formulations (G, H, I). Electrode spacing was maintained
at approximately 0.1 mm to prevent short circuit after expansion or micro fracture during laser
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etching. Optical microscopy verified clean electrode edges and absence of thermal ablation
beyond the laser path. The complete process flow diagram is shown in Figure 2.8.

Fig. 2.8 Process flow illustrating spray-coating of lignin formulations onto paper substrates, laser-induced
graphitization, and post-treatment steps required to develop conductive LIG patterns.

2.4.5 Environmental and Process Considerations

All laser writing and post-processing steps were solvent-free and produced no hazardous ma-
terials. The use of renewable lignin feedstock aligns with circular-economy objectives for
disposable or biodegradable electronics. The low-power laser operation (< 1 W) translates into
minimal energy consumption of processed area, which illustrates the scalability of the method
for low-cost manufacturing.

The combination of lignin-derived coatings and controlled laser graphitization provides an
accessible route to environmental friendly flexible electronic components suitable for sensing
and energy-storage applications in electric-vehicle systems.

The methodologies developed across these four projects represent a comprehensive exper-
imental platform for advancing sustainable EV battery systems. The combination of ionic
liquid-treated nanocomposites, digital twin-based copper conductors, additively manufactured
sensors, and bio-derived graphene circuits provides a scalable and environmental friendly route
towards high-performance vehicle components.



Chapter 3

Results and Discussion

Chapter 3 will present the experimental results and analysis of all four projects. The first
section will explain hybrid nanocomposites of CFRPs. The second section comprises analysis
of copper busbars. The third section includes reed sensors, and the forth section will highlight
laser-induced graphene on lignin-based polymers.

3.1 Mechanical and Functional Evaluation of CFRP Nanocom-
posites)

The first experimental study examined the effects of incorporating ionic-liquid-treated multi-
walled carbon nanotubes (MWCNTs) on the structural, thermal, and electrical performance of
carbon-fiber-reinforced polymer (CFRP) laminates. Particular attention was given to dispersion
quality, fiber–matrix interaction, and multifunctional behavior under coupled mechanical and
thermal loading. The results are discussed in relation to representative stress–strain curves,
storage-modulus trends, and microscopy findings (see Figures 3.1–3.8 and Tables 3.1–3.3).

3.1.1 Flexural Performance

Representative three-point-bending curves for neat and nanofilled laminates are presented in
Figure 3.1. All compositions exhibited a linear elastic region followed by a gradual non-linearity
preceding catastrophic failure. The incorporation of pristine MWCNTs produced a pronounced
stiffening effect, with the 3.0 wt % formulation reaching a flexural strength of ≈ 803 MPa and a
modulus near 88 GPa, compared with 319 MPa and 36.6 GPa for the unmodified control. The
enhancement, exceeding 150 %, indicates efficient stress transfer through a well-developed
interphase network.
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Intermediate concentrations (between 1.0 and 2.0 wt %) showed progressive increases in both
strength and modulus, suggesting a percolative dispersion threshold near 1.5 wt %. At loadings
beyond 3 wt %, marginal strength reductions were observed, likely due to partial agglomeration
and void formation within the resin. Table 3.1 summarizes the statistical distribution of flexural
parameters across all batches, confirming repeatability (standard deviation < 3 %).

During testing, a mild deviation from linearity appeared in the mid-span deflection of the 3
wt % sample, consistent with localized matrix yielding and interfacial shear relaxation. Such
behavior implies partial toughening of the matrix owing to ionic-liquid plasticization at the
nanotube surface. Failure surfaces (see Figure 3.7) revealed clean fiber pull-out zones and
river-mark morphologies typical of energy-absorbing fracture.

Fig. 3.1 Flexural strength and modulus values for all CFRP nanocomposites, highlighting the influence of
ionic liquid treated pristine and nickel-coated MWCNTs content on stiffness and load-bearing capacity:
(a) flexural strength; (b) flexural modulus.

3.1.2 Dynamic Mechanical Analysis (DMA)

The temperature-dependent viscoelastic response of the laminates was obtained using a Hitachi
DMA7100 in dual-cantilever mode. As shown in Figure 3.2, the storage modulus (E ′) of
nanocomposites consistently exceeded that of the reference sample throughout the 25 to 250 ◦C
range. The 3.0 wt % MWCNT laminate recorded E ′ ≈ 18 GPa at room temperature and retained
over 60 % of this stiffness at 200 ◦C, demonstrating improved load transfer and restricted
molecular mobility within the epoxy phase.
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Table 3.1 Flexural properties of hybrid nanocomposites.

Sample ID Flexural Strength (MPa) S.D. Flexural Modulus (GPa) S.D.

CFRP 319 35 36.6 1.5
CFRPIP-1.0 wt% 668.7 49.3 56.89 1.2
CFRPIP-1.5 wt% 637.1 67.2 67.71 1.7
CFRPIP-2.0 wt% 667.8 63.7 61.78 7.6
CFRPIP-2.5 wt% 648.5 40.2 73.67 3.7
CFRPIP-3.0 wt% 802.8 67.7 88.21 1.0
CFRPINi-1.0 wt% 655.0 44.6 52.41 6.8
CFRPINi-1.5 wt% 588.5 28.4 55.67 1.3
CFRPINi-2.0 wt% 597.5 41.8 61.05 1.9
CFRPINi-2.5 wt% 610.3 44.2 58.29 1.7
CFRPINi-3.0 wt% 593.2 39.5 68.13 3.7

Fig. 3.2 Storage and loss modulus curves obtained from DMA, showing temperature-dependent viscoelas-
tic response and the effect of IL-modified MWCNTs on the stiffness of CFRP laminates: (a) storage
modulus (E ′); (b) loss modulus (E ′′).

The corresponding loss modulus (E ′′) and damping factor (tan δ ) curves (Figure 3.3)
indicated enhanced energy-dissipation capacity, with modest broadening of the glass-transition
region. The overall increase in tan δ amplitude further implies that a fraction of absorbed
vibrational energy is dissipated through interfacial sliding which is a desirable attribute for
enclosure panels subjected to mechanical vibration in electric-vehicle service.
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Fig. 3.3 Damping behavior of CFRP nanocomposites showing tan δ profiles and shifts in glass-transition
region associated with nanotube dispersion and matrix–filler interactions.

The glass-transition temperature (Tg) showed moderate decrease from 123 ◦C (neat CFRP)
to ≈ 110 ◦C for nanotube-modified systems (Table 3.2). Decrease in the Tg can also be attributed
to the increased amount of MWCNTs as well as presence of ionic liquid.

Table 3.2 Glass transition temperatures (Tg) of CFRP nanocomposites.

Sample ID Tg (°C)

CFRP 123

CFRPIP - 1.0 wt % 111

CFRPIP - 1.5 wt % 110

CFRPIP - 2.0 wt % 110

CFRPIP - 2.5 wt % 110

CFRPIP - 3.0 wt % 110

CFRPINi - 1.0 wt% 108

CFRPINi - 1.5 wt % 106

CFRPINi - 2.0 wt % 113

CFRPINi - 2.5 wt % 113

CFRPINi - 3.0 wt % 108
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3.1.3 Electrical and Thermal Transport Behavior

Impedance spectroscopy confirmed a sharp drop in electrical resistance upon nanotube incor-
poration (Table 3.3). The minimum resistance, 29.9 Ω, occurred at 1.5 wt% P-MWCNTs,
corresponding to the formation of a conductive network (percolation threshold). Above this
concentration, further filler addition produced negligible improvement. This could be attributed
to formation of agglomerates of MWCNTs and it is also consistent with percolation theory.
Ni-MWCNT composites showed higher resistances (Figure 3.4a) but improved magnetic re-
sponsiveness (Figure 3.4b) due to their ferromagnetic properties, which could be beneficial
for applications like inductive sensing or EMI-shielded enclosures. The frequency response
followed a typical two-region behavior. A plateau at low frequencies corresponds to DC-like
conduction. The second shows a dispersive tail at higher frequencies, where interfacial polar-
ization dominates. These features may indicate that ionic-liquid-modified MWCNTs provide
efficient charge pathways while maintaining dielectric integrity.

Fig. 3.4 Impedance spectroscopy results depicting (a) resistance, and (b) inductance, of CFRP samples
alongside the (c) equivalent R–L circuit model, used to interpret frequency-dependent conduction
behavior.
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Table 3.3 Impedance spectroscopy results for CFRPs: resistance, inductance, percent error, and equivalent
circuit model.

Sample ID R1 (Ω) % Error L1 (H) % Error Equivalent Circuit

CFRP 49.2 0.069 0.3514 × 10−5 0.764 R1L1

CFRPIP - 1.0 wt % 33.9 0.055 0.3591 × 10−5 0.426 R1L1

CFRPIP - 1.5 wt % 29.89 0.058 0.3560 × 10−5 0.410 R1L1

CFRPIP - 2.0 wt % 58.7 0.067 0.3529 × 10−5 0.861 R1L1

CFRPIP - 2.5 wt % 117.8 0.084 0.3287 × 10−5 2.237 R1L1

CFRPIP - 3.0 wt % 85.0 0.078 0.3351 × 10−5 1.482 R1L1

CFRPINi - 1.0 wt % 80.5 0.075 0.3433 × 10−5 1.318 R1L1

CFRPINi - 1.5 wt % 155.0 0.087 0.3148 × 10−5 3.149 R1L1

CFRPINi - 2.0 wt % 137.8 0.089 0.2885 × 10−5 3.120 R1L1

CFRPINi - 2.5 wt % 64.7 0.071 0.3487 × 10−5 1.010 R1L1

CFRPINi - 3.0 wt % 88.1 0.079 0.3397 × 10−5 1.543 R1L1

Fig. 3.5 Thermal conductivity of CFRPs containing ionic-liquid-treated pristine MWCNTs measured at
multiple temperatures, illustrating the effect of filler content on heat-transfer efficiency.

Thermal conductivity test results of hybrid nanocomposites containing IL treated pristine
and IL treated nickel coated MWCNTs are shown in Figures 3.5 & 3.6, respectively. The
results measured via a Thermtest GHFM-01 guarded heat-flow meter in accordance with ASTM
E1530–19. The reference CFRP sample without nano-fillers showed the optimum thermal
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conductivity of 0.698 W m−1 K−1 at 90 ◦C. With the addition of MWCNTs, a reduction
in thermal conductivity was observed across most samples. For example, CFRPIP-1.0 wt%
measured 0.45 W m−1 K−1, while CFRPIP-3.0 wt% remained below 0.45 W m−1 K−1.

The Ni-coated MWCNT composites provided better thermal conduction as observed in
CFRPINi-1.0 wt% achieving 0.5179 W m−1 K−1. Although modest, this enhancement is
meaningful given the polymeric matrix’s inherently low phonon transport capability. Nickel-
coated MWCNT systems exhibited slightly higher values, plausibly due to improved phonon
coupling at the metal–carbon interface, but mechanical trade-offs limited their overall advantage.

If we observe the two batches of hybrid nanocomposites, a decrease in thermal conductivity
upon nanotube addition is observed. The reason can be attributed to several factors. First, the
presence of MWCNTs introduces interfacial resistance at the filler-matrix interface, disrupting
phonon transport. Second, poor dispersion and the formation of agglomerates hinder the
formation of effective thermal pathways. The outcomes may indicate that the bulk thermal
conductivity is defined by the individual thermal properties of the whole system. The whole
system comprises carbon fibers, epoxy matrix, MWCNTs, ionic liquid, and nickel coating. So, it
appears that when low intrinsic thermal conductivity of epoxy matrix is combined with complex
orientation of woven carbon fibers, the heat transfer efficiency declines even when high thermal
conductive MWCNTs are added.

Fig. 3.6 Thermal conductivity of CFRPs reinforced with IL-treated nickel-coated MWCNTs, showing
how metal-coated nanotubes influence phonon transport within the composite.
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3.1.4 Microscopic and Spectroscopic Analysis

SEM (Figure 3.7) was conducted to carry out the microstructural analysis of the manufactured
hybrid nanocomposites. Images of fractured surfaces were taken to observe the fiber impregna-
tion epoxy matrix in samples containing IL-treated MWCNTs as well as samples containing no
MWCNTs. In CFRPINi-1.5 wt %, carbon fibers were fully impregnated by the modified resin,
indicating good wetting and resin flow during vacuum bagging. Whereas, we also observed
voids in the over-loaded composites such as CFRPINi-3.0 wt %, exhibited micro voids due to
increased resin viscosity and potential air entrapment during processing. Notably, we observed
visible agglomerates of MWCNTs in CFRPIP-2.5 wt % which may appear as stress concen-
tration sites and compromise the homogeneity of the matrix and reduction in the structural
performance. These agglomerates of MWCNTs can be seen clearly in (Figure 3.7d). Such
entangled network of MWCNTs may lead to better functional performance, but it can cause
decline in the structural performance as appeared in Figure 3.1. The void fraction determined by
image analysis decreased from ≈ 1.8 % (neat) to < 0.7 % for the 1.5 wt % IL-modified sample,
confirming improved wetting and degassing efficiency during resin infusion. Nanotubes also
play a role in bridging microcracks and adhering to the fiber surface which could also be an
indicative of effective interfacial coupling.

Fig. 3.7 SEM micrographs of fractured CFRP specimens showing voids at high filler loadings, improved
resin wetting at optimal concentrations, and visible agglomerates of MWCNTs contributing to stiffness
and conductivity variations: (a) voids in CFRPINi-3.0 wt%; (b) uniform epoxy impregnation in CFRPINi-
1.5 wt%; (c) MWCNT agglomerates in CFRPIP-2.5 wt%; (d) magnified view of entangled MWCNTs
within agglomerates.
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We conducted spectroscopic analysis to ensure the presence of ionic liquid on the surface
of MWCNTs using Fourier-transform infrared spectroscopy (FTIR). The results are presented
in Figure 3.8. The FTIR spectra of IL-treated MWCNTs revealed several characteristic peaks:
a broad –OH stretching vibration around 3426 cm−1, C–H stretching at 2923 and 2851 cm−1,
and aromatic C=C stretching at 1634 cm−1. Additional peaks at 1390 and 1457 cm−1 were
associated with imidazolium ring vibrations from the [BMIM]+ cation. Notably, the expected
S–N–S stretching modes of the [Tf2N]− anion were not strongly present, suggesting that the
interaction between the IL and the MWCNTs is predominantly non-covalent in nature. Such
outcome of interaction could be beneficial for improving dispersion and interfacial performance
without losing structural integrity. The presence of nitrogen and fluorine elements associated
with the imidazolium ionic-liquid ([BMIM][Tf2N]) modifier, supporting successful surface
adsorption.The functional groups on the surface facilitate better interfacial bonding with the
epoxy resin, improving the load transfer efficiency and enabling uniform distribution within the
matrix.

Fig. 3.8 FTIR spectrum of IL-treated MWCNTs showing characteristic absorption bands associated with
the imidazolium cation, confirming successful surface functionalization.

3.1.5 Multifunctional Implications and Mechanistic Considerations

The combination of mechanical, electrical, and microstructural findings shows that moderate
MWCNT loading along with functionalization of ionic-liquid enhances both stiffness and
conductivity without compromising laminate cohesion in manufactured composites. The synergy
in the performance may appeared due to two mechanisms: (1) electrostatic and π–π interactions
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between ILs and nanotube walls for improving dispersion, and (2) enhanced wetting of carbon
fibers with epoxy matrix to reduce micro-void formation.

The damping and conductivity improvements suggest potential applications beyond struc-
tural support. The manufactured lightweight enclosures could provide electrostatic-discharge
protection and could also be integrated with embedded strain-monitoring networks. Nonetheless,
the sensitivity of performance to filler concentration and processing conditions highlights the
need for precise control over sonication energy, resin viscosity, and curing profile.

3.1.6 Summary

The CFRP nanocomposites prepared with ionic-liquid-treated MWCNTs exhibit a balanced
suite of mechanical and functional improvements:

• Flexural strength: ≈ 803 MPa ( +150 % vs. neat CFRP )

• Flexural modulus: ≈ 88 GPa

• Storage modulus: ≈ 18 GPa at 25 ◦C

• Electrical resistance: ≈ 29.9 Ω (at 1.5 wt %)

• Thermal conductivity: ≈ 0.52 W m−1 K−1

The overall behavior of manufactured hybrid nanocomposites confirms that ionic-liquid-
mediated dispersion effectively. It efficiently bridges mechanical and electrical functionality in
structural composites. Future optimization should focus on balancing viscosity of the modified
matrix and filler dispersion for maximizing repeatability in the large-area prepreg systems for
various applications.

3.2 Electrical, Thermal, and Mechanical Analysis of Copper
Busbars

In the second study, we investigated the coupled electrical, thermal, and mechanical performance
of copper busbars. The busbars are primary conductive pathways between battery cells, modules,
and external circuits in EV battery systems. Both computational digital-twin simulations study
and experimental evaluation study were carried out under realistic load conditions like fast
charging and high acceleration.. The discussion below synthesizes results from voltage-drop
characterization, thermal imaging, magnetic-field mapping, and mechanical integrity assessment.
We selected three types of copper busbars: Type I (large, laser-welded), Type II (medium, rigid),
and Type III (small, geometrically varied), and the results were validated against international
safety standards (IEC 60269-1, CISPR 25, ISO 11452).
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3.2.1 Electrical Characterization and Voltage Distribution

(Figure 3.9) shows the simulated electric-potential distribution along the Type I busbar under
currents between 100 A and 500 A. The potential increased linearly with current, producing
voltage drops of 0.009 V (100 A) to 0.047 V (500 A) which is consistent with Ohm’s law. The
uniform potential gradient across the bar length indicated low resistive loss due to the high
conductivity of oxygen-free copper.

Magnetic flux densities ranged from 8 mT to 40 mT but remained below according to CISPR
25 and ISO 11452 thresholds. The symmetry of the flux pattern further indicated that the
busbar geometry was effective in avoiding eddy current generation or hotspots associated with
magnetic field concentration. This may indicate that it has practical significance for minimizing
electromagnetic interference (EMI) with adjacent sensors and control electronics inside battery
packs.

Fig. 3.9 Multiphysics simulation of the Type I laser-welded copper busbar showing (a) electric-potential
distribution along the conductor and the resulting (b) magnetic-flux density generated under current
loading.

For Type III geometries, we also performed magnetic-flux mapping and simulation at
40 A using an ACS37612 Hall-effect sensor positioned 1.6 mm above the conductor surface.
Experimental measurements using ACS37612 Hall sensors (Table 3.4) and simulation data
(Figure 3.10) for all three busbars of Type III are also well below the threshold value of magnetic
flux density (40 mT) according to CISPR 25 and ISO 11452. Sample A (cavity design) recorded
the lowest flux (0.426 mT), Sample B (solid) showed 0.765 mT, and Sample C (narrowed)
exhibited 0.69 mT. Solid variants (B and C) of busbars exhibited slightly higher magnetic
flux due to current crowding in the middle sections. These outcomes validated the role of
geometric features in modulating electromagnetic exposure, supporting the use of physical
voids or tapering to minimize localized flux concentration. These results validate the geometric
approach of employing strategic cavities or tapers to attenuate local electromagnetic fields in
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dense busbar arrays. Moreover, the close agreement with experimental data affirms the accuracy
of the Digital Twin framework for predicting field behavior in compact interconnects.

Fig. 3.10 Simulated magnetic-flux density maps for Type III busbars (A–C) at 40 A, illustrating the
impact of cavity insertion and cross-section changes on field intensity near the surface: (a) Sample A
with central cavity; (b) Sample B with solid geometry; (c) Sample C with narrowed solid geometry.

Table 3.4 Comparison of simulated and measured magnetic flux density values at 1.6 mm from the center
of small copper busbars (Type III) under 40 A current.

Sample ID Variation
(mV)

Sensitivity
(mV/A)

Magnetic Field
(mT) – Sensor

Magnetic Field
(mT) – Simulation

A 42.6 1.065 0.426 0.40
B 76.5 1.913 0.765 1.85
C 69.0 1.725 0.690 2.1

3.2.2 Thermal and Thermo-Mechanical Behavior

Thermal simulations (Figure 3.11a) revealed safe operation up to 200 A with temperature
increases below 60 ◦C, while transient peaks at 500 A caused localized heating up to ≈ 273 ◦C.
Such rise in temperature is critical for the weld and bolt contact areas, which are known weak
points due to increased resistance and localized Joule heating. Consequently, such scenarios
highlight the need for additional cooling mechanisms or improved heat dissipation designs when
operating at such high currents for longer durations.
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Fig. 3.11 Thermal and thermo-mechanical responses of the Type I busbar under high-current operation
showing localized Joule heating and resulting deformation predicted by the digital-twin model: (a)
temperature rise due to Joule heating; (b) thermally induced deformation.

Associated thermal expansion led to displacements of 43 µm (100 A) to ≈ 1.09 mm (500 A),
showing dependency of mechanical strain on the value of current as illustrated in Figure 3.11b.
The level of deflection at 500 A, could compromise electrical contacts and compromise mechan-
ical strength by generating microcracks in the soldered or bolted connections over time. These
findings validate the importance of reinforcing weld zones, using flexible supports, or modifying
geometry to accommodate expansion without stress concentration. The simulation further indi-
cated that such displacement magnitudes, if unmitigated, may slightly misalign mating contacts,
warranting design allowances for compliant mounting or periodic torque verification.

3.2.3 Mechanical Testing and Microscopy

The 3-point bending (Figure 3.12), torsion (Figure 3.13), and edge bending tests (Figure 3.14)
were performed on the laser-welded Type I busbars. 3-point bend results comparison between
the flat copper region and the laser-welded zone revealed a reduction in mechanical strength at
the welded region. The maximum force sustained by the unwelded region was 2.43 ± 0.05 kN,
compared to 1.53 ± 0.11 kN for the welded zone. This indicates g roughly 37 % loss of strength.
Similarly, the yield force decreased from 1.60 ± 0.02 kN to 0.78 ± 0.05 kN. These outcomes
may indicate that these values remain structurally viable under moderate service stresses typical
of EV pack installations.
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Fig. 3.12 Three-point bending tests of Type I busbars comparing structural performance between unwelded
and laser-welded regions, including differences in maximum load and yield behavior: (a, b) test setup; (c,
d) comparison of maximum and yield forces for flat and welded regions.

Torsional testing provided further insights into the rotational stiffness of the busbars. Tor-
sional testing using an Instron Torsional Rig revealed an average stiffness of 33.6 Nm rad−1,
yielding at ≈ 675 Nm and 20◦ twist. The specimens displayed ductile failure with distinct
dimples in fracture surfaces, which may indicate characteristic of localized necking rather than
brittle rupture. The moderate reduction in strength relative to bulk copper can be attributed to
grain coarsening and void formation induced by rapid heating and cooling during laser welding.
Although the values are sufficient for most static loads, these values indicate a reduced resistance
to dynamic or cyclic torsional stresses.
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Fig. 3.13 Torsional loading of laser-welded busbars showing the test configuration and recorded
torque–rotation response used to assess rotational stiffness and weld integrity.

Bending tests also revealed that the welded region could tolerate up to 362 N before defor-
mation when a bending load is applied. It further highlights the fact that laser welded busbars
could be used in EV applications where structural stresses are of moderate level.

Fig. 3.14 Edge-bending experiment on laser-welded sections of the busbar showing load–displacement
response and the influence of the weld zone on local flexibility: (a) test in progress; (b) bar chart
comparing bending force required in welded sections.

Optical microscopy of etched cross-sections (Figure 3.15) confirmed coarse, uneven grains
in the fusion zone contrasted with the fine-grained base metal. Discrete micro-voids (< 2 %)
were observed along the weld boundary, acting as potential nucleation sites for fatigue cracks
under cyclic load. However, overall metallurgical quality met BS EN ISO 13919-1 criteria for
Class B welds, signifying defect-free fusion.
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Fig. 3.15 Optical microscopy of etched Type I busbar cross-sections showing grain structures, small voids
in the fusion line, and surface oxide features highlighted by differential-interference contrast imaging: (a,
b) bright-field image shows grains and voids; (c) DIC image shows oxide layer.

3.2.4 Contact Resistance

The Type II busbars in our study were tested using both two- and four-probe techniques (Fig-
ure 3.16, exhibited contact resistances of 12.4 to 18.7 µΩ, comfortably below the IEC 60269-1
limit of 20 µΩ. We noted slight variations in contact resistance values between specimens which
can be attributed to differences in surface oxidation and bolt torque (3.2 Nm). The presence
of a thin oxide layer, though increasing surface resistance to some extent, but it could lead to
improved corrosion resistance and may not influence the operational performance.

Fig. 3.16 Two-probe and four-probe measurements of Type II busbars, showing the experimental arrange-
ment used to quantify contact resistance under standardized torque conditions: (a) experimental test setup;
(b) two- and four-probe results.
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3.2.5 Summary

• Voltage drop: 0.009 to 0.047 V (100 to 500 A) — linear, low-loss conduction.

• Contact resistance: 12.4 to 18.7 µΩ — within IEC 60269-1 limits.

• Magnetic flux: 0.43 to 0.77 mT (40 A) — below CISPR 25 limit.

• Peak temperature: ≈ 273 ◦C at 500 A; < 60 ◦C under 200 A.

• Thermal displacement: 43 µm → 1.09 mm across load range.

• Torsional stiffness: 33.6 Nm rad−1; yield ≈ 675 Nm.

Keeping in view the outcomes of our test results, it could be suggested that the copper busbars
validated through multi-physics modeling and systematic testing exhibit excellent electrical effi-
ciency, thermal tolerance, and structural reliability within the operational envelope of EV battery
modules. The integration of digital-twin prediction with empirical data establishes a framework
for design optimization and predictive durability assessment. It could help us to reduce the proto-
typing cost while ensuring compliance with electrical-safety and electromagnetic-compatibility
standards.

3.3 Evaluation and Optimization of Reed Sensors

The third experimental phase of our research focused on the fabrication, mechanical optimization,
and performance evaluation of reed sensors designed for vibration-prone environments in electric-
vehicle (EV) battery systems. The study emphasized how mechanical stabilization through
spring integration and geometric reconfiguration affects switching precision, hysteresis, and
operational durability. Our study develops an optimized reed sensor for automotive use after
investigating effects of magnet orientation using a 3D-printed test fixture of PLA and later
another SLS printed housing using PBT was developed to integrate a SS spring to further
improve the performance of reed sensor.

In EV battery systems, position and interlock sensors must operate reliably within confined
spaces subject to continuous vibration, temperature gradients, and electromagnetic interference.
Conventional reed switches—though robust in basic operation—often exhibit contact instability
and hysteresis under such conditions. To address these limitations, a mechanically preloaded
reed-switch design was developed, combining magnetic actuation with passive damping via an
integrated stainless-steel spring. The sensor assembly comprised a KSK-1A66-1530 normally
open reed switch (Standex-Meder Electronics, Germany) with a nominal switching voltage of
200 V DC and current rating of 1.2 A. The glass-encapsulated magnetic contacts were actuated
by a cylindrical Fe-based magnet (10 mm × 4 mm, surface field ≈ 40 mT)
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3.3.1 Magnet Orientation and Switching Behavior

In the first phase of our study, we used FDM-printed test assembly to calculate the switching
distances of reed sensor at five distinct orientations of magnet as explained in subsection 2.3.3
were tested. Figure 3.17 gives the switching behavior measured for the 5 magnet arrangements.
Using each pattern it can be seen that moving the magnet to the right and up gave the shortest
travel needed for the sensor to switch. When the magnet was tilted, the sensor turned on at
approximately 6.0 - 8.5 mm and released at approximately 7.3–9.2 mm. When the magnet was
lifted vertically but kept in the center, activation took place at about 6.2–8.9 mm and release
at 7.2–9.6 mm. Changing the location of the magnet to the right, there was a wider variation.
A straight right shift produced activation distances between 5.0–8.2 mm and release distances
between 6.0–8.9 mm. When the magnet was transferred in a direction both to the right and
upward, distances of activation of 5.0–7.9 mm and distances of release of 6.0–8.5 mm were
recorded. This combined shift had the best performance with mean activation and release
distances close to 7.1 mm and 7.6 mm. The centered was the position closest in spacing to allow
the long average release distance. A one-way analysis of variance (ANOVA) with Tukey’s test
was performed to determine the significance of differences between the five orientations. There
was no significant difference between groups in activation distances (F (4, 45) = 1.86, p = 0.135).
The effect of release distances was significant (F(4, 45) = 3.29, p = 0.019). The post test was
used to split the release values into two statistical groups. The right shift - upwards pattern was
captured in Group B and displayed a reduced release distance in comparison with the centered
pattern, which formed Group A.

Fig. 3.17 Activation and release distances of reed sensors tested under five magnet orientations, including
statistical separations obtained through one-way ANOVA to identify orientation-dependent behavior.
Letters indicate statistical groupings for (a) “On” (one-way ANOVA, p > 0.05) and (b) “Off” distances
(one-way ANOVA, p < 0.05). Data are mean ± SD (n = 10).
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These results indicate that the position of the magnet influences the release of the sensor,
which is relevant to obtain a significant break in the electrical path. The reeds in the glass
capsule only close when the magnitude of the magnetic force on the reeds is greater than the
stiffness of the blades. That force is dependent on the strength of the field, and the fact that it
changes very rapidly near the reed tips. The centered setup results in a balanced field but it also
necessitates working the field across the largest gap and thus resulting in the longest switching
distances. In the case of a right shift-upward (On: 7.1 mm, Off: 7.6 mm), due to a lateral shift
and a vertical shift, one pole is closer to the reeds. The local field becomes stronger and changes
more steeply, which increases the force on the blades and allows to switch to a greater distance
from the center of the magnet. The angled and upward only positions produce an unbalanced
field and may not drive both reeds as well, hence the mid-range and less stable measurements
of the two. The behavior is related to the underlying physics of the magnetic interaction and
demonstrates that one has to be careful with where the magnet is placed when designing magnet
assembly to be inserted into tight automotive layouts.

The changes in the switching distances observed indicate that the consistency of the sensor
depends on the way in which a magnet is positioned. Using a magnet of a different flux level
would change the sensor response as well. The contents of the material holding the components
makes a difference too. The PLA that was fabricated according to FDM provided sufficient
stiffness to keep the magnet and sensor in alignment. It is a low mass object with a simple
structure which allowed it to measure accurately. This approach had decreased error, reduced
cost, enabled quick fabrication and made it possible to test all orientations of the magnet.

3.3.2 Prototype Testing and Spring Integration

The second phase of our study focused on developing and evaluating a spring-integrated reed
sensor prototype to enhance mechanical stability and switching consistency. A stainless-steel
spring was integrated into a PBT housing via an interference-fit slot, maintaining tension and
direct mechanical coupling with the reed switch terminals. The prototype was tested in four
configurations, combining two spring orientations, i.e., parallel (0◦) and perpendicular (90◦)
to the terminals, and with two types of terminal geometry as straight and bent which are also
shown in Figure 3.18.

Introducing the preloaded spring significantly improved contact stability. Figure 3.18 shows
activation–release profiles for all four mechanical configurations. The bent-terminal with rotated-
spring design exhibited the best performance, reducing activation hysteresis to 0.4 mm and
achieving average activation and release distances of 2.3 mm and 2.7 mm, respectively. When
compairing the results of straight-terminal configuration, we observed that with an aligned
spring produced significantly higher values as 4.7 mm (activation/ on) and 5.4 mm (release/
off). The outcomes may highlight the significance of magnet orientation, spring orientation, and
terminal geometry for effective and reliable performance of reed sensors.
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Fig. 3.18 Switching-distance results for reed sensors incorporating straight or bent terminals and two
spring orientations, demonstrating the effect of mechanical preloading on sensitivity: (a) straight and (b)
bent terminals under aligned and rotated spring orientations.

3.3.3 Practical Integration and Design Considerations

The final sensor prototype with features like compact, lightweight, and manufactured entirely
through additive techniques could be installed for various EV applications. Notably, it possess
strong potential for integration into battery-module interlock systems, cover-lid detection units,
and coolant-level monitoring circuits. The use of SLS-fabricated PBT allows flexible adaptation
to various geometries and maintains mechanical integrity even in relatively high temperatures.
An example of a reed sensor is shown in (Figure 3.19).

If we focus on the system-level applications, the reed sensor can be combined with micro
controllers for state feedback or safety cut-off functions. Its integration into a smart diagnostic
network would allow real-time detection of lid closure, isolation breach, or misalignment, which
may indicate its importance in improving both safety and maintenance scheduling. For further
advancement and for more improved design, one may incorporate embedded shielding to further
reduce electromagnetic susceptibility, or alternative actuator magnets with temperature-stable
flux densities.
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Fig. 3.19 Fully assembled spring-integrated reed-sensor prototype designed for EV applications, showing
the compact PBT housing and protected internal components.

3.3.4 Summary

The mechanical optimization of the reed sensors achieved through spring integration and terminal
redesign resulted into a reliable and repeatable reed sensor for realistic automotive conditions.

• The baseline study made a comparison of five magnet orientations (defined in Figure 2.6),
using the same measurement approach (setup in Figure 2.4 – 2.5).

• The most suitable magnet orientation based on activation and release distances were
identified by the baseline results reported in Figure 3.17.

• The design was then improved with a spring stabilized design and four build variants
(straight/bent terminals; spring at 0◦/ 90◦), which are shown and compared in Figure 3.18.

• Comparative results in Figure 3.18 enable the best final configuration bent terminals +
rotated spring to be selected.

• The optimized prototype was enable to obtain 2.3 mm activation and 2.7 mm release
distances, as reported in Figure 3.18.

• The optimized design also exhibited good repeatability of < 0.1 mm with standard devia-
tion, based on the repeated switching tests in Figure 3.18.
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• The device is designed to work between −20 ◦C to 80 ◦C as the defined operating
conditions for the application.

• The final integrated prototype and packaging state are provided in Figure 3.19 that verify
practical feasibility of the configuration of choice.

3.4 Functional Evaluation of Laser-Induced Graphene (LIG)
on Bio-Polymer Substrates

The rapid growth of flexible electronics demands scalable, environmentally responsible fabrica-
tion techniques and carbon-based materials that avoid reliance on petroleum-derived polymers.
In this context, in our fourth experimental study we explored the fabrication and performance
of laser-induced graphene (LIG) films on lignin-based biopolymer substrates as a sustainable
alternative for conductive patterns and flexible electronic components in electric-vehicle (EV)
applications. The aim of our investigation was to optimize laser-processing parameters, ex-
amine the influence of coating formulation on electrical and structural properties of LIG film/
foam, and fabrication of interdigitated capacitors (IDCs) using optimized laser parameters
and bio-polymer formulations. This work bridges sustainable material design with functional
performance optimization and device integration.

3.4.1 Optimization of Laser Processing Parameters

Initial process optimization was conducted to identify laser power and scanning conditions
that produce uniform graphitization without substrate degradation. LIG was generated using a
30 W CO2 pulsed laser (wavelength 10.6 µm), operated at fixed parameters: 450 DPI, 5 kHz
frequency, and 200 mm s−1 scan speed. Before selection of power sequence of laser, six test
regions were irradiated using different power settings: (i) 20 %, (ii) 15 %, (iii)10 %, (iv) 5 %,
(v) 3 %, and (vi) a two-pass sequence (3 % followed by 1 %). High powers (20 % and 15 %)
caused substrate ablation and film detachment, while moderate power (10 %, and 5 %) produced
irregular but partially graphitized surfaces.
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Fig. 3.20 Laser-power optimization for lignin-based LIG, showing differences in pattern uniformity and
substrate stability across single- and multi-pass irradiation sequences from 20% to 1% power at 450 DPI,
5 kHz, and 200 mm/s.

At high powers (>10 %), due to severe carbonization and localized delamination it appears
that there is excessive energy input and poor thermal confinement. Among the examined
sequences, the 3 % settings yielded uniform, dark LIG with improved definition and minimal
damage. The two-pass low-power sequence (3 %, 1 %) produced the most consistent surface
with high contrast and structural integrity, confirming it as the optimal setting for localized
carbonization without thermal degradation. The purpose was to avoid burn through and blistering
of LIG film as shown in Figure 3.20. The outcomes of this optimization process may also
indicate that a mild multi-pass laser exposure allows gradual lignin carbonization and prevents
overheating, thereby preserving substrate integrity.

3.4.2 Influence of Coating Formulation on Conductivity

After optimization of the power of laser and observing the impact of energy modulation on LIG
quality, three distinct power sequences were applied: LIG–1 (3% + 1%), LIG–2 (1% + 3% +
1%), and LIG–3 (1% + 1% + 1%) for all nine formulations for optimization of sheet resistance
followed by fabrication of complex circuits using most suitable formulation and laser parameters.
The purpose of our study was to check the effect of lignin type (EKWZ, SWWZ) and additives
(PG, HMF, formaldehyde, and urea, etc.) on sheet resistance values.
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Fig. 3.21 Sheet-resistance comparison of LIG films produced using three laser-power protocols across
nine lignin-based formulations, illustrating the combined influence of coating chemistry and energy input:
(a) LIG 1 (3% + 1%), (b) LIG 2 (1% + 3% + 1%), and (c) LIG 3 (1% + 1% + 1%).

Figure 3.21 shows that formulations G, H, and I consistently yielded the lowest sheet
resistance across all laser protocols, particularly under LIG-1, where values dropped below 100
Ω/sq. These coatings shared moderate PG content (10–20%) and relied on EKWZ or SWWZ
lignin (Table 2.1), both contributing to favorable film morphology and thermal response. H1,
with 70% PG, remained highly conductive but showed weaker post-wash stability (Figure 3.23).
The slightly higher resistance of I, despite containing formaldehyde, suggests that while cross-
linked networks support structural retention, they may limit graphitization efficiency when not
balanced with carbon-rich soft segments. SWWZ-based formulations (I) demonstrated better
conductivity under milder laser conditions, possibly due to more uniform thermal breakdown.
So, lignin origin and additive composition directly affected carbon conversion to form LIG and
its conductivity, and among all formulations, the formulation with PG systems showed better
performance under optimized conditions.

Morphology of the LIG films indicates that the presence of PG likely increased the plas-
ticity of the coating, facilitating localized melting and carbon clustering during graphitization.
Over-plasticized films (>70 wt % PG) occasionally exhibited micro-blistering and flake de-
tachment, indicating that mechanical cohesion may limit the extent of formulation optimiza-
tion. The results outcome further indicate that chemical formulation, as much as laser power,
governs the success of LIG generation from lignin-based coatings. Across laser sequences,
LIG-1 ≫ LIG-2 ≫ LIG-3 in conductivity. The first high-energy pulse (3 %) in LIG-1 initiated
rapid surface pyrolysis, followed by a mild 1 % refinement that reduced roughness and improved
graphitic ordering. In LIG-2, mid-sequence 3 % pulse yielded uneven carbonization and poor
reproducibility, while LIG-3 failed to reach the energy threshold needed for full conversion.
The optical comparison in Figure 3.22 shows LIG-1 surfaces as dark and continuous, LIG-2 as
patchy, and LIG-3 as faint gray.



46 Results and Discussion

Fig. 3.22 Surface morphology of a 10 mm × 10 mm LIG pattern produced under optimized low-power
conditions, showing continuous and well-defined graphitized regions.

3.4.3 Fabrication of LIG-Based Interdigitated Capacitors (IDC)

After optimizing laser parameters and lignin formulations, we shifted to device-level and
employed IDCs fabrication on the best-performing coatings (G, H, I) using the LIG-1 protocol.
Each IDC consisted of ten interdigitated fingers with a fixed gap of 0.10 ± 0.01 mm, defined
directly by the laser path. After performing laser etching, the samples were immersed in
deionized water for 2 min to remove unconverted resin and enhance contrast (Figure 3.23).
This post-wash treatment improved edge definition and pattern adhesion without affecting
conductivity. Optical inspection of IDCs indicates clean pattern edges with no visible cracking
in case of formulation I. After drying the specimens in oven, we performed initial electrical tests
to ensure that there is no short-circuit between the fingers of IDCs which confirms the basic
capacitor functionality.

Fig. 3.23 Visual comparison of LIG traces before and after water-washing for two formulations, showing
improved surface clarity and structural retention following removal of unconverted coating. (a) before
water washing of H (b) after water washing of H, and (c) formulation I.

3.4.4 Mechanistic Interpretation

The structure–property relationship emerges from the synergy between laser-energy input and
coating chemistry. Moderate fluences induce rapid pyrolysis of lignin’s aromatic units, producing
amorphous carbon clusters that reorganize into graphene-like domains. Propylene glycol acts



3.5 Chapter 3 Summary 47

as a plasticizer that delays mass loss and facilitates uniform carbon layer formation. HMF and
formaldehyde contribute cross-linking that stabilizes film geometry but excessive cross-linking
impedes carbon conversion. Thus, an optimal balance of soft and rigid additives maximizes
conductivity and film adhesion.

The dual-pass laser strategy creates a thermal gradient that first initiates carbonization
and then anneals defects, reducing micro-cracks and enhancing lattice ordering. The final LIG
structure is a porous, few-layer graphene network anchored to the cellulosic paper via carbonized
interfacial bridges, ensuring both electrical continuity and mechanical compliance.

3.4.5 Summary

• Optimal laser protocol: LIG-1 (3 % + 1 %) yielded uniform, conductive films without
substrate damage.

• Best formulations: G, H (20–70 % PG) and I (10 % PG, SWWZ lignin).

• Minimum sheet resistance: < 100 Ω sq−1.

• Energy consumption: lower than conventional printing.

Our study demonstrates that controlled laser irradiation of lignin-PG coatings enables
formation of mechanically robust and highly conductive graphene-like films. Notably, we can
say that such films can be directly patterned into functional electronic elements without masks
or solvents, offering a sustainable pathway for low-cost flexible electronics and EV sensor
integration.

3.5 Chapter 3 Summary

This chapter presented a comprehensive evaluation of the four key component studies which
form technical foundations of our PhD research: ionic-liquid-modified CFRP nanocomposites,
digitally optimized copper busbars, mechanically stabilized reed sensors, and lignin-derived
laser-induced graphene films. Each system demonstrated measurable improvements in its
respective performance domain. The cumulative findings confirm that sustainable materials
design, predictive modeling, and cross-component synergy can together yield lighter, safer,
and more efficient energy-storage architectures for electric vehicles. These outcomes form the
conceptual basis for the system-level integration.
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System-Level Integration and Discussion

4.1 Functional Coupling Across Subsystems

The component innovations that are presented in this work i.e. CFRP nanocomposites, copper
busbars, reed sensors, lignin-based laser induced graphene (LIG) address different domains of
EV battery design. They are a modular platform that integrates structural, electrical and sensing
functionality together in a single system.

At the structure level, ionic-liquid-modified CFRPs are able to provide the mechanical stiff-
ness of enclosure panels needed while taking part in electrical dissipation and vibration damping.
The electrical domain benefits from the digital optimization of copper busbar for minimal resis-
tive losses and temperature increase for better energy efficiency during charge/discharge. The
sensing layer mounts by mechanically stabilized reed switches is responsible for the principle of
accurate feedback on the position, safety interlocking shaking and thermal fluctuation. The elec-
tronics layer which represents the LIG circuitry allows for lightweight, sustainable components
that can be used in the diagnostic process and be embedded directly within the housing.

The synergy of these layers stemmed from their joint importance on multi-functionality, i.e.,
each sub-system meets its main purpose while providing auxiliary benefits such as reducing
weight, energy efficiency or environmental compatibility.

4.2 Comparative Performance Assessment

4.2.1 Structural Integrity

The flexural strength of the CFRP laminates was found to be around 803 MPa and their modulus
is close to 88 GPa, which is more than the level found in conventional aluminum alloys that
have been used in similar enclosures. The incorporation of 3 wt% MWCNTs enhanced not only
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the load carrying capacity, but also improved damping performance of battery modules. These
improvements totally allow for the use of thinner enclosure panels, which reduces the overall
system weight without any loss of mechanical protection.

4.2.2 Electrical Efficiency

Digital twin analysis of copper busbars proved that for current range of 100 A to 500 A
corresponding voltage drop which is in the range of 0.009 V to 0.047 V is well within the
limit of the industry use. With the simulation framework, parametric optimization allows the
adjustment of busbar cross-sections as well as the weld geometry and the finalization of the
cooling strategies before the physical prototyping. Such predictive capability allows for quicker
development times and high consistency in terms of performance when operating in transient
conditions with high current levels.

4.2.3 Sensing and Control

The mechanically stabilized reed sensors activated and released with 2.3 millimeters and 2.7
millimeters with little variance (< 0.1 millimeters). These metrics compare to a 60 percent
reduction in hysteresis compared to unmodified designs. The small form factor, additively
manufactured housings can be easily integrated into module lids/ busbar brackets and offer high
levels of mechanical feedback for interlock and isolation functions.

4.2.4 Sustainable Electronics

LIG-based interdigitated capacitors attained on lignin coatings presented sheet resistance less
than 100 Ω sq−1 and stable capacitance on the frequency range up to 100 kHz. The low-
energy (energy input is approximately 12 kWh m−2) and solvent-free laser process allows the
laser process to be scaled for environmentally conscious manufacture. These devices could be
modified to strain, humidity or temperature sensing when used in coupled condition with very
simple readout electronics.

4.3 Contribution in Modular Battery-Pack Architecture

The results provide support for the conception of a battery-pack layout in which each layer
makes a contribution to battery performance and sustainability:

1. Outer structural shell – Stiffness, insulation and vibration damping CFRP nanocomposite
panels.
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2. Power-distribution layer – Copper busbars that are optimized using digital twin simula-
tions to have an efficient current routing design across the board and minimize the thermal
gradient throughout.

3. Sensor array – Spring stabilized reed switches for the mechanical feedback and system
safety measures.

4. Embedded Circuitry – LIG-based flexible electronics printed onto internal polymer or
paper substrates to provide a means of diagnostics on a real time basis.

This multilayer design philosophy allows this high functional density, and still makes the
assembly as easy as possible. It also makes it easier to disassemble and recycle, as components
can be separated by what material they are made of and would not require complicated adhesives
or coatings.

4.4 Durability, Reliability, and Scalability

Each of the subsystems needs to meet automotive qualification standards before commercial
integration. The CFRP composites need a long-term thermal-aging testing in order to validate
long-term modulus retentions. The busbars although electrically efficient had localised softening
at welds; reconnection of reinforcement strategies should follow the results of finite element
thermal cycling and fatigue analysis. The reed sensors were successfully tested with laboratory
vibration testing but still need to be tested in the combined environment stress (temperature,
humidity, and electromagnetic interfacing). The LIG devices have to be tested for stability under
constant bias and exposure to electrolyte vapours.

From a manufacturing point of view, the four processes that are possible, i.e. vacuum
bagging, laser welding, additive manufacturing and laser etching all have the advantage of being
scalable with currently available industrial equipment, thus, it is a strong point in favor of easy
transition from lab to pilot scale production.

4.5 Sustainability and Life-Cycle Considerations

Environmental performance is an implicit measure of engineering success. The replacement
of aluminum and solvent-based polymers with CFRP and lignin substrate allows meaningful
energy consumption and chemical emission reductions. The LIG process removes dangerous
solvents and allows local and customized circuit manufacturing, and less waste. Copper busbars,
although being energy intensive to manufacture, are 100% recyclable, and the resulting increase
in efficiency indirectly reduces the system energy losses.
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A life-cycle assessment LCA including these aspects would be likely to provide evidence of
cumulative (material, manufacturing, operational phase) environmental benefits. By designing
with functionality as well as recyclability, the proposed architecture is in accordance with the
EU and UNECE directive level aiming for circular economy in accordance with the automobile
industry.

4.6 Limitations and Opportunities

The major limitation in the present study is that there is no fully integrated prototype with simul-
taneous operations of all the subsystems. Differences in the curing cycles, thermal expansion,
and electrical potential between layers may be an integration challenge. In the future, a way of
hybrid manufacturing, which enables co-cure of composite panels with sensors embedded inside
their parts and conductible traces, should be explored.

Further refinement of the digital-twin model leading to the inclusion of mechanical damping
and fatigue parameters would increase its predictive value to lifetime estimation. The LIG
electronics, although they work sufficiently, could benefit from controlled atmosphere processing
and gain conductivity and stability. Likewise, wider testing of Reed Switch endurance to
temperature-humidity environment will complete their reliability credentials.

4.7 Broader System Perspective

The integration framework proposed here is a representation of the path to be followed to achieve
multifunctional, sustainable design in advanced mobility systems. It shows the convergence of
high mechanical performance, electrical reliability and environmentally appropriate functionality
emerges by means of interdisciplinary material choice and digital design.

By combining experimental evaluation with computational modeling, the methodology under
development shortens the development cycles while permitting the augmentation of predictive
accuracy. This approach can go beyond the EV battery packs and apply to other high-density
electro-mechanical assemblies such as aerospace energy modules, stationary energy storage
units and renewable energy converters.
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Conclusions and Future Work

5.1 Overview

This doctoral research investigated the use of a multidisciplinary technique that would enhance
the performance of electric vehicle (EV) battery system by having innovations in the materials
used and the design of components, as well as processing into environmentally conscious
use. The investigation covered four inter-linked domains: (i) multifunctional carbon fibre
reinforced polymer (CFRP) composites with ionic liquid treated carbon nanotubes; (ii) digital
twin modeling and experimental evaluation of copper busbars; (iii) mechanical optimization of
reed sensors for use in vibration prone environments; (iv) sustainable laser induced graphene
(LIG) circuits using lignin-based biopolymer on paper substrates.

Each of the studies delivered independent technical innovations as well as advancements
towards an integrated and modular framework for next-generation EV battery technologies. The
collective results show that the combination of light-weight structural materials, predictive digital
modeling, mechanical refinement and sustainable electronics can result in a high performance
and environmentally consistent battery system.

5.2 Summary of Key Findings

(i) Multifunctional CFRP Nanocomposites

Incorporation of Pristine Multi-walled Carbon Nanotubes (MWCNTs) Treated by ionic liquid
[BMIM][Tf2N] Enhances Flexural Strength up to 803 MPa and Modulus up to 88 GPa and
reduces electrical resistance to ≈ 30 Ω. The improvement was attributed to better nanotube
dispersion and adhesion at the interface which was supported by the dynamic mechanical analysis
(E ′ ≈ 18 GPa) and SEM-FTIR characterization. The work proved the feasibility of designing
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the CFRP enclosures to satisfy simultaneously the structural and electrical requirements for
battery modules.

(ii) Digital-Twin Optimization of Copper Busbars
A coupled electrical-thermal-mechanical simulation that was developed in COMSOL Multi-
physics 6.3. accurately predicted (from 0.009 V to 0.047 V) voltage drop, and temperature
rise (around 273 ◦C at 500 A) for different busbar geometries; The model’s outputs correlated
closely (within ±6 %) with experimental data. Mechanical and metallurgical evaluations revealed
high weld integrity with minor strength reduction in the fusion zone. The digital-twin approach
therefore enables data-driven optimization, reducing prototyping cycles and improving thermal
reliability.

(iii) Mechanically Stabilized reed Sensors
Mechanical redesign of reed-switch housings and with a stainless-steel spring and bent-terminal
geometry, reduced the activation distance by approximately 60 %, i.e. achieved consistent
actuation at 2.3 mm with < 0.1 mm standard deviation. The sensors retained stable operation
confirming suitability for EV battery monitoring. The results demonstrate that simple mechanical
adjustments can yield significant improvements in reliability for low-power, contact-based
sensors.

(iv) Sustainable LIG Electronics on Lignin Substrates
Laser-induced graphene patterns fabricated under a 3 % + 1 % (LIG-1) power sequence produced
conductive films with sheet resistances below 100 Ω sq−1. Devices fabricated as interdigitated
capacitors exhibited stable performance up to 100 kHz and mechanical flexibility over 100
bending cycles. The solvent-free, low-energy process (≈ 0.2 kWh m−2) validated a sustainable
route for flexible electronics compatible with circular manufacturing principles.

5.3 Integrated Contributions

The four studies provide a repeatable methodology of coupling the structural, electrical, and
sustainability goals within the EV battery design. The thesis contributes:

1. Material-level innovation – Demonstration of the dispersion of Multifunctional CFRPs
using ionic liquid supported MWCNTs.

2. Digital engineering methodology – Installation of an validated multiphysics digital twin
for predictive thermal-electrical modeling.

3. Mechanical reliability enhancement – Design development of a miniaturized vibration
tolerant reed sensor fabricated by additive manufacturing.
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4. Sustainable process integration – Presenting an environmentally convenient (eco-
efficient) fabrication pathway of LIG as a process integration for components display.

These advancements generate new rules for component engineering with EV battery systems.
It represents the work in addition to isolated optimizing and represents a way forward to an
integrated design in terms of function and functionality for the future of vehicle electrification.

5.4 Limitations

While the research has achieved the main targets of the project, there are a number of limitations
that have to be recognized:

• Scale-up effects: Fabrication of nanocomposites was restricted to laboratory-scale lami-
nates; uniformity of the processes and void levels in large panels must be validated.

• Joint reliability: The insufficiency of mechanical weakening phenomenon at laser weld
busbar joints requires further improvement through post weld treatment or hybrid joining.

• Environmental testing: Reed sensors were not tested under combined temperature-
humidity cycles which could have an affect on long term reliability.

• Electrical stability: For LIG devices accelerated aging tests are needed to determine the
conductivity retention under bias as well as exposure to humidity or electrolyte vapors.

• System integration: A fully functional prototype with the combination of all four
subsystems was not assembled in the project time frame; therefore the compatibility
within interfaces is still to be verified experimentally.

The above constraints provide a road map for targeted improvements in the fully functional
battery pack model as well as open window for future research to meet the sustainability goals.

5.5 Recommendations for Future Work

1. Integrated Module Development:
Fabrication of battery-module prototype having CFRP housings and other structural parts,
modified busbar designs, reed sensors with integrated spring, and LIG based devices, to
check the real-world integration challenges which include thermal mismatch, EMC/ EMI
shielding, and mechanical performance.
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2. Advanced Modeling:
Expand digital twin to fatigue, vibration, and electrochemical–thermal behavior etc., to
develop lifetime prediction and predictive maintenance modeling of the components.

3. Sustainability Analysis:
Conduct a complete life cycle assessment (LCA) of materials, manufacturing and opera-
tional phases on environmental impacts and compare to the standard aluminum-polymer
assemblies.

4. Material Circularity and Recycling:
Investigate recyclable epoxy matrices or bio-based resins that are compatible with carbon
fibres, ionic liquids in order to achieve an even greater end of life recover-ability

5. Industrial Collaboration:
Get involved with automotive manufacturers and Tier-1 suppliers in a process study for
scalability, standards, such as UN ECE R100, and ISO 26262, and economical for mass
production.

5.6 Final Remarks

This thesis shows that cross-disciplinary innovation, such as, materials science, mechanical
engineering & sustainability can lead to real-world progress in EV battery system design. By
using both experimental research and study using simulations, the work offers a blueprint for
future development of multifunctional and resource-efficient components.

The methodologies and findings presented herein provide the foundation for a new generation
electric vehicle technologies in which, instead of performing safety and sustainability compete
each other, they could coexist. Further improvement and integration of such approaches are
expected to foster the gradual shift towards cleaner, smarter and durable energy-storage options
for the global transport sector.
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