Thesis for the Degree of Doctor of Technology

Functional Textile Coatings
Containing Flake-shaped Fillers
- Investigations on Selected Optical and Electrical Properties

Veronica Malm

Abstract

This thesis investigates the manufacturing and characterisation of functionalised
textile coatings containing different types of flake-shaped fillers with angledependent colour-changing and electrically conductive properties, respectively.
Common benefits of these types of flakes are their high aspect ratio, which offers
low filler loading with high functional performance. However, when applied on
flexible fabric, their impact on the mechanical properties and durability leads to
that a trade-off between, for example, flexural rigidity and functional performance
need to be taken into account. Both experimental studies, with different functional
approaches, explore how formulation additives e.g. rheology modifiers and crosslinker and knife coating parameters e.g. gap height and speed influence the
formulation viscosity, which in turn strongly influences the amount of solids
deposited on the fabric, and the functional performance.
Multilayered mica pigments can provide an angle-dependent colour change based
on the phenomenon of interference, and has great potential in application within
the textile design and product authentication fields. However, optimal conditions
for intense colour-changing effects using these types of flake-shaped pigments
depend on a plane-parallel orientation to a flat substrate. The pigment orientation is
challenged by textile substrates, which have a textured surface due to the crosssectional shape of the fibre, the yarn composition and fabric construction. In
addition, the semi-transparent nature of these types of pigments means that the
substrate colour highly influences the colour-changing effects.
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Metal flake-shaped fillers for high electrical conductivity applications are
particularly advantageous for reliable power and signal transferring
interconnections in the field of electronic textiles. As the conductivity depends on
the electron transport between the metal flakes, the challenge is to establish and
maintain the three-dimensional network of contacting surfaces between flakes.
Although the network is held together and adhered to the substrate by an insulating
polymer film matrix, it is highly sensitive to dimensional impact upon different
i

types of strains. In addition, to these associative challenges, this work studies
electrical characterisation methods comparing the performance of linear and square
electrical resistance measurement methods including the influence of wear and
maintenance tests on the overall electrical properties.
Keywords: Flakes, fillers, textile coating, properties, multilayered mica, effect
pigment, angle-dependent colour change, metals, conductivity, resistance
measurements, e-textiles, flexibility, durability
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Introduction

Flake-shaped fillers in coating formulations have come to play an important role in
the functionalisation of textile surfaces4. Depending on the flake filler
characteristics, textiles with: optical5, electrical6, thermal, infrared (IR) reflective7,
flame retardant8, and antimicrobial properties can be developed. The two former
filler types providing optical and electrical characteristics are the focus of this
thesis, which contributes to the development and characterisation of functionalised
fabric, addressing people working within the textile design/technology field and on
the engineering of electronic textiles (e-textiles) for future wearable technology.
The studied flake-shaped fillers have in common that they are high aspect ratio
fillers. Besides their functional performance, advantages points are that lower filler
loadings are required than when, for example, working with smaller spherical
particles. This is highly advantageous from an economical point of view. However,
when used as functional fillers in coating formulations, their size, and surface area,
is the main properties that highly influence the mechanical impact of the coated
fabric, and thus may lead to higher flexural rigidity and poor impact resistance.
The first part of this dissertation work focuses on the possibility of developing
textiles with optical effects in the form of angle-dependent colour changes by using
multi-layered mica pigments. The effect is due to the optical phenomenon of
interference, generated by their platelet-shaped construction of alternating metal
oxide layers with different refracting indices which causes separate light rays to
interact when superposition occurs9. These optical fillers are the second generation
of layered mica pigments, developed over the past one and a half decades9, 10. As
their optical effects are maximised when plane-parallel oriented on flat substrates,
such as steel panels or paper9-11, the literature is primarily aimed at applications
within the automotive, plastics, paint and cosmetic industries9. The identified
research gap towards their application on textile substrates relates to the texture of
the textile substrates, which interferes with the required plane-parallel orientation.
1

Papers I5, and II12 presented in this thesis are among the first scientific publications
specifically addressing multilayer mica pigments for textile applications.

Aim

The second part of this dissertation work focuses on metal-based flake-shaped
filler formulations with electrically conductive properties. Metal flakes of, for
example silver or copper are known for their high electrical conductivity which is
particularly advantageous for power distribution and signal transfer through
interconnecting leads between, for example, a central processing unit and a sensor
in e-textiles. The on-going trend in the development of next-generation e-textiles
for personalised healthcare and fitness apparel, as well as, wearable interfaces that
act as controllers for gaming, has driven the development of available readymade
coating systems containing these types of conductive fillers. The conductivity of
these types of applied formulations depends on the interfaces contacting the flakes
and their distribution within the solidified electrically insulating polymer film
matrix. As such, mechanical strain will most certainly influence the contacting
interface and thus also the conductivity. Hence, prior to application, the
mechanical reliability and stable functional performance, determined by simulating
the fatigue behaviour of the conductive formulation, are important aspects to
evaluate, along with the preserved flexibility of the fabric for comfort, userfriendliness and maintenance aspects.

The aim of this study can be divided into two parts: first, to investigate the
possibility of developing angle-dependent colour-changing textiles using flakeshaped fillers in the form of multilayered mica pigments (effect pigments, EPs)
and, second, to produce and characterise the stability of conductive formulations
containing flake-shaped metal fillers applied on textiles. In both parts, textile
coating methods were used for processing. The main research questions targeted in
this research are the following:

Furthermore, an interesting approach is to minimise the mechanical strain response
by positioning the conductor close to the neutral axis of a multilayer construction,
where it theoretically should be unaffected by deformation strains. Hence, this
thesis includes studies on the stabilisation of coatings using different enhancement
strategies, along with the coating parameters that influence the flexibility and
durability in terms of electrical resistance.
Direct coating (or knife coating) is a well-established coating method within the
textile industry, offering a solidified film spread over the full width of a fabric.
This method was used exclusively in this study because it offers easily adjustable
film thickness compared to screen printing, which is otherwise a relevant
application method for the types of formulations used within this study.

1. How does the flake orientation influence the angle-dependent colourchanging effects?
a. How does the textile substrate in terms of surface roughness and
colour influence the angle-dependent colour-changing effect?
b. Does the addition of rheology modifiers or the coating parameters
affect on the angle-dependent colour-changing effect?
2. How do conductive textile coatings containing flake-shaped metal fillers
perform in regards to flexibility, wear resistance and maintenance?
a. How is the electrical property characterised?
b. How does the amount of coating affect the flexibility and electrical
performance?
c. Does the addition of a cross-linking additive or the encapsulation
of conductors enhance the resistance against abrasion and washing
in regards to the electrical performance?
d. How does a conductor placed close to the neutral axis respond to
applied bending angles?
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Functional textile coatings

Out of Scope
This study was limited to a lab-scale knife coating technique, selected because it
better reproduced samples of even thickness which were considered crucial to
exclude varying solids depostions as a sources of variation. Therefore, the use of
other techniques for surface functionalisation like screen printing, inkjet printing or
plating were out of scope of this research work.
Two ready made formulas containing metal flakes was used in this study, and was
aimed for deeply investigate their functionality and possible enhancement
strategies to increase durability. The development of other conductive formulations
were therfore out of scope.
The electrical characterization, in form of linear and square resistance methods,
performed on the samples aimed at evaluate the suitability of the methods as such
for electro-mechanical investigations. Therefore studying the actual influence of
the observed lost performance in specific application was out of the scope.

For wearable functional textiles, the sensation and quality of the fabric should be
preserved or minimally affected by the applied coating formulation. However, as
the coated fabric combines the properties of the substrate and the applied
formulation, a trade-off is usually required, although not at the expense of the
functional performance. Thus, in addition to binder, filler and additive
compatibility, the choice of fabric and processing technique, will greatly influence
the coated fabric properties. The fillers used in this study are micron-sized particles
that are insoluble in the application medium, have no affinity to the substrate and
must therefore be applied in a binder formulation for adhesion to the textile
substrate. Additionally, the binder also imparts cohesion between filler flakes.

Textile substrate
The textile substrate plays an important role detemining the final properties of a
coated fabric. Textiles have different textures (or structured surfaces), which
depend on the geometric characteristics generated by the cross-sectional shapes of
the fibres, the yarn composition and the construction of the fabric. The textiles
structured surface determines its surface smoothness or roughness13, which in turn
is known to influence the colour rendering of dyed textiles14-16 and most likely also
to influence the orientation of applied flake-shaped fillers.
In regard to the selection of fibre and yarn, almost any type can be used, such as
natural or synthetic fibres in staple or filament form17. When choosing staple fibre
yarns over filaments, a rougher surface is obtained, but with benefits, such as
enhanced mechanical adhesion between the polymers in the coating and fibres18,
are also generated due to interlocking between the irregularities of the fibres.
Knitted, non-woven or woven constructions are all suitable for coating. However,
4
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for continuous coating methods, stronger and more dimensionally stable substrates,
such as plain-woven, twill and basket constructions, are preferred19. Fabrics with
too loose or open constructions may suffer from tension variations during coating
leading to inhomogeneous coatings and excessive fluid penetration20.
In Paper I, three plain-woven fabrics composed of poly(ethylene terephthalate)
(PET) fibres, in black and white, were used as substrates and compared to a black
and white laminated paper test chart as a smooth reference (A4SBoA from
Zehntner GmbH, Schweiz). As the focus was the influence of the textile surface
roughness on the colour-changing effect, these fabrics were chosen as different
surface characteristics which can be generated by the yarn type, yarn number and
thread count. Paper II, studied the influence of the coating parameters on the
distribution and orientation of EP, and a black woven fabric constructed by
continuous filament fibres was selected for its more intense colour effects and
smoother surface. The same type of woven fabric was used in Papers III and IV.

Functional Polymeric Matrices
Binder polymers for matrices and barrier coatings
Two main requirements of a binder for coating formulations containing flakeshaped pigments are for it to provide a transparent solid film and to have a low
solid content. This because transparency emphasises the optical effects and a low
solid content generates a high level of shrinkage (in the z-direction) during solvent
evaporation, which is considered to improve the plane-parallel orientation of the
flakes. This is specifically useful for more even surfaces21 and for promoting
contact between flakes, which in turn is important for the conduction of electrons.
For the encapsulation of conductive coatings with a multilayer approach, the
basecoat (interface) and topcoat (encapsulation) should consist of barrier polymers
with the ability to resist the transport of gases, vapours and liquids through the
solidified matrices. This is specifically important for metallic flake networks in
order to hinder oxidation of flakes (which inhibits electron transport), which can be
initiated by moisture.
6

A more general, but somewhat counterproductive, requirement is that it should be
both soft and elastic to preserve the textile flexibility and sensation, yet also hard
and mechanically stable to resist, for example, abrasion during wear and
maintenance. Thus, a suitable versatile group of polymers are polyurethanes
(PUs), which can be synthesised with specific functional characteristics ranging
from hard and inflexible matrices to soft, highly flexible and elastic matrices. The
softness and elastic characteristics are based on a two-phase morphology
consisting of alternating soft and hard segments, which are generally polymerised
from long-chain polyols and a reaction between diol/diamine and diisocyanate,
respectively22. The physical and mechanical properties depend largely on the
polyol segment, of which the most common are derived from esters or ethers.
Polyester polyols contributes to a better oxidative and mechanically stable polymer
matrix, whereas the latter (polyether polyols) is more hydrolytically stable and
offers lower temperature flexibility22. Polyester polyols suffers from lower
hydrolytic stability due to the ester linkages, and the good hydrolytic properties of
polyether-based polyurethane are due to the increased hydrophobicity of the
chains. The polymers are dispersed in some type of solvent, and whenever
possible, water should be prioritized over organic chemicals, which are classified
as volatile organic components (VOCs)23 as they release harmful effluents during
the film-forming process24, 25.
An aqueous dispersion containing thermoplastic aliphatic polyester-polyurethane
thickened with hydroxyethyl cellulose (HEC) was used as the binder in Papers I
and II. The material, was a commercial coating paste (Performax 16297G from
Diazo Kemi AB, Sweden) with a solids content of 34 wt%, determined by
differential weighing before and after drying. Thus, a high level of shrinkage was
obtained, which is considered suitable for a comparative study on multilayered
mica pigment coatings applied on smooth and structured textile surfaces.
In Papers III and IV, readymade conductive formulations containing conductive
flakes incorporated into a dielectric medium was used. For the interface (basecoat)
in the multilayer construction, a low-viscosity aqueous aliphatic polyether
polyurethane dispersion (RUCO-COAT PU 1110 from Rudolf GmbH, Germany)
was used. For the encapsulation layer (topcoat) a certified thermoplastic
polyurethane (TPU; Öko-Tex Class 1 LOXY LB700-100 from LOXY AS,
Norway) was used in Paper III, and in Paper IV, LOXY LB700-100 and LOXY
LB700-200 were used to determine the influence of encapsulation thickness.
7

Additives
Rheology modifier for viscosity adjustment
The viscosity of the coating formulation is an essential material property that must
be known and adjusted for storage, fabric substrate, application technique and
processing parameters. The viscosity can be defined as the resistance of a liquid to
flow and is highly influenced by factors such as temperature, shear rate, pressure
and shear time26. To prevent flakes with high density (as the ones used within this
study) from settling and compacting21, a high viscosity at low shear rate is
necessary, corresponding to the formulation at rest (during storage). However,
during the coating process at higher shear rates, a lower viscosity is required to
promote flow and levelling i.e., the spreading of the formulation over the fabric
surface. The viscosity must still be high enough to prevent excessive penetration
through the porous structure of the fabric. Thus, a pseudoplastic (shear-thinning)
formulation is required, which becomes thinner with increasing shear rates, e.g.,
from the shearing action during application.
In Papers I and II, pre-wetted flake-shaped pigments formed a low viscous slurry,
which, when added to the already thickened coating formulation, had a diluting
effect. This resulted in a decreased viscosity, as the interactions between the
polymer molecules were lowered, which needed to be compensated for by
thickening the system with a rheology modifier (RM), to reach a viscosity level
suitable for the application method, the amount of coating required, the fabric
construction etc. The formulation for the insulating interface layer in Papers III and
IV, was an aqueous aliphatic polyether polyurethane dispersion, the viscosity of
which was too low for the desired application and therefore also needed to be
adjusted.
A RM can provide water-based formulations with a thickening effect (associated
with different mechanisms), giving the formulation a more or less shear thinning
behaviour, or even a more Newtonian profile. For waterborne coatings, a variety of
RMs can be used, but the most frequently employed are cellulose ethers (HEC),
alkali-swellable acrylic emulsions (ASE), hydrophobically modified ASE (HASE),
and hydrophobically modified polyurethanes (HEUR)24, 27.

water phase was used. A liquid dispersion polymer (LDP) containing anionic
sodium polyacrylates, commonly used as a rheology modifier for waterborne
coatings within the textile printing industry28, was considered in this work. The
thickening mechanism is based on the binding of water (hydration) around the
anionic carboxylic groups in the main chain, which makes the polymer particle
swell. As such, it occupies a larger volume and leaves less free space for other
components in the formulation (binder polymers and pigments) to move freely, and
consequently, the viscosity increases29. A possible drawback with a thickener only
acting in the water phase is its inability to improve the compatibility between
different components, such as pigments and polymer dispersion particles27.
There are essentially two types of associative thickeners, hydrophobically modified
ethoxylated polyurethanes (HEURs) and hydrophobically modified alkaliswellable emulsions (HASE)27, 28, 30. In addition to adjusting the viscosity of
formulations, these types of thickeners may interact with the polymer particles and
the pigments in a formulation27, 31, contributing to storage stability by solving
issues such as phase separation and pigment settling. They also contribute to a
homogeneous film-forming process, since they provide good water retention
properties due to the interactions between water and the components in the
formulation.
HEURs are linear triblocks, generally composed of a main chain containing
urethane and ethylene oxide groups (EO) with terminal hydrophobic groups. The
EO groups give a hydrophilic character, allowing interaction with the surrounding
water, whereas the hydrophobic groups repel water and are forced to self-assemble,
into flower-like micelles. A strong three-dimensional network may also be created
if the chain ends bridge the different micelles27, 32. The thickening effect of HEURs
is based on this associative network, which is said to have a higher mobility in
dilute solutions compared to HASEs.

The binder formulation used in Papers I and II was already thickened with HEC,
but as it was difficult to incorporate and disperse HEC in powder form in order to
compensate for the diluting effect of added EP, an alternative RM active in the

HASEs have more of a comb-like structure, composed of acid-based polymers in
the main chain onto which organic surfactants are grafted27, 32. The surfactant can
be poly(ethylene glycol) chains with terminal hydrophobic groups. The thickening
behaviour of this RM depends strongly on the pH of the coating formulation, and
the main chain polymer becomes soluble only when placed in an alkaline medium.
The polymer chains become stretched due to the electrostatic repulsion of the
charged groups, and the RM swells with the amount of adsorbed water. Like
HEURs, HASEs have the ability to form self-associative and three-dimensional
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networks by forming micelles. However, HASEs bind water via the
polyelectrolytic main chain, limiting the mobility of the comb-structure in water,
which may be why HASEs offer the best performance against phase separation
compared to HEURs.
In Paper I, only HEURs were used, since they have been shown to be compatible
with the binder formulation in a previous study by Åkerfeldt et al.33. In Paper II,
focusing on the performance and influence of RMs with different thickening
mechanisms influencing the viscosity, three types of RMs were used. One was
Rheosol PTP from Diazo AB (LDPSAP), which is a liquid dispersion of anionic
sodium polyacrylate and is widely used as a thickener for waterborne coatings
within the textile printing industry since it is cost effective and provides adjustable
shear viscosities, according to the supplier. The associative thickeners used were
Borchi® Gel L75N (HEUR) from OMG Borchers GmbH and Acrysol TT-615
(HASE) from Dow Chemical Company. The HEUR and HASE types were used
since they have the ability to associate with the polymers and pigment flakes in a
formulation, promoting a uniform and stable formulation of both pigments and
dispersion particles27, 31. In Papers III and IV, the HEUR type was used again in the
formulation for the insulating interface layer between the fabric and conductive
layer.
Cross-linker for improved stability
The study presented in Paper III investigated the addition of a melamine derivative
(Reacel MFC, Bozetto Group, Italy) as a cross-linker to a silver-coated copper
flake formulation with a water-based polyurethane as the binder polymer (Product
U1005, Bozzetto Group, Italy). The aim was to improve the resistance to washing
and mechanical strain, by the formation of a cross-linked polymer network in the
conductive matrix.

Flake-shaped fillers
Multilayered mica pigments for angle-dependent colour change
Pearlescent pigments are a type of effect pigment (normally with a flake-shaped
appearance) developed to mimic the effects of natural pearls. Their industrial
production goes back to the beginning of 1656, when natural transparent pearl
lustre pigments were derived from fish scales and a suspension with silver lustre
was developed, which swelled the button industry in some European countries. In
the beginning of the twentieth century, the development of synthetic pearl lustre
pigments began. For a long time, basic lead carbonate (and other lead-containing
pigments) played a major role, and they are still used for the production of buttons
and artificial pearls today2. However, due to the lead content, the use of these types
of pigments are highly controversial, as they are regarded as a phase-out
substance34, according to the EU regulation; REACH. Therefore, non-toxic
pigments based on mica (dating back to 194235-37) or synthetic silica flakes coated
with a metal oxide layer (e.g., titanium dioxide) should be prioritised when
choosing materials for pearl lustre effects. In addition, substrate-based pearl lustre
pigments are considered to meet and even surpass the properties of lead-containing
pigments in terms of lower density, chemical inertness, thermal resistance and
pronounced optical effects.
Semi-transparent single-layered mica pigments, can provide depth, lustre, sparkle
and interference effects. The illusion of optical depth is created when rays of light
is reflected at the surface obeying the law of reflection and simultaneously are
diffused, giving the impression of gradual reducing intensity2. The other optical
phenomenon that these types of pigments offer is interference, where the incident
rays are bent at several interfaces within the layered structure due to differences in
refractive indices, and according to the optical laws of reflection and Snell’s law of
refraction:
(Eq. 1)

𝜀𝜀 = 𝜀𝜀′
!"# !´

!"# !´´
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As an example and illustrated in Figure 1, taking only the upper layer of a mica
substrate (grinded muscovite flake) with one layer of titanium dioxide placed in
air, a structure with two interfaces is formed having different refractive indices.
When electromagnetic waves (consider sinusoidal oscillation of two rays) within
the wavelength range of 380-780 nm (visible light) fall upon the interface with the
higher refractive index, the diverted ray takes a phase shift, and as it reaches the
interface with the lower refractive index it is reflected back to the surface such that
the diverted light rays interact as superposition occurs2. The light intensity can
either be reduced or strengthened depending on the optical path length (d  n2) and
interaction between light rays. For sinusoidal oscillating rays, when phase crest
meets phase through, a destructive interference is obtained, and if phase crest meet
phase crest this leads to an amplification of the interference colour.

colour shifts can be achieved when applied on flexible substrates, such as textiles,
that can be formed into almost any shape.

Figure 2. Colour variations depending on viewing angle from2.

Figure 1. Schematic illustration of interfering light rays generating interference colour, and
their transmittance through a transparent single-layer mica pigment.

The interference colour is seen at or close to the glancing angle, which is the
opposite angle to the incident angle and is determined by the thickness of the TiO2
layer, which is often in the nanometre range. Colour variations also depend on the
angle of the incident light as illustrated in Figure 2. The colour seen from the other
angles strongly depends on the complementary colour (to the interference colour)
transmitted through the semi-transparent pigment and thus also on its interaction
with the colour of the substrate. As both colours can be observed at the same time
when pigments are applied on curved surfaces2, remarkable eye-catching optical
12

Multilayered mica pigments are considered the second generation of layered mica
38
pigments, and were developed over the past one and a half decades . Their development
was driven by the finding that the intensity of the interference colours strongly depends on
the differences between the refractive indices of the neighbouring optical layers and on the
9, 10
number of such layers (see Figure 3) . In that regard, multilayered mica pigments applied
on textile substrates could allow endless design opportunities with eye-catching effects. For
convenience, the multilayered mica pigments used in this study will from now on be called
EP (short for effect pigments).

!

Figure 3. Schematic structure of a multilayered mica pigment and aspect ratio = .
!
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Metal flakes for electrical conductivity

Metal flakes have been used for their optical metallic effects for several decades,
primarily within the cosmetics, paint and composite industries9, 39 and more lately
in the textile coating and printing industries. However, it was not until only a few
decades ago that the research into metal flakes for textile coatings started to be
explored for their thermally and electrically conductive properties. Since then,
studies into conductive fillers in textile coating/printing formulations has opened
the field of research in response to the flourishing development of smart textiles
and more specifically, the integration of electronics into textiles and clothing40. One
of the reasons for using conductive coatings and prints, instead of integrated metal
wires or conductive yarns, is that they offer conductive applications on one side of
a fabric and the use of a more flexible application technique, which is necessary
when developing custom-made products.
For conductive applications, such as power distribution or interconnecting leads, in
which high and stable conductivity is required, pure metals such as gold, silver,
copper, aluminium, and steel, etc. are commonly considered to be favourable filler
alternatives over carbon black, intrinsically conductive polymers and metal oxidecoated mica flakes. This, despite that their functionality in terms of sustainability
can be questioned. However, note that graphene, a crystalline allotrope of carbon,
is a promising challenger. Materials are classified according to their ability to
conduct or prevent electron flow, and the resistivity ρ ranges are listed below in
units of Ωm. Metals are generally extremely good conductors in contrast to
polymers which have good insulation properties. Materials in between these two
types are classified as semiconductors.

applied. Among metals, silver and copper are the dominant materials for highconductance applications, with high electrical conductivity values of σ = 6,3 × 107
S/m (ρ = 1.6 × 10−8 Ωm), and 5,9 × 107 S/m (ρ = 1.7 × 10−8 Ωm), respectively41.
However, this corresponds to the values of pure solid metals, and although vapour
or vacuum deposition and other metallisation techniques can be used to apply a
solidified metal film covering a textile fabric, in most cases it results in a stiff
fabric with a brittle conductive network. In addition, these techniques are not
straightforward methods used within the textile industry.
When using conductive fillers in coating or printing formulations, their
characteristics, such as filler size and morphology, are important and influence the
shape and aspect ratio. More specifically, these characteristics affect the
conductive properties, as they influence the solid-to-solid or surface contact
between flakes within the insulating matrices, and as the conduction electrons
encounter resistance when colliding with imperfections and impurities (e.g.,
oxidation).
In Papers III and IV, two conductive formulations were used, one containing
silver-plated copper flakes of ~12 μm and one containing pure silver flakes ~5 μm,
as shown in Figure 4.

Good conductors . . . . . . . . . . . . . . . . . . .10 -8-100 Ωm
Semiconductors . . . . . . . . . . . . . . . . . . . .10 0-108 Ωm
Good insulators (poor conductors) . . . …10 8-1012 Ωm

Figure 4. Scanning electron micrographs of conductive flakes a) silver-plated
copper flakes and b) pure silver flakes.

The superior electrical conductivity characteristics of metals are due to their large
number of weakly bound electrons (conduction electrons), which can move freely
through the crystal structure and carry an electrical current when a voltage is
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Flake-shaped fillers in textile
coating formulations

A homogeneous coating formulation without a tendency to phase separate can only
be achieved by proper incorporation, dispersion and stability of flakes. This can
partly be accomplished by knowing the characteristics of the flakes, such as size,
morphology, chemistry, density and filler concentration, needed for the intended
use. The mica pigments (EP) used in Papers I and II had an average diameter of
~24 μm and a thickness below 1μm (in order to interfere with visible light)9, which
means that they have a high aspect ratio (ratio of diameter to thickness). They also
had a high density of 2,6 g/cm3. For suspensions containing particles with a
colloidal size below 1 μm26, the Brownian (thermal) motion is normally present
and influences random spatial arrangement of particles. However, for the EP used
in this study, size and density of the flakes outweigh Brownian motion, and gravity
drags the platelets to the bottom of the medium, where they settle and can
eventually be compacted. Maile21 calculated the settling velocity for a titanium
dioxide/mica pigment dispersed in water, with increasing the average diameter
from 0.1 to 100 μm and holding the density at 3.1 g/cm3 using Stoke’s law
(originally applied to spherical particles), and found that the rate of settling
increased from years to only a couple of hours with increased flake diameter.
During the experimental trials for Paper I, more rapid settling was observed for a
multilayered mica pigment (Colourstream T10-05 pacific Lagoon) from MERCK
AB with an average flake diameter of 24 μm and a density of 2.6 g/cm3, which
resulted in a compact cake that was not easily re-dispersed. This may be because
compaction can result either in a loose and voluminous sediment due to interparticular interactions between the negatively charged faces and the positively
charges edges or in a dense and compact cake if the electrostatic attraction between
unlike charges is suppressed21, 42. To hinder settling and compaction of this kind,
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increased viscosity and interactions between flakes and binder polymers or
additives have positively contributing effects21.
Flakes should preferably be added into a binder dispersion before it is thickened by
an RM, as a lower viscosity promotes the dispersion of flakes in the formulation.
As previously mentioned, this was not the case for Papers I and II, where an
already thickened binder formulation was used as the starting point, which is a
common occurrence for many textile designers.
The flake characteristics mentioned above, can also influence the flake
sedimentation and the orientation during and after the coating procedure. To obtain
the best optical performance of EP, a plane-parallel orientation should be realised,
and for conductive flakes, the solid-to-solid contact between flakes is a
prerequisite. For viscous liquid paints, the flake orientation mechanism has been
suggested to be influenced by two phenomena: platelet orientation by paint flow
immediately at the moment of application or orientation induced by film shrinkage
due to solvent evaporation43. As such, the laminar flow-field developed between
the knife and the fabric during the coating process, as well as the drying phase, can
have considerable effects on the distribution and orientation.

Coating method
Knife coating, also known as spread coating or direct coating, is the oldest and
most widely used technique among textile coating manufacturers. It allows a
coating formulation to be spread over the full width of a fabric, and results in a
solidified continuous film. To maintain the fabric width during the process, it is
stretched flat over a needle stenter frame and then transported under a knife that
works against an underlay, such as a roll (see Figure 5), blanket, or table, or floats
over the fabric substrate itself. The viscous liquid, containing polymer, solvent,
fillers and additives, is poured in front of the fixed knife, forming a rolling bank
that is spread over the fabric surface as it is drawn foreword, and then undergoes
drying or annealing steps before it is wound up in rolls17. The drying or annealing
processes need to be adjusted to the formulation type; convection or IR-heaters are
suitable for water-based formulations where the evaporation of solvents is
required, whereas ultraviolet (UV) lamps are used for curing of photopolymer
formulations.
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Knife coating is preferably used for fabrics manufactured from continuous filament
yarn, such as polyamide (nylon) or polyester, since a fabric made from spun staple
fibre yarns may suffer from a rough surface caused by protruding fibre ends.
However, considering the number of different setup techniques, the knife angle and
the profile, the coating technique can be arranged to suit almost any type of fabric.
A knife angled forward or vertically tends to increase the amount of coating
deposited since it forces the polymer more into the fabric, whereas a knife angled
backwards will scrape off the coating, resulting in less deposition and possibly
contributing to protruding fibre ends.
As already mentioned, a shear-thinning formulation is required for storage stability
(preventing filler sedimentation), homogeneous spreading over the fabric during
coating and levelling of the wet coated layer. Such a coating formulation exhibits
different resistance to flow depending on the shear stress τ and shear rate 𝛾𝛾, given
in pascal (Pa) and reciprocal seconds (s-1), respectively and defined as following:
!

𝜏𝜏 =

!

𝛾𝛾 =

!

𝜂𝜂 =

!

substrate, in this setup. It was further assumed that the formulation followed the
shear conditions, such as; adhesion to the knife and substrate without any wall-slip
effects, and that it had laminar flow behaviour. As such, a velocity distribution of
the formulation is expected in the shear gap between the knife and fabric. This is
favourable for orientation of flakes in the velocity field, which is achieved
whenever there is a velocity difference9. As Farboodmanesh et al45 suggested, the
pressure under the shear region is greater than the atmospheric pressure, given that
the height of a lubricating layer decreases in the direction of the flow (h1>h2). This
correlates with the coating operation and geometry of the knife used in this study,
which had an inclined angle towards the shear area of the knife. Besides the
coatings gap height that primarily adjusts the wet layer thickness, both the pressure

(Eq. 3)

where F is shear force (N) and A is the shear area of the knife (m2).
!

(Eq. 4)

where v is coating velocity (m/s) and h (m) is the distance between the knife and
substrate. All shear rates during the coating operations in this study were calculated
according to Eq. 3. The shear viscosity in units of pascal-seconds (Pas) is thus the
value of the ratio of the shear stress and shear rate44:
!

(Eq. 5)

In this work, lab-scale experiments were performed using the film applicator (ZUA
2000, Zehntner) with a knife angled vertically, along with a technique similar to a
lab-scale knife-over-table coating setup (see Figure 5). This customized lab setup,
can be considered the opposite of the industrial version since the substrate is
stationary and manual forces move the knife. The two-plate model44 can explain
the flow behaviour of viscous formulations between the boundaries, knife area and
18

Figure 5. Illustration of a continuous coating unit, modified from ref.1 and
illustration of the lab-scale knife-over-table coating setup.
under the knife and the flow behaviour of the formulation through the porous
fabric are parameters influencing the penetration depth and the amount of solid
deposited to the fabric. Further, the solids content, viscosity, and surface tension of
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the coating formulation46, but also the coating speed, fabric construction and
surface roughness47, 48, are parameters that affect the amount of solids deposition.
Considering the number of influencing parameters, for knife coating techniques, no
existing models are completely suitable for predicting the coating deposition on
textile substrates. Existing models either address the penetration depths of coating
formulations into the textile structure47, 48 or the coating film thickness added on a
substrate,49, 50 the latter of which neglects the degree of fabric porosity. For
formulations containing flake-shaped fillers, regardless of their characteristics, the
coating process determines the amount of coating deposition, number of flakes,
and flake orientation within the coated film, which affects the performance. The
amount of coating deposition determines the number of flakes and possibly the
flake orientation within the coated film. Therefore, it is necessary to evaluate if and
how the selected coating parameters influence the distribution and orientation of
flakes.

Transfer coatings and lamination - Multilayered
film constructions
The transfer coating technique is preferably used for fabrics that are more open and
stretchy, such as knitted constructions. The technique uses the knife coating
principle described above but with an additional coating head (see Figure 6). As
the first step the liquid formulation is applied onto a release paper (instead of the
fabric) and then dried, followed by the application of an adhesive by the second
coating head before it is adhered to the fabric by nip rolls. The last step includes
drying and possible crosslinking before the release paper is peeled off the transfercoated fabric.

The rolling bank acts as a reservoir for the coating material, and its viscosity and
amount strongly affect the penetration and amount of solids deposited to the end
product46. For each coating formulation, ~50 cm3 was evenly distributed in front of
the knife in order to minimise any pressure variation on the fabric from the rolling
bank. In Paper I, the coating parameters were kept constant, and the gap height and
coating speed were set to 200 µm and 0.6 m/min, respectively. In Paper II, gap
heights of 100, 200, and 300 µm and coating speeds of 0.6 m/min and 12 m/min
were used. In Papers III and IV, the coating parameters were 100 µm and 0.6
m/min for the basecoated layer, and the same speed was used for the conductive
layers but with varying gap heights of range; 5, 20, 50 and 200 µm.
The coated samples were thermally dried and fixed in a low convection heat oven
(D-36-03-EcoCell, Rycobel NV) on stenter frames without tension in a
discontinuous process. The samples were first dried at a lower temperature, for
times adjusted to the amount of coating deposited to the substrate, followed by
fixation at a higher temperature of 150°C for interdiffusion between polymer
chains. The drying times were set to match the solids content of the coating
formulations, measured by the differential weighing of each coated sample before
and after drying.
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Figure 6. Illustration of a transfer coating unit, modified from ref. 1.
This technique hinders the formulation from penetrating the fabric construction,
which is known to have a stiffening effect and to reduce the tear strength. For
optimisation of the plane-parallel orientation of mica pigments within a polymer
matrix, as studied in Papers I and II, this technique is an option, considering that
the orientation towards the smoother release paper is locked within the polymer
matrix before adhering to the fabric.
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The coating unit can be set up with several coating heads, and therefore it can also
be used for the development of multilayered constructions, as studied in Papers III
and IV. However in those papers, a combination of the knife coating process and
lamination process was used in lab scale. The lamination process is similar to
transfer coating, with the exception that a prepared film is joined with hot-melt
adhesives before it is fused together with the fabric by pressure between laminating
rolls or by a static fusion press, as used in Paper III and IV. An environmental and
energy advantage is that no solvents have to be evaporated, and for coated layers
containing metal flakes, another advantage is that the risk for any reaction between
the solvent and metal fillers is minimised. Furthermore, early experimental trials
showed that using the lamination process, as the last step to encapsulate a
conductive layer was preferred in terms of adhesion between the two layers. In the
scanning electron microscopy (SEM) images (see Figure 7) showing samples
prepared solely by the direct knife coating method, poor adhesion between the
conductor and the coated encapsulated layer can be seen in the multilayer sample.

rely on physical drying, chemical curing or a combination thereof. The principles
behind the film-forming process were originally presented by Vanderhoff51 in a
three-stage model, which recently developed into a more detailed description52, 53.
First, the spherical polymer particles in the applied formulation are distinct from
each other when separated by the solvent to be evaporated. Second, the solvent
evaporation process slows down as the spherical particles become densely packed
with capillary forces of attraction, and at this stage, the viscosity increases rapidly.
Third, further solvent diffusion leads to deformation of the spherical polymer
particles, which causes rhombic dodecahedral packing, and finally, interdiffusion
of the polymer chains occurs across the particle boundaries, forming a continuous
film.
The process has an important bearing on the final morphology and quality of the
coated film, and if the polymer chains are hindered from interdiffusion, for
example, by drying too quickly, microscopic channels that can promote water
penetration and crack propagation can form in the film (see Figure 8(a)). Another
deformation, caused by the insufficient evaporation of solvent, which remains
trapped within the polymer matrix, is oxidation of metal flakes. In this work,
oxidation of plain coated conductive surfaces was also noticed for sample stored in
standard atmosphere (20°C, RH: 65%) for over four weeks, as seen in Figure 8, (b)
showing enapsulated silver conductor and (c) showing oxidised surface of Ag
conductor without encapsulation. These and other types of deformations can easily
be detected by light microscopy analysis, which should be considered as a standard
procedure to exclude at an early stage such samples as sources of errors.

Figure 7. SEM images of cross-section samples applied with a conductive silvercoated copper formulation in a) a plain knife-coated construction and b) a knifecoated multilayer construction at a magnification of 150x

Physical and chemical film formation
Depending on the constituents of the formulation, the film-forming mechanism by
which polymer particles are transformed into a continuous solid film can either
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Figure 8. (a) Light microscopy image of channel propagation due to inappropriate
drying conditions, image of (b) encapsulated Ag conductor and (c) oxidised Ag
conductor on plain fabric
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The right processing conditions are therefore fundamental, and the solid content of
the coating formulation gives good guidance to form a coated film containing
100% solid material. However, to set the proper drying and curing conditions for
coated samples in this thesis work, drying curves were measured for all applied
formulations with adjusted thicknesses, as exemplified in Figure 9.

Angle-dependent colour-changing
textile coatings containing
multilayered mica

Characterisation
Angle-dependent colour changes

Figure 9. Drying and annealing curves of a water-based polyurethane
formulation containing silver-coated copper flakes at 80 and 150°C.

The visual sensation and perception of textiles is based on the interplay between
the energy of a light source (spectral power distribution of illuminant)), the
chromatic and geometric attributes of the textile, and the observer. A variety of
colour measurement instruments are available and extensively used for controlling
colour recipes and for performing colour quality evaluations of coloured samples.
The different types of instruments can either measure the visible light shining
through an object or the visible light reflected from an object, and is thus based on
transmittance or reflectance. Commonly, spectrophotometers with either a
directional or a spherical geometry (diffuse illumination) are used, set with one
illumination source and detector, commonly denoted 45°/0° (lighting/viewing) and
d/8°, respectively54. These instruments disregard the specular angle (opposite to the
incident light angle), which is close to where the interference colour of multilayer
mica pigment coatings is dominant.
For measuring angle-dependent colour changes, several detection angles are
required, such as 15°, 25°, 45°, 75° and 110° relative to the specular angle.
Additionally, since the interference colour of the second-generation multilayer
mica pigment depends on the illumination angle, a set of variable illumination
angles should be used to fully assess the interference colour shifts. However, since
few such instruments are available, as suggested by Gabel38, the interference shift
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is possible to detect by adding a -15° aspecular detection angle to well-established
systems using only one illumination angle of 45° (see Figure 10).
The colorimetric data obtained with these instruments are the CIE L*a*b*coordinates and/or the CIE L*C*h*-coordinates, which positions the colour within
the rectangular (see Figure 11) or cylindrical three-dimensional colour space,
respectively. This coordinate system is based on three opponent axes, L*
representing white-black, a* and b* representing redness-greenness and
yellowness-blueness, respectively.

45°
25°
Specular

75°

15°

-15°

Illumination
(D65)
110°

45
45° 45°

Figure 11. Illustration visualising the rectangular three-dimensional colour space.

In this study, the L*, a* and b* coordinates were chosen to characterise the colour.
The colour differences (delta values) between two samples (e.g., the reference and
another sample) were calculated according to:
     

 

 

 



 


Figure 10. Graph illustrating the angles used by the multi-angle spectrophotometers,
MA68II and MA96, for illumination and colour measurement at 15°, 25°, 45°, 75° and
110° and -15°, 15°, 25°, 45°, 75° and 110°, respectively. Detection angles are given relative
to the specular angle.
















 

The total colour difference ∆E* gives the distance between the reference and the
textile samples in the rectangular colour space and was calculated according to:
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(Eq. 9)

It is known that a well trained colourist can detect differences of delta a* and b*
around 0.10-0.2 and delta L* of around 0.2-0.3 CIELAB units55, although for more
chromatic colours one has a higher tolerence visually. The colorimetric data from
five detection angles was considered to be sufficient in order to evaluate the
influence of surface roughness on colour differences in Paper I. However, since the
instrument was unable to characterise the strong colour shifts that were visually
observed, a multi-angle spectrophotometer with six (including -15°) detection
angles was used in Paper II.
In Paper I, a multi-angle spectrophotometer (MA68II from X-Rite, USA) with one
fixed illumination source (45° relative to the normal) and five detection angles
(15°, 25°, 45°, 75° and 110°) from the specular angle (see Figure 10) was used.
The instrument had a repeatability with a CIELAB total colour difference of ∆E*
=0.02. In Paper II, the multi-angle spectrophotometer (MA96 from X-Rite, USA)
was used. It had similar setup as the one used in Paper I, but this one had six
detection angles (-15°, 15°, 25°, 45°, 75° and 110° relative to the specular angle),
see Figure 10. The data was evaluated using the 10° standard observer (CIE 1964)
and D65 as the standard illumination source to represent average daylight. The
illumination source and the detector were consistently placed along the weft
direction of the samples. Measurements were made on duplicate samples at ten
positions in an ordered fashion on each sample, and mean values and standard
deviations for each sample were calculated.
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Summary of Results
Influence of fabric surface structure on colour difference
An air permeability meter (21843 from Karl Frank, GmbH), applied according to
SS-EN ISO 9237 (determination of permeability of fabrics to air), was used to
characterise the fabric porosity of uncoated fabrics in Paper I. It was found that the
porosity of the test chart (TC), multifilament fabric (F), spun dense (SD) and spun
open (SO) fabrics, increased according to the written order. Thus, the woven fabric
made of multifilament yarn (F) had the lowest fabric porosity, followed by the SD
and SO fabrics, and that staple fibre yarns and a lower thread count in warp and
weft directions showed increased fabric porosity. The viscosity profiles of the
coating formulation, presented in Paper I, were therefore set to match that of the
SO fabric, since it was the most liable to penetration of the coating formulation.
For EP-coated samples, the increased amount of solids deposit corresponds well
with the estimated increased fabric porosity in the order of TC, F, SD and SO.
In Paper I, SEM was used to visualise the textile surface structures, the coated
surface structures and the orientation of the pigments within the coated layer using
a JEOL JSM- 5300 (from JEOL, Tokyo, Japan). The samples were first subjected
to gold sputtering to generate a 20 nm-thick layer to avoid electrostatic charging of
the samples. For all EP-coated samples, the top-view and cross-section SEM
images showed that the surface structure of the textile substrate was apparent on
the coated surfaces. A clear increase in surface roughness was apparent between
the smooth TC/black/EP sample and the F/black/EP sample due to the structural
characteristics of the yarn type, thread count and woven construction. The fabrics
made from staple fibre yarns (SD and SO) clearly contributed to more irregularities
in the surfaces in the form of protruding fibre ends and loops. Additionally, their
porous structure was related to their lower thread count and also contributed to the
increase in irregularities. The cross-section SEM images of EP-coated samples
show that the variations in coating penetration were strongly influenced by the
structural characteristics of the textile substrates. For F/black/EP, a coating
penetration between the interstices of the outer filaments of the yarn was seen,
whereas the smooth TC/black/EP sample exhibited no penetration. The SD and SO
substrates, which have a more open construction, obviously allowed deeper coating
penetration and thus a more solids deposition.
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The platelets within the F/black/EP layer followed the curved shape of single
filaments and also the shape generated by the woven construction. Thus, the
platelets were oriented out of the parallel plane in the F/black /EP layer, compared
with their orientation in TC/black/EP. The SEM images of SD/black/EP and
SO/black/EP show that the spun yarns contributed to the disorientation of the
platelets relative to the substrate surface. From the top-view and cross-section
SEM images, a clear increase in surface roughness was observed in the order of TC
< F < SD ≈ SO, resulting in an increased disorientation out of the parallel plane.
The L*, a* and b* coordinates from the multi-angle measurements of the EPcoated black samples are shown as a function of the detection angle in the CIE L*
diagram and CIE a*-b* diagram in Figure 12 (a) and (b). The L* value decreased
with increasing detection angle for all black-coated substrates. The highest L*
values were seen at the 15° angle for all samples. Additionally, the TC/black/EP
sample had higher L* values than the coated textile substrates. This is attributed to
the L* value at 15° being substantially influenced by the amount of reflected light
at the specular angle, referred to as the gloss, and by the reflections from smoother
surfaces being much stronger, whereas on rougher textile surfaces, the reflected
light is scattered in a more diffuse manner.

Figure 12. Multi-angle spectrophotometer measurements of effect-pigment-coated
black samples: (a) CIE L* values and (b) a* and b* coordinates and as a function
of detection angle. TC: test chart; F: multifilament; SD: spun dense; SO: spun
open.
In the CIE a*-b* diagram in Figure 12 (b), the colour coordinates for all coated
substrates gave horseshoe-shaped curves within the blue-green quadrant. The
measurements clearly showed that the colour depended on the detection angle and
surface roughness of the substrate. As expected, the a* and b* coordinates of the
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reference TC/black/EP were much more differentiated within the blue-green
quadrant compared to the textile substrates, obviously because the EP platelets
were able to align themselves in a plane more parallel to the smooth surface.
Although the colour variations decreased with increased surface roughness, colourchanging effects were still visible in all of the coated textile samples.

Influence of substrate colour on the angle-dependent colour
changes
The CIE L* values and a* and b* coordinates for EP-coated samples using white
substrates showed that the L* values on white substrates were much higher than
the corresponding values obtained on black substrates, and the decreasing change
in lightness with increasing detection angle was also less pronounced with the
white substrates. This can partly be explained by the fact that the substrate colour
shines through the semi-transparent layer, and its intensity depends on the amount
and how well the pigments cover the substrate surface.
When comparing the CIE a*and b* diagrams (see Paper I) for the EP-coated black
and white substrates, the coordinates on the white substrates readily changed
colours, as they formed s-shaped curves passing through the blue-green, redyellow and yellow-green quadrants. This can be explained by the interactions of
the pigments and the substrates with light. Part of the incident white light is
reflected at the glancing angle as the interference colour, while the other part is
transmitted through the transparent pigment that is the complementary to the
interference, in turn the complementary colour is scattered from the white
substrate. Quite the contrary, the black substrate absorbs most of the transmitted
light and thus also the complementary colour, which intensifies the interference
colour of the pigment. In general, the white textile substrates seemed to influence
the coordinates in a similar manner as the black substrates, with decreasing L*
values and decreasing distribution of a* and b* coordinates with increasing surface
roughness.
The total colour differences, ∆E*, at different detection angles for the TC/black/EP
and black textile samples and the TC/white/EP and white textile samples with EP
coating is shown in Paper II (Figure 9(a) and (b)). For both black and white
substrates, the total colour differences ∆E*, calculated according to equation 9,
were clearly influenced by the textile surface roughness, which increased in the
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order of F < SD < SO at detection angles of 15°, 25° and 45° for black substrates
and at all detection angles, except for 45°, for the white substrates. For
SO/black/EP at 15°, the ∆E* value was almost twice as high as that of F/black/EP,
and the value differed even more at higher angles. It is therefore suggested that the
colour-changing effect may be reduced by half when choosing a substrate made of
staple fibres compared to multifilaments, given that the coating parameters in this
study are used in the coating process.
The ∆E* values for the white substrates were about half of those obtained with the
black substrates. They also had higher L* values of over 80 at all detection angles.
This means that the colour-changing effects were not as accentuated on the white
substrates, compared to the black ones, as visualised in Figure 13, which shows the
differences in appearance under diffuse illumination (D65). These images indicate
the colour-changing effects influenced by the substrate surface roughness and the
colour (black and white) of the substrate.

Figure 13. Differences in appearance between EP-coated black (a) and white (b)
textile substrates. The samples were placed in a light cabinet and subjected to
diffuse illumination (D65).

Influence of additives and coating parameters on colour
differences
In Paper II, a difference in the surface appearance of the HASE samples coated at
speeds of 0.6 and 12 m/min with the gap set to 100 µm was clearly seen. The
smoother surface of the sample coated at low speed was generated by the higher
solids deposit, covering the filaments by a thicker coating layer. However, a
difference in coating thickness or orientation of the pigments between the samples
coated at low and high speeds could not be confirmed unambiguously by the crosssection micrographs of any of the samples coated with the different formulations.
This suggests that the orientation of platelets, which partly may be induced by the
laminar flow-field developed in the shear gap during the knife coating process, is
most likely not influenced by the differences in shear flow velocity, generated by
the different coating speeds (or shear rates). As expected, the surface smoothness
increased with increased gap heights generated by the increased solids deposit.
Backscattered electron images were taken with a low-vacuum SEM (JEOL JSM6610 LV from JEOL, USA), equipped with an energy-dispersive X-ray
spectrometer (EDS). The cross-section images clearly show the distribution and
orientation of the EP platelets in the coated film. The layer thickness was also seen
in these images and was estimated to be 8, 19 and 29 µm, corresponding to
approximately 10% of the gap heights of 100, 200 and 300 µm, respectively. In the
8 µm-thick layer, the platelets formed compact stacks close to the filament surfaces
and were not perfectly horizontally oriented. This was caused by the drying
process, in which the platelets were forced to align themselves along the curved
shape of the filaments. Within the thicker coated layers, more pigments were
observed, which were more homogeneously distributed without compacting. This
was possibly the effect of the laminar flow field between the knife and fabric
during coating. Assuming that these layers consist of polymers and platelets
oriented in the shear flow direction, with a continuous liquid phase, and when the
shearing stops, the viscosity of the wet layer instantly increases.
The influence of the coating formulations and the gap heights on the lightness, L*
values, as a function of the detection angle is shown in Figure 14. For all samples,
the L* value was highest at -15° (from the specular angle of 0°) with a pronounced
decrease when increasing the angle from -15° to 75°, and at greater angles, the
lightness varied only slightly depending on the gap height. The L* values for the
uncoated black substrate were obviously much lower (darker), absorbing the
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incident wavelengths of light to a great extent, compared to the coated samples,
which reflected a certain portion of light depending on the detection angle. The
results show no significant differences in L* values depending on formulation,
which means that the solids deposited depending on the chosen RM did not
significantly influence the L* values. The gap height (generating different solids
depositions) had a great impact on the L* values, which increased with increasing
gap height. This can be attributed to the increased solids deposition, associated
with increased layer thickness, which resulted in an increased number of pigments
within the coating layer and hence a better optical coverage of the black fabric.

samples. The greatest ∆a* differences were measured between -15° (being redder)
and 15° (becoming greener), whereas changes in the b* values were considerably
smaller between these angles. This indicates that the multi-angle
spectrophotometer can detect colour shifts from violet to blue, corresponding to the
visually observed colour changes (turquoise-blue-violet).

Figure 15. CIE a*- and b*- coordinates as a function of the detection angle for

effect-pigment-coated samples produced using a coating speed of 0.6 m/min, and
for plain black substrates.

Figure 14. CIE L* values as a function of the detection angle for effect pigment-coated
samples produced using a coating speed of 0.6 m/min. The samples were produced using
different gap heights and RMs. The bars denote the standard deviations.

The influences of the RM and gap height on the CIE a* and b* colour coordinates,
for all samples coated at the lowest speed of 0.6 m/min, are shown in Figure 15.
The coordinates formed horseshoe-shaped curves, stretching from the blue-green
quadrant (at angles between 110° and 15°) into the red-blue quadrant (at -15°).
Note that the colour coordinates for the uncoated black substrate (close to the
origin) did not vary with the detection angle, and its surface structure is therefore
not considered to contribute to the greater colour differences seen in EP-coated
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The type of RM significantly influenced the a* and b* coordinates of only the 100
µm samples, which corresponds to the different solids deposition between the
formulations. The LDPSAP and HASE formulations provided a higher and more
similar solids deposition, than to the formulation containing HEUR, giving a
somewhat less pronounced colour change. The same trend could not be observed
for the 200 µm and 300 µm samples, although differences in solids deposition
were measured. It was speculated that a threshold concentration was possibly
reached for the thicker samples, with solids depositions between 71-82 g/m2.
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The photographs in Figure 16 show the differences in the appearance of EP-coated
HASE samples coated with different gap heights at the lower coating speed of 0.6
m/min (diffuse illumination D65). For the sample coated with a gap height of 100
µm, a darker colour-changing effect is apparent, whereas with increasing gap
heights, the colour changes become lighter in accordance with the measured L*
values in Figure 14.

also be an effect of the increased number of pigments within the increased coated
thickness, leading to a better optical coverage of the black fabric surface.
With increasing detection angles from -15° to 25° and -15° to 45°, the total colour
differences decreased for B:EPD:LDPSAP and the B:EPD:HASE, respectively.
This indicated that the greatest colour differences between the samples coated at
low and high speeds should be more pronounced at -15°, which was also visually
confirmed in diffuse illumination.

Figure 16. Differences in the appearance of EP-coated HASE samples coated with

increasing gap heights from 100 µm to 300 µm. The samples were exposed to
diffuse illumination (D65)in a light cabinet.

Coating speed related to colour differences
The total colour differences (∆E*), presented in Paper II, showed that the coating
speed had an effect on the samples at different detection angles. Generally, the L*,
a* and b* values showed that the samples coated at low speed (0.6 m/min) were
somewhat lighter and more chromatic, following the same trend seen as the
increased solids deposition generating lighter and more pronounced colour
changes. The sample coated at low speed was used as the reference. The highest
∆E* values were noticed for the B:EPD:LDPSAP and B:EPD:HASE (100 µm)
samples, and the values decreased with increasing gap height. This can be related
to the differences in solids deposition, which were greater between samples with
smaller gap heights. The decreasing ∆E* values with increasing gap height may
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Conductive textile coatings with
metal flake fillers

Characterisation
Electrical resistance
Electrical conductivity is an inherent physical property defined as the capacity of a
material to conduct electrical current (I). It is generally derived from the electrical
bulk or volume resistivity, which in turn is a measure of how much a material can
resist the flow of electrical current56. The electrical resistivity in units of ohmmetres (Ω⋅m) is calculated from direct current (DC) electrical resistance
measurements, commonly obtained by the four-point probe (4PP) method57.
Compared with the two-point probe method, the 4PP method for low-resistivity
materials is more accurate, as contact and lead resistances are cancelled out58. The
basic principle of the 4PP method is that four electrodes are placed linearly on a
conductive sample (as in Figure 17a), of which the outer two are current (I)
carrying, whereas the inner two measure the voltage (V) drop. The ratio V/I gives
the sample resistance (R), and further calculations including the width (w) and
thickness (t) of the sample (cross-sectional area of the conductor) as well as the
electrode spacing (s) are necessary to obtain the bulk resistivity values of finite
samples, according to59:






 

(Eq. 10)

determination of the conductive film is difficult, as the coating partially penetrates
the yarn structure and fabric construction. In this case, it is more complicated to
accurately derive the resistivity from the measured resistance. Thickness is
therefore often excluded in such calculations, and the electrical resistance of the
textiles is instead expressed as the surface resistance or the square and sheet
resistances with the dimensionless units of Ω/☐ or Ω/sq. This, despite these
calculations, assumes a uniform isotropic thickness throughout the sample, which
does not really correspond to the anisotropic nature of fabrics. Furthermore,
measurement of the resistance on larger samples of infinite or semi-infinite size is
sometimes required, e.g., when the sample has to be adapted for a specific physical
characterisation test, followed by before and after electrical resistance tests. Thus,
equations based on a two-dimensional infinite sample geometry are necessary,
which is adjusted (using correction factors) for the electrode sample size, and
electrode arrangement and takes the current distribution within the material into
account. In the review of the 4PP method by Miccoli et al34, the derived resistivity
formulas adapted to 3D and 2D geometries of finite and infinite samples are
presented. For isotropic semi-infinite 3D bulk samples, the following equation can
be applied when using a linear 4PP arrangement:


 



(Eq. 11)



This calculation assumes a uniform current density distribution within an infinite
sample59 and that the current spreads spherically in the transverse direction to the
plane, which depends on the probe spacing (s), therefore introducing the factor
2. When calculating the resistivity of conductors in which the thickness is much
less than the probe spacing (t << s), for simplicity, formulas representing 2D
geometries are commonly used, as given by:




 

(Eq. 12)

 

This equation assumes a uniform current density distribution throughout the
sample and is therefore well suited for isotropic solids with a known threedimensional geometry. However, for conductively coated textiles, the thickness

This equation assumes that the current spreads cylindrically within the sample
instead of spherically, as for the 3D sample previously mentioned. Furthermore, it
assumes that the linear four electrodes are equally spaced and that the measured
resistance is not dependent on the probe spacing. If a 2D sample has a uniform and
finite thickness, the resistivity of the sample can be considered to be constant; thus,
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Micolli et al.34 noted that the bulk resistivity is commonly replaced by the sheet
resistance (Rsh), denoted in units of Ω/sq, which considers the resistances of an
area regardless of the size as long as it is a square. R sh is calculated according to:
  







 

(Eq. 13)



were  is the bulk resistivity, t is the thickness of the sample, L is the length of the
sample and w is the width. When the length and width are equal (l = w), the
formula is simplified to R = Rsh. This equation coincides with equation 10 if L = s.
If the thickness of the sample is known, the bulk resistivity can be calculated by:

published61-64 in which only a few papers specifically have specifically focused on
using the different methods for measurements of the electric properties of
conductive prints65 and coatings on textile substrates66. In those studies, a
commercial linear 4PP with pointy tips was used, addressing infinite sample sizes.
However, in the course of this thesis work the electrical resistance was measured
using the linear 4PP method with rectangular-shaped contacts, as described in
Paper III, and a square 4PP configuration was used in Paper IV. Both arrangements
are illustrated in Figure 17. As such, it was considered intriguing to compare the
two methods from a practical approach.

(Eq. 14)

   

Another electrode arrangement is the square 4PP arrangement (as shown in Figure
17b). For a finite and thin square sample where the diameter d equals the space s
between the electrodes (d = s) and where the electrodes are placed in the periphery
of the sample, the sheet resistance can be calculated according to34:


  





(Eq. 15)




The van der Pauw equation (VDP)60 was further developed by adding a correction
factor for flat and arbitrarily shaped samples, as in:


  










(Eq. 16)

The VDP equation is valid for samples that fulfil the conditions such as being very
thin and isotropic, being singly connected without isolated holes and for which the
contact electrodes are sufficiently small and placed at the circumference of the
sample. As fabrics are quite the opposite, e.g., being anisotropic due to , for
example the variation in the thread count in the warp and weft of a woven
construction, thin conductive coatings applied on woven fabric can be expected to
be influenced, and the VDP equations cannot be expected to perform as intended
for coated fabrics. However, comparative and evaluation studies of the linear and
square 4PP methods using the VDP equation on conductive textiles have been
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Figure 17. Illustration of two four-point probe arrangements: (a) linear and (b)
square.
Figure 17 (a) represents the linear 4PP extending across the sample size (finite size
of 57×20 mm), measuring the voltage drop between the two inner electrodes over
an area of 20×20 mm, and Figure 17(b) represents the square arrangement, where
the average voltage drop in the warp (VDC) and weft (VAB) direction is used in the
calculations according to the VDP equation. In Paper III, the linear 4PP was placed
on top of a larger (semi-infinite) sample with an area of 150×200 mm, and the
average resistance measured in the warp and weft direction was used.
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Summary of Results
Comparison of resistance measurement methods
The following comparison aims to highlight the differences in resistance values
obtained from different probe arrangements placed on conductive samples of
different sizes, as well as the need to include a correction factor (CF) to adjust for
the observed differences. To further study the correlation and equivalence between
methods, a deeper statistical analysis is necessary.
Sheet resistance depending on measurement technique
To validate the ohmic linearity of the silver conductors (Ag_200) used in Paper III
and to compare readings obtained from the different types of 4PP methods,
current-voltage (IV) curves were obtained. The data are plotted as seen in Figure
18, where the linear and square 4PP IV curves on finite samples (57×20 and 20×20
mm) are shown, as well as data obtained from the linear 4PP method on semiinfinite samples (150×200 mm). The larger semi-infinite sample was sized for the
specific durability tests (washing and abrasion) studied in Paper III. The resistance
data plotted in Figure 18 forms positive slopes for conductive samples representing
linear or ohmic resistors, regardless of the 4PP method used and the corresponding
sample size. The slopes of the linear arrangement on infinite sample size,
continuous trace with O marker and the square arrangement on a finite square,
continuous trace with ☐ marker, coincide, meaning that the obtained resistances
are similar regardless of the type of the 4PP arrangement with the sample size used
(infinite and finite). The slope produced with values from the linear arrangement
on a sample of finite size, continuous trace with ∆ marker, is distinguished from
the others. Since this method represents a more straightforward method for
determining the bulk resistivity, and correlates better to equation 10 (yet herein
neglecting the thickness of the coating) this slope can be regarded as the reference.
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Figure 18. Current versus voltage curves of a silver conductor obtained from linear and
square 4PP arrangements.

The average resistances (R) taken from the IV measurements and the calculated
sheet resistances (using equation 12, 13 and 15) are given in Table 1. For infinite
and square sample sizes, the resistance ratios show that R was underestimated in
the measurements of the infinite size (using the linear 4PP method) and finite size
(using the square 4PP method) samples and that there is a need for a CF to convert
the data into the reference data. The average ratio of RRef/RInfinite becomes 4.42, and
of RRef/RFinite becomes 5.17, indicating that the CF should be approximated around
this value in order to correspond to the more accurate reference values. The
calculated Rsh values including a CF of π/ln2 (4.532), as well as the ratios, show
!"#$%& !!!
!"#$%& !!!
(~0.98) and 𝑅𝑅!!!!"#$%&
(~1.14) better corresponds to the
that the values of 𝑅𝑅!!!!"#$"$%&
reference values which should be accounted for whenever measurements are made
on infinite or finite samples using the different methods.
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Table 1. Measured resistances and calculated sheet resistances Rsh.

For measurement on semi-infinite samples, it is known that a CF34, 59, 67 should be
introduced to account for the positioning of the probe in the proximity of the
sample edge, as this is where the constriction of current flux lines distributed from
the probe occurs. This was observed in Paper III, where R increased when the
probe was positioned closer towards the sample edge. This phenomenon may lead
to large Rsh variations over the sample surface, which is a common measurement
method when characterising textiles in general. To avoid this, the optimal distance
between the probe and the sample edge (l) should be >10 times the spacing
between the electrodes of the probe (s)68. However, if limited to measurement
probes with large spacing between electrodes or if such large textile samples
cannot be produced, CFs for both directions, perpendicular (weft) and parallel
(warp), should compensate for the distance from the probe to the sample edge,
according to calculations presented by Valdes68.
With the linear 4PP arrangement used in Paper III, the sheet resistance values were
reduced with an increased solids deposition, which could be partly adjusted by
increasing the coating gap height (5, 20, 50 and 200 μm). Thicker coatings mean
increased number of flakes in the transverse direction to the plane and more
connection points for electron transport. Thus, for 3D objects the current density
(electric current per unit area) decreases with increased thickness according to:


with increased thickness (amount of deposition). The behaviour of decreasing
resistance with increasing deposits is plotted in Figure 19 in which measured
values in the warp and weft directions and from the (a) linear and (b) square 4PP
measurements are shown. Resistance measurements from both methods show
negative power regression trendlines for the warp and weft directions. These plots
confirm that the resistances in the warp and weft directions are equal when using
the linear arrangement. However, significant resistance differences in the warp and
weft direction can be detected when using the square arrangement. As textile
substrates are anisotropic (partly due to the yarn and fabric construction), it is
reasonable that this reflects the presence of an anisotropic conductive layer, which
is the contributing reason for the measured resistance differences. The plots also
show that resistance differences in the warp and weft directions are reduced with
increased solids deposition. This means that increased solids deposition actually
decreases the anisotropic electrical behaviour. This was further confirmed by
measurement on encapsulated Ag conductors in a multilayer construction,
presented in Figure 20. The plots of the square 4PP measurements show that the
resistance decreased exponentially with increased solids deposition and that the
negative slope is not as steep as the slope of measurements made on Ag conductors
applied directly on plain fabric. Here, the resistance differences between the warp
and weft directions with increased solids deposion is also less significant, which
can be correlated to the more homogeneous conduction layer, as the substrate
surface was levelled by a basecoat for the encapsulated samples. It is also
reasonable to include that the levelling improved the contact interface between the
conductive surface and the electrodes of the probe; however, this was not within
the scope of this study.

(Eq. 18)





This is because the current spreads in three dimensions, including the transverse
direction to the plane from the electrodes, and just not only on the surface. As the
coated samples in Paper III were treated as 2D, objects the thickness was not
included in the calculations, and this is the reason for that Rsh values decreased
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Figure 19. Resistance values in the warp and weft directions versus solids deposition
for a Ag conductor using the (a) linear and (b) square 4PP arrangements.
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Figure 20. Resistance values in the warp and weft direction versus solids
deposition for an encapsulated (four-layer construction) Ag conductor using the
(a) linear and (b) square 4PP arrangements.
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Influence of amount of coating on electrical resistance
In Paper III, the influence of the amount of solids deposition of the Cu (with and
without cross-linker) and Ag conductive coatings on the electrical resistance of the
samples was evaluated using the linear 4PP method. The effect of the deposits
applied to both a plain (rougher surface) and a base-coated woven fabric (levelled
surface) was studied. It was shown that increased deposition significantly
influenced the electrical resistance, which decreased with increased deposition,
mainly adjusted by increasing the coating gap height from 5 up to 200 μm (see
Figure 21(a)). This was the response of increased formation of contact points
between flakes in the transverse direction to the plane. Note that all samples had
Rsh values below 1.5 Ω/sq, which corresponds to the sample with the lowest
deposition. It was shown that the decrease in Rsh was not as pronounced for basecoated samples, although similar amount of solids were deposited. This was
correlated with the smaller differences in surface roughness (see Figure 21(b)) for
conductors applied on base-coated fabric, for which a more levelled surface the
more uniform microstructure is formed regardless of the amount of solids added.
Here, the uniformity is considered that the conductivity per three-dimensional
space units is more constant. However, for base-coated CuMF sample series
(B_CuMF_T), Rsh was still higher than samples coated directly on plain fabric, this
although similarities in coating depositions. Thus, a more uniform microstructure
cannot always be associated to better conductivity. Here, the reason may be the
combinatorial effects of brittle flakes that easily crack and the distribution of flakes
within the base-coated layer due to compression during lamination, which leads to
interruption of the electron transport pathways.
Compared to the Cu conductor, Rsh of the Ag conductor decreased more than one
order of magnitude with increased deposition from 44 up to 160 g/m2, as a result of
the higher intrinsic conductivity of silver. Furthermore, the least amount of Ag
conductor, when applied to the base-coated fabric, showed a decrease in Rsh by
over 50 %.

Figure 21. (a) Sheet resistance versus solids deposit of all samples coated with different gap
heights and encapsulation layer thickness (b) sheet resistance versus surface roughness
characterised with a optical high resolution surface profiler (Wyko NT 1100).
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Influence of amount of coating and construction on flexibility
In Paper III and IV, fabric stiffness tests were performed according to ASTM
D1388-2007 test method via cantilever bending in order to compare the flexural
rigidity of the coated samples. These tests are an attempt to evaluate the perceived
stiffness69 and flexibility. The results showed that the flexural rigidity increased by
>840 % for samples with the least amount of conductive material (47 g/m2), and
then increased relative to the increased conductive deposition (see Figure 22), as
well as for the multilayered constructions. This trend was pronounced for samples
tested with the coated surface directed upwards (face up). Samples for which the
majority of the coating stayed on top of the sample surface followed this trend, and
were particularly pronounced for the multilayered samples, increasing with the
larger encapsulated thickness (100 to 200 μm). The samples in this study were
found to have highly anisotropic rigidity properties with directionally dependent
differences (face up or down) ranging from 1 up to almost 7000 %, the latter
representing Ag conductor with the thickest conductor and encapsulation layer
(B_Ag200_T:200). However, for conductors applied on plain fabric where the
diffusion of the polymer matrix interlocked the fabric yarn construction, due to
deeper penetration, there was no significant flexural rigidity difference depending
on the direction as for Ag_05.
The addition of a cross-linker is known to influence the mechanical properties of
coated films, the cantilever bending tests performed in this study indicated a small
increase in flexural rigidity for samples with additional cross-linker (CuMF), but
further mechanical tests are needed to strengthen the outcome. Thinner coated
samples are overall less rigid and more flexible than thicker coated samples.
However, the multilayered samples that are largely directional dependent are even
less rigid in the face down direction. It is not trivial to say that the flexural rigidity
influences the behaviour of coated fabrics upon mechanical impact during wear
and maintenance. For which a multilayer construction, considered to be partly a
composite and partly a laminate, is rather complex.
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Figure 22. Flexural rigidity of plain and base-coated fabrics with the lowest and highest
amount of deposited solids (from gap heights of 5 and 200 μm) with encapsulated layers
of 100 and 200 μm. Samples were tested in the face up or down orientation.

Influence of stabilisation enhancing strategies on durability
Coated textiles with additional functionality are expected to retain functionality
over their lifetime, usage and maintenance. Whether used for a strain sensor
(relying on resistance changes upon mechanical strain) or interconnections to
transport data or power (desiring a stable electrical conduction unaffected by
mechanical strain), a durable and stable construction resistant to fatigue behaviour
is required. Textiles that are non-rigid and flexible may have a contradictory effect
on what is desirable for a stable interconnection, for which the discussion further
on will be directed towards. Thus, a proper balance between preserved flexibility
for user friendliness (comfort) and a more rigid construction for a stable
interconnection was explored.
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Washing
Plain and encapsulated conductors were evaluated for their electrical resistance
performance before and after washing using the standard procedure EN ISO
6330:2012, as further described in Paper III. The electrical sheet resistance versus
increased number of washing cycles for Cu and CuMF conductors are presented in
Figure 23. Thinner coated samples (with less solids deposited) were found to be
more resistant to the washing procedure, with less percentage increase with
increased washing cycles. The trends were similar for both Cu and CuMF samples
series, except CuMF samples produced at a gap height of 20 and 50 μm. Thinner
materials also had lower flexural rigidity as previously seen in Figure 22. Given
that the functional performance partly is affected by the mechanical impact of the
tumbling during washing, it can partly be assumed that thinner samples are less
affected due to that they are more flexible and thus likely higher elasticity and
higher ability to regain the original shape after removal of the load. However, in
Paper III it was discovered that drying of washed samples in elevated temperature
(50°C) significantly decreased the sheet resistance between washing cycles by
>10% compared with the inline drying at room temperature. As such, the previous
assumption, that thinner and more flexible samples resist washing to a larger extent
than thicker, most probably is a combinatorial effect of increased flexibility and
increased evaporation rates of water for thinner material.
The addition of a melamine derivative (MF) as a cross-linker to the Cu formulation
resulted in CuMF samples that were even less affected by the washing procedure
(see Figure 23). As previously presented, no significant differences between Cu
and CuMF conductors in terms of solids deposit, surface roughness and initial sheet
resistance (except for samples prepared at a gap height of 20 and 50 μm) was
shown. However, the transform infrared spectroscopy (FTIR) analysis performed
in Paper III showed significant differences in network structures of annealed Cu
and CuMF films, which suggest that crosslinks were actually formed, which
strengthen the conductive film matrix against washing. The sheet resistances
before and after washing for all samples are tabulated below (see Table 2).

suggested due to a combination of small ruptures between flakes due to mechanical
beating during tumbling and water trapped within the conductor matrix. As
tabulated, the measured mean sheet resistance value after five washing cycles was
3.33 Ω/sq for these samples with fairly low standard deviations. This stresses the
inability of the linear 4PP method to detect deformations within the conductor that
can lead to electrical failure. This is highly important to take into consideration in
order to perform a valid analysis of these types of coated samples. Note that, no
clear cracks were detected in the top-view SEM images presented in Paper III.
For washed Ag conductor samples applied on plain-woven fabric, regardless of
conductor thickness, clear cracks on the surface were actually detected on the SEM
images presented in Paper III. For samples coated with a gap height of 50 μm and
below, the defects were noticed in form of very high sheet resistances. However,
for samples with the largest deposition (produced at a gap of 200 μm), measured
vales were <5 Ω/sq, despite clear cracks on the surface. Again the linear 4PP
arrangement failed to detect these types of deformations.
Encapsulation of both CuMF and Ag conductors was a promising strategy to
preserve the functional property and to counteract the effect of washing. This was
particularly pronounced for encapsulated Ag conductors (see Figure 25) with sheet
resistances decreasing by > 4000%. For CuMF conductors, encapsulation did not
improve the washing resistance in terms of preserving the initial electrical
resistance, but more importantly, hot spots were no longer detected by IR camera,
within the encapsulated and washed conductor matrix. A thicker encapsulation
layer of 200 μm enhanced the resistance to washing even further with less increase
in sheet resistance after five washes, and was associated to increasing flexural
rigidity. Thus, encapsulation as such and thicker encapsulation layers stabilises the
contacts between flakes, and the mechanical beating including folds created during
washing is somewhat circumvented since the flexural rigidity increases and
resistance to bending is increased. However, the flexural rigidity of these samples
increased by >8000% which will have a huge impact on the comfort and user
friendliness.

Infrared camera (IR) images of samples applied with a voltage were found to be an
important characterisation method in order to detect deformations within the
conductive microstructure. As seen in Figure 24, hot spots are shown within the
washed CuMF_05 sample when applied with a voltage of 2.5. Hot spots are created
when electron flow is constricted and the electrical current is accumulated, here
52

53

Figure 23. Sheet resistance versus washing cycles of samples prepared with plain Cu
formulation and with the addition of a cross-linker CuMF.
Figure 25. Sheet resistance and flexural rigidity of samples (plain coated and encapsulated)
with the lowest and largest amount of conductive material adjusted by coating gap heights of
5 and 200 µm, respectively.

Table 2.Tabulated sheet resistance values for all samples before and after five washing
cycles.

Figure 24. Hot spots (substantial heating) detected by infrared camera imaging shown within a
washed conductor of CuMF-05 when applied with a voltage of 2.5 V.
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Abrasion
In an attempt to simulate wear and its influence of the conductor performance
(presented in Paper III), electrical resistance measurements were made before and
after abrasion using Martindale 2000 and SS-EN ISO 5470-2 (method 2) dry tests.
For all conductors, except for encapsulated CuMF conductors with the larger
deposition and Ag with the largest deposition on both plain and encapsulated
samples, the sheet resistance value increased with increasing number of abrasion
cycles. This results in a total increase between 4 and 5 orders of magnitude after
3200 abrasion cycles. Encapsulated CuMF samples (except for B_CuMF_05_T)
showed better robustness against abrasion compared to plain coated ones, yet the
Ag conductors with the largest deposit (adjusted by gap height) on both plain and
encapsulated resulted in the lowest increase below 3 orders of magnitude, with
sheet resistance values < 0.1 Ω/sq. An increased amount of Cu conductor or the
addition of a melamine derivative did not improve the electro-mechanical
properties. Though partial loss of the conductor matrix was attributed to the
slightly coloured abrading cloth, it did not confirm the high abrasive impact of the
encapsulated conductors, for which no colouring of the abrading cloth was found.
Most probably, the abrasive forces interrupt the microstructure and contacting
between flakes.

Bending strain
Paper IV investigated the multilayer conception as an enhancement strategy to
stabilise the electro-mechanical impact of a conductor by placing it close to the
neutral axis (NA) where it, theoretically, is subjected to minimal stress response
under strain. Furthermore, if a conductor is placed above or below the NA in a
concave arc, it should be exerted to tensile or compressive strain, respectively. The
electrical resistance (square 4PP) against bending strain at angles of -180°, -90°,
90° and 180°, as well as repetitive bending cycles of -180° and 180°, was tested.
The results showed that resistances for both the Ag and CuMF conductors increased
to a greater extent at a bending angle of 180° (compared to -180°), where the
conductor theoretically, is subjected to tensile strain, and the continuity of the
conductive flake network within the polymer matrix is interrupted as flakes are
forced apart. Similar trends were confirmed for repeated bending cycles.
Generally, samples with an increased amount of conductor were less affected by
the different bending angles. However, particular, a larger amount of Ag
conductor, regardless of the encapsulate thickness, showed an invariable resistance
of 0.01 Ω/sq and thus a minimal stress response upon bending deformations at the
given angles. The bending deformations at -180 and 180° are shown in Figure 27
(included in Paper IV), representing the thickest Ag conductor with the thinnest (a)
and (b) and largest encapsulate layer (c) and (d). Considering the undulated shape
of the silver conductor in Figure 27(a), which is also partly observed (c) but to a
less extent, the measured constant resistance was quite remarkable. A reasonable
explanation for this behaviour is the higher intrinsic conduction of silver compared
to copper and the favourable combination of polymer binder and smaller filler
flake size (<5 μm), which likely has a lower e-modulus. As coated textiles are
complex materials since the fabric itself can be largely compressed or strained
upon bending, the absolute positioning of the conductor while in a bent state could
not be ascertained, as also revealed by light microscopy images.

Figure 26. Sheet resistance with increased abrasion cycles from 100 to 3200.
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Conclusions

The work presented in this thesis demonstrates functional coating formulations,
processes and characterisation methods for producing angle-dependent colourchanging and conductive fabrics with functional flake-shaped fillers in form of
multilayered mica pigments and metal flakes, respectively. Both experimental
studies, with different functional approaches, confirmed that the formulation
additives, coating parameters, and fabric construction strongly influence, in
particular, the amount of solids deposited on the fabric, and thus greatly affect the
functional performance.

Figure 27. Cross-section light microscopy images of a silver conductor with a
multilayer construction with a 100 µm (top row) or 200 µm (bottom row)-thick
encapsulant layer.
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For the colour-changing coatings, the experimental results showed that the initial
inclusion of a small amount of filler loading, 5 wt % relative to the binder
formulation, could produce apparent colour-changing effects. The magnitude of the
effect was strongly affected by the surface roughness and colour of the fabric
substrate as well as the detection angle. Here, a smaller surface roughness was
associated with a more pronounced effect due to the larger degree of planar
alignment of the EP platelets in the solid matrix. A white substrate provided
brighter effects, more towards the red and yellow regions, whereas a black
substrate resulted in darker blue and green effects, significantly emphasising the
effects as detected by multi-angle spectroscopy studies.
Different types of rheology modifiers (HASE, HEUR and LDPSAP) were found to
be compatible with the pigment and binder, compensating for the diluting effect of
added pigment slurry. Increasing the shear viscosity of the formulation prevents
the material from bleeding through the woven fabric. A correlation between the
type of rheology modifier and amount of solids deposition was also found, where a
higher viscosity (at a specific shear rate) was associated with a higher solids
deposition. The strongest correlations were found between increased gap heights
and pigment distribution and more plane-parallel oriented pigments within the
coated matrix. Here, no clear connections between pigment orientation and coating
speed were found. Instead, the lighter and more chromatic samples (with
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pronounced colour-changing effects) achieved with the lower coating speed and
increased coating gap heights, due to increased deposition, resulted in increased
number of pigments within the coating layer and hence a better optical coverage of
the black fabric.
With focus on conductive coatings, the demand for e-textiles used in personalised
healthcare and other smart textiles with integrated electronics is expected to
increase in the near future. However, standard procedures for testing different
types of materials and integrated component are still lacking. This experimental
study can serve as a guide for how to characterise conductively coated or printed
textiles using electrical resistance methods suitable for durability tests in form of
washing, abrasion and bending.
For electrical resistance measurements of plain coated and encapsulated
conductors, two 4PP arrangements were addressed: the linear 4PP method was
used on semi-infinite samples in paper III, and the square 4PP method was used on
finite samples, in paper IV. The comparison of the two methods presented in this
thesis confirms that both produce similar resistance values in agreement. However,
in contrast to the linear arrangement of a Ag conductor applied on plain fabric, the
square 4PP methods detects differences in the warp and weft direction, and the
values were ~12% lower in the warp direction for samples with the least
deposition, but this difference decreased with increased deposition. The differences
were also not as significant for Ag conductors applied on base-coated fabrics, and
the results indicate that this is correlated to the formation of a more homogeneous
and isotropic conductor with increased deposition, with a conductivity per threedimensional space unit that is more constant. The electrical resistance values from
linear 4PP method on finite samples, where the electrodes extend over the whole
surface area, represent more accurate sheet resistance values. This shows that
correction factors have to be introduced to compensate when infinite-sized
conductive samples are used.

reduce the Rsh. However, the latter was at the expense of increasing the flexural
rigidity of the coated fabric by a factor of ten already for the least amount of added
material. The rigidity was also found to be highly anisotropic, depending on the
face orientation (up or down). Nevertheless, the increased rigidity of the
conductors is associated to enhanced resistance to bending, preventing dimensional
changes and conductive network deformations during handling and maintenance
procedures, such as washing. Thus, a trade-off between conductor stiffness and
flexibility must be considered.
The abrasive forces from the Martindale test, simulating wear, was found to have a
severe impact on the conductive coated samples which increased by >3 orders of
magnitude for most samples after 3200 abrasion cycles. The most significant trend
was shown after 100 cycles, where the thickest conductors were more resistant to
abrasion, but with increasing cycles, such trend faded. Encapsulation did however
increase the resistance to abrasion particularly for CuMF samples. But for Ag
conductors with the largest deposition, no differences between plain and
encapsulated conductors were found, both showed the highest stability with an
increase below 3 orders of magnitude and sheet resistance below 0.1 Ω/sq after
3200 cycles.
It was found that additional measurements, beyond the linear 4PP placed on the
coated surface, such as infrared camera images of samples with applied voltage,
were required to detect microstructural deformations within the washed coated
matrix. Compared to the encapsulated samples, the infrared images of the plain
coated samples showed hot spots within the matrix, even though the linear 4PP
value was below 5 Ω/sq after five washing cycles, with a small standard deviation.

From the practical research presented in Papers III and IV, it can be concluded that
conductive formulations containing flake-shaped metals are promising for
applications in which high electrical conductivity is required, such as for power
distribution or for interconnecting leads for sensors or transducers. For improved
durability, the addition of a cross-linking additive in combination with smaller
amount of deposits, or the encapsulation of the conductor in combination with
increasing the amount of applied conductive material is required, which both

From the bending tests, it was concluded that stable encapsulated conductors,
which were minimally affected by electrical resistances under deformation strains,
were obtained by an Ag formulation containing flakes (<5 μm in diameter) in
combination with a larger amount of conductor and higher encapsulation thickness.
The electrical sheet resistance was more affected when samples were bent back to
back at 180° than when bent face to face at -180°. This was correlated to the
positioning of the conductor above the neutral plane of the structure, where it is
exposed to tensile strain and flakes are forced apart. Repetitive bending over up to
10 cycles also confirmed that the conductor was less affected when bent at -180°,
although resistances were increased by a factor of ten, for the most promising
conductors. Considering that the conductor exposed to compressive and tensile
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strains (sometimes alternating), depending on the bending angle, relies on a
conductive network of flake-to-flake contact, the fatigue behaviour after repetitive
bending cycles is due to the shearing forces between flakes, but confirmation of
this requires further research investigation.

Future work

Despite the extensive and broad work done to provide an answer to most of the
research questions presented in this thesis there still remains work to be done to
solve important question, which have risen during the development of this
research, both in angle dependent colour changes and conductive fillers. The most
important are listed below.

Fillers for angle-dependent colour changes
•

•

•

•

•
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Before considering upscaling for either EP-coating or screen-printing, a
systematic study to obtain the pigment threshold concentration should be
carried out.
Storage stability of coating formulations can be done by studying the
destabilisation or sedimentation phenomena using, for example,
ultraviolet-visible spectroscopy.
Optimisation of the plane-parallel orientation of the platelets within the
coated layer can be further explored, using applications techniques such as
calendaring or transfer coating. Another possible route is to increase the
solids content of polymers in the binder system, as it may lead to less
shrinkage during the evaporation, which was one of the factors forcing the
platelets to follow the curved shapes of the surface structure.
Studies comparing functionality and durability should be conducted, for
example, colourfastness tests specifically focusing on light, wash and
abrasion fastness.
From an environmental point of view, it can be of interest to use UV- or
IR-curable polymer dispersions that form solid films at room temperature.
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•

An expanded study on how substrate colour, e.g., blue, red or green
influences the colour-changing effect is appealing to assess the potential
design possibilities associated with these types of pigments.

•

A psychometric study could be useful to evaluate the correspondence
between the measured colour differences and visual observations.

Conductive fillers
•

•

•
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