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E-Textile Based Electrostimulation for Wound Healing

by Tom Greig

Electrical stimulation has been known to have a positive effect on wound healing since
the 1960s, although it has not yet been universally adopted as a recommended treatment
for various types of wounds. A review of the clinical trials investigating the effectiveness
of electrical stimulation confirmed its positive impact, with some studies reporting that
stimulation doubled the rate at which wounds healed. However, the low numbers of

participants and lack of consistency in these studies has prevented widespread adoption.

This thesis has investigated the underlying principals of electrical stimulation in the
wound healing process and developed an e-textile device which can be used easily in a
clinical setting and provide a platform for future studies. Dispenser printing was used to
fabricate the electrodes directly onto existing wound dressings. To improve the consis-
tency of the electrodes, a system was developed using laser displacement measurement
which allows the printer to track the height changes of an uneven surface, reducing

printing errors by 80%.

To understand how the current generated by these electrodes passes through the skin,
two electrical models of the skin were developed. Omne, an equivalent circuit model
derived from physical measurements, and the other, a simulation model using material
properties from the literature, were compared to assess their accuracy. The two models
agreed regarding the overall shape of the skin’s impedance, but there were significant
differences in their predictions of the DC resistance indicating an error in the modelling of
the stratum corneum. These model was used to assess the ability of the various electrical
stimulation waveforms to induce cell migration in vitro, but restrictions imposed by the

coronavirus pandemic, mean there was not enough time to achieve meaningful results.

Finally, a miniature, flexible stimulation device was fabricated. This device consists of
a battery powered circuit capable of generating a 30 V pulsed stimulation waveform, a
novel magnetic connector to attach to a wound dressing and basic wound monitoring
capabilities. The final device measured 50 x 30 x 10 mm so can be worn under clothing

and while performing other activities.
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Chapter 1

Introduction

1.1 Research Motivations

Wounds of all types are a significant problem for health systems, carrying a high chance
of long term hospitalisation, occupying staff time, decreasing bed availability and in-
creasing care costs. Wounds fall into several categories, the most notorious of which are
traumatic wounds, those caused by a physical event. Traumatic wounds however are
often the simplest to heal; as long as the wound has not significantly damaged any of the
body’s core functions, the natural process of wound healing should be able to proceed

unimpeded.

Other categories of wounds include pressure ulcers and vascular ulcers, which can be
much more difficult to heal. Pressure ulcers are caused when a prolonged pressure
acting on soft tissue (usually between a bony prominence and a bed or chair) causes the
tissue’s blood supply to be reduced. This means that the tissue cannot receive oxygen
and nutrients as it normally would and metabolic waste products cannot be taken away
[7]. Similarly, vascular ulcers, often described as venous or arterial, are caused when a
problem in the circulatory system impedes blood flow to a particular area, commonly
exacerbated by diabetes [8]. These wounds can be more difficult to heal because the
cause of the wound is hard to completely remove and will often hamper the healing

process.

Ulceration is also a very common problem and therefore a significant target for assisted
wound healing. Between 2015 and 2018, the NHS treated 33,155 cases of diabetic foot
ulceration, though it is thought that at any one time, more than 64,000 people with
diabetes in the UK have an ulcer [9]. Only 60% of these heal within 12 weeks [10].
Diabetic foot ulceration is also a common cause of amputations, leading to 7,000 each
year in England. Having an ulcer also comes with a high chance of mortality for diabetic
patients: only 60% survive for five years. The cost of diabetic foot care to the NHS was
estimated at £1 billion in the year 2014-15 [9].
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Typically, the treatment applied to a wound aims to create the best conditions in which
the body can heal itself. Dressings may be applied to prevent further physical damage
or blood loss, medications can be prescribed to rid the wound of infection, pressure
redistribution equipment may be used to alleviate the cause of a pressure ulcer [11]. In
many cases this is sufficient and the body can rebuild the damaged tissue in a timely
manner. In other cases, particularly when the cause of the wound cannot be completely

removed, the body is unable to repair itself and the wound becomes chronic.

One component that has been identified as being important to the wound healing process
is the current of injury. This is a small, ionic current that starts flowing into the wound
from the surrounding tissue when the skin is broken. It helps signal to cells that a
wound has occurred and where that wound is. The cessation of this current, before the

wound has healed, is strongly correlated with a wound becoming chronic [12].

By applying an external electric field to the wound, the cellular response to an injury can
be increased even if the natural flow of current has broken down. Electrostimulation has
shown promising results in several studies, in some cases doubling the weekly decrease
in wound size, from 7 to 15% [13, 14]. However, there are still several problems that
prevent the widespread adoption of electrostimulation therapy. The first is that there are
numerous parameters that can be varied when defining an electrostimulation protocol:
different studies have chosen various stimulating waveform shapes [13, 15], polarities
[11, 15], durations of treatment [16, 15| and electrode locations [17, 15] meaning that it
is hard to collate them into a cohesive body of evidence. Additionally, electrostimulation

apparatus can be bulky and inconvenient to the patient.

The emerging field of e-textile technology provides an opportunity to develop electrodes
that are much more ergonomic and potentially customised for a particular patient’s
wound. E-textiles are textiles that include some integrated electronic functionality. It is
now possible to add several types of electronic device to textiles without compromising
the fundamental textile properties of comfort and flexibility [18, 19, 20, 21, 22]. There are
a variety of ways in which electrical connections can be fabricated on textiles, including
weaving conductive threads into the fabric and printing them on the surface [23]. It is
possible to add electrodes to a fabric using printing as well [24]. Dispenser printing in
particular, wherein conductive pastes are deposited from a robotically actuated nozzle
[22], is promising as it offers the ability to print on the varied surfaces that wound
dressings present. The ability to print electronic circuits and electrodes onto textiles
also means that it is possible to incorporate electrodes into existing wound dressings

making electrostimulation more convenient.

E-textile technology also makes it possible to incorporate sensors into textile devices
[18]. This is potentially useful in wound treatment, where maintaining the appropriate
temperature, pressure and moisture levels are important [25], as it would allow these

properties to be monitored without removing the dressing.
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1.2 Objectives of this Research

This project first aims to develop a platform that can be used to fabricate electrodes
on existing wound dressings using dispenser printing techniques. This will require work
to ensure that the printer can produce electrodes on the varied surfaces that wound
dressing present. These electrodes should be sufficiently reliable to function for as long
as the dressing they are mounted on and should have a skin contact resistance low

enough that they can effectively apply electrical stimulation to a wound.

To assess the ability of the printed electrodes to deliver current to the relevant parts
of the skin, the project also aims to develop a model of the electrical behaviour of the
skin. By creating models based on multiple techniques, for example equivalent circuit

modelling and finite element simulation, the accuracy of the models can be evaluated.

The project also aims to evaluate the effect of using different stimulation waveforms, for

example D.C, sinusoidal or pulsed current, on the cellular response.

Lastly, this project aims to produce a prototype e-textile device that could be attached
to a wound dressing and provide an easy-to-use, unobtrusive means of delivering the

stimulation voltage.

1.3 Statement of Novelty

The following novelties were the targeted outcomes from this project:

e The first use of laser displacement measurement for height control in dispenser
printing. Along with optimisations of printing parameters (such as nozzle speed,
clearance and pressure), this is used to facilitate the fabrication of electrodes di-
rectly onto wound dressing in a manner that can be adapted to an individual

patient’s wound.

e The comparison of two different techniques for electrical skin modelling gives new
insights into what inaccuracies exist in the available data for the electrical prop-

erties of the skin.

e Miniaturisation of the circuitry required to provide wound healing electrical stim-
ulation. E-textile techniques are used to construct a high voltage power source
and controlling circuitry as a much smaller size and with more flexibility than pre-
viously achieved. This makes electrical stimulation treatment more comfortable

and convenient for a patient.

e The development of new, e-textile compatible connectors, the first to use spring-

finger contacts rather than the larger pogo-pins, allows the stimulation circuit to
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be separated from the electrodes. This reduces waste when the dressing is changed

while still allowing the stimulation circuity to be worn along with the dressing.

1.4 Thesis Structure

This thesis is divided into 7 chapters.

Following this introduction, chapter 2 provides a review of the literature, covering the
basics of wound healing, the biological basis for electrostimulation as a wound healing
treatment and a comprehensive review of relevant clinical trials. It also covers the

developments within e-textiles that may be applied in this area.

Chapter 3 describes a system for dispenser printing flexible electrodes on to existing
wound dressings, using a laser displacement meter to measure and account for the dress-

ings’ surface profile.

Chapter 4 describes the derivation of a simulation model representing the electrical
properties of the skin and electrodes which was used in the design and testing of the

stimulation circuitry.

Chapter 5 details the implementation of the model from chapter 4 to develop experiments
and apparatus to investigate an electrotaxis cell migration assay to evaluate different

stimulation waveforms.

Chapter 6 contains details of the device that was fabricated as an example of how e-
textile technology could be used to produce an electrical stimulation system. It includes
the miniature, high voltage stimulation circuit, a magnetic connector concept suitable
for connecting the circuit to a dressing, and concludes with an investigation of the
optimal way to integrate temperature sensing into the final proposed e-textile wound

healing system.

Chapter 7 gives the conclusions from the thesis and a discussion of potential future work

that remains in this area.

Additionally, appendix A describes a clip connector usable for programming small mi-
crocontroller circuits in e-textiles which was developed to aid in the integration of this
e-textile system, but is applicable broadly in the research group for the development of

e-textile demonstrators.
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1.5 Publications Arising From This Thesis

e T. Greig, R. Torah, and K. Yang, “Electrical stimulation for wound healing: Op-
portunities for e-textiles,” IEEE Reviews in Biomedical Engineering, pp. 1-14,
2022, doi: 10.1109/RBME.2022.3210598

e T. Greig, R. Torah, and K. Yang, “Investigation of Nozzle Height Control to
Improve Dispenser Printing of E-Textiles,” Proceedings, vol. 68, p. 6, Jan. 2021,
doi: 10.8390/proceedings2021068006

e T. Greig, R. Torah, and K. Yang, “Investigation of the effects of ink pigmentation
on substrate profiling for e-textile dispenser printing,” in 2021 IEEFE International
Conference on Flexible and Printable Sensors and Systems (FLEPS), pp. 1-4,
2021, doi: 10.1109/FLEPS51544.2021.9469756

o T. Greig, K. Yang, and R. Torah, “Evaluation of a spring-finger based, magnetic
connector concept for reliable e-textile interconnects,” IEEE Transactions on Com-
ponents, Packaging and Manufacturing Technology, vol. 12, no. 10, pp. 1723-1725,
2022, doi: 10.1109/TCPMT.2022.3209591
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o T. Greig, K. Yang, and R. Torah, “A comparative evaluation of equivalent circuit
and finite element electrical skin modelling techniques,” Biomedical Engineering
Ezpress, 2023, doi: 10.1088/2057-1976/acfb0

1.6 Impact of Coronavirus

The coronavirus pandemic prevented access to the biology laboratories for the majority
of the project. This limited the time available for biological testing to the final six
months. Because of these limitations, the focus of the bulk of the project shifted to
concentrate on printing, connector design and integration. The time was also used to

expand the literature review in chapter 2 into an independent paper.

1.7 Ethics Approval

The work in chapter 4 involved testing on human participants. This work was risk
assessed and written consent was gathered. Data was processed in line with university
and legal requirements. The study was approved by the University of Southampton’s
ethics process (study ID 64238).
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Chapter 2

Literature Review

2.1 Introduction

The body naturally possesses the ability to heal most wounds. The purpose of medical
treatment is to support this process: to ensure that the optimum temperature and
moisture for healing are maintained and to prevent additional harm from occurring,

either from physical damage or infection [25].

Once a wound has opened, the body first attempts to stop the loss of blood before
rebuilding the lost or damaged tissue. While this is happening, a small ionic current
develops, flowing into the wound. This current is one signal that indicates to cells that a
wound has occurred and directs them towards the wound site. Blocking this current can
cause a wound to become chronic. By amplifying and ensuring the continued presence of

this current, electrical stimulation can make the process of wound healing more reliable.

This chapter gives an overview of the biological mechanisms involved in wound heal-
ing and how these are affected by the current of injury. It then discusses the various
approaches that have been taken to model the electrical impedance of the skin and
the experiments that have developed wound healing analogues in vitro. A comprehen-
sive review of clinical trials is then given to identify the potential effectiveness of the
treatment. Finally, they types of wound dressing currently available are listed and the

e-textile technologies that may be used to integrate electrodes into them are discussed.

2.2 The Biology of Wound Healing

The natural process of wound healing is a complex system involving many types of cells
and chemicals which all react to one another to produce a coordinated response. It is
commonly divided into four chronological stages, though these stages will overlap and

occur at different times in different parts of the wound.
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2.2.1 Stage 1: Haemostasis

The purpose of this first stage is to prevent blood loss. It typically happens within a
few minutes of a wound opening and is a job that primarily falls to platelets, a type of
blood cell. When a blood vessel is broken, platelets detect and bind to collagen in the
extra-cellular matrix (ECM), the structure that exists between cells and adds strength
to a tissue. This binding causes platelets to change their morphology, allowing them to
bind to other platelets and build up a clot [26].

Bound platelets also start releasing soluble mediators which initiate the coagulations
cascade. Soluble mediators are chemicals, usually released by cells, that act as mes-
sengers to other cells or that form part of a chain of chemical reactions (a cascade).
The coagulation cascade is a set of reactions that results in the protein fibrinogen being
converted into another protein called fibrin. Fibrinogen is found on blood plasma and
is also released by platelets, having been stored in their specific o granules, see figure
2.1. The fibrin generated by the cascade forms the bulk of the scab and is used as a
temporary scaffold around which tissue can regrow. It is replaced later in the healing

process by a permanent, stronger matrix made of the protein collagen [26].
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FIGURE 2.1: Structure of a platelet cell before it is activated. Once activated, it spreads
out and extends pseudopodia to better aggregate with other platelets [26].

2.2.2 Stage 2: Inflammation

The purpose of the inflammation stage is to prevent or deal with infections. A break

in the skin provides an ideal entry point for pathogens and the inflammation reaction
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allows the body to swiftly kill any that do enter.

Inflammation is triggered by the release of inflammatory mediators, these include his-
tamine, released by keratinocytes which make up the skin when it is broken, and some of
the chemicals involved in the coagulation cascade [26, 27]. Several types of cells involved
in the inflammation response also release inflammatory mediators when activated, cre-

ating a positive feedback loop [25].

The first effect of the inflammatory response is that blood vessels dilate and the en-
dothelial cells that line them become less tightly packed and start expressing adhesion
molecules. This allows cells to attach to the side of the blood vessel, stop themselves
from flowing onward and move through the vessel wall into the wounded tissue [27]. The
first cells to reach the wound site are neutrophils. Their job is to destroy pathogens and
devitalised tissue via phagocytosis, engulfing a pathogen into a pocket called a phago-
some where it is broken down by a variety of chemical mechanisms. Neutrophils are
very short lived: even if activated, they die by apoptosis (preprogrammed cell death)
within a few days [27, 28].

Once the neutrophils have been depleted, they are replaced by macrophages which
carry on destroying pathogens and dead tissue. They also have the important task
of cleaning up dead neutrophils; if the chemicals used by neutrophils to break down
phagocytosed material are released into the extra-cellular environment, they can damage
healthy cells and hinder wound healing [25]. Macrophages can also trigger the transition
from the inflammatory stage to the proliferation stage through the release of more soluble

mediators [25].

2.2.3 Stage 3: Proliferation

It is during the proliferation stage that the damaged tissue is actually replaced. It
involves replacing damaged dermis with granulation tissue; angiogenesis, the process of

regrowing blood vessels, and reepithelialisation [25].

Granulation tissue is mostly produced by fibroblasts. These cells migrate into the wound
from the surrounding tissue when they detect the presence of mediators released by
macrophages and platelets. They migrate by attaching themselves to the extra-cellular

matrix and pulling themselves forward [25].

Once at the wound site, fibroblasts differentiate into myofibroblasts and start producing
collagen to form the new ECM. As myofibroblasts, they also proliferate, though they
can only do this a certain number of times before becoming senescent at which point

their presence may become detrimental to healing [29].

Once the new ECM is in place, angiogenesis can begin. Angiogenesis is triggered by

soluble mediators as well as environmental factors like oxygen and pH [25]. New branches
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are formed when dividing epithelial cells in the wall of an existing blood vessel break
through their basement membrane. When two of these branches meet, a new capillary
is formed [25].

The last part of the proliferation stage is reepithelialisation; this is when damaged skin
is replaced. Skin is made up of cells called keratinocytes which are divided into four
layers, differentiated by their morphology, as shown in figure 2.2. Cells in the bottom
layer, the stratum basale, are the only ones capable of proliferation. Normally, they
divide to produce a new cell which steadily moves upwards, changing morphology as it
goes, until it reaches the surface and is worn off. When reepithelialising however, basal
keratinocytes change from their usual cuboidal shape, becoming flat and elongated and
start moving out across the wound. They are propelled by their lamellipodia, these are
processes extended out by the cell that grip onto the ECM and pull it forward. Once
the basal keratinocytes completely cover the wound, they return to their original shape

and start proliferating to build up the other layers [30].

Stratum
> Granulosum
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FIGURE 2.2: The layers of the epidermis. Cells in the stratum basale divide and then
move upwards, changing morphology as they go from one layer to the next [30].
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2.2.4 Stage 4: Remodelling

Because the earlier stages need to be completed as quickly as possible to restore the
functionality of the tissue and the physical barrier of the skin, some stages are performed
to a minimal functional standard. In particular, the extra-cellular matrix produced by
the proliferative stage is laid down almost at random and has much less strength than
that of healthy tissue. Over the course of a few months, the original type II collagen
matrix is replaced with a more organised one made from type I collagen. This brings
the tensile strength of the wound from about 25% of normal tissue up to around 80%.

Repaired tissue never quite reaches 100% [29, 25]

2.2.5 Chronic Wounds

A wound will become chronic if anything prevents it from moving through these four
stages. Most commonly, this occurs when a wound gets stuck in the inflammatory phase,
for example, because of a prolonged infection. Neutrophils and macrophages contain
proteases which they use to break down phagocytosed material. Upon their death,
these enzymes are released and can begin to break down healthy cells. Additionally,
macrophages destroy devitalised tissue using elastase and collagenase enzymes which
can also break down newly grown granulation tissue. As such, allowing too many of

these cells to accumulate will hinder the healing of the wound [29, 25].

Another potential cause of delayed wound healing is physical damage to delicate, newly
grown tissue. Should new capillaries be broken for example, the whole process of wound

healing can start again from the haemostasis stage [29, 25].

2.3 Electrical Currents in Wound Healing

2.3.1 Natural Current of Injury

During wound healing, a current naturally occurs, flowing into the wound from the
surrounding tissue. This arises because of the potential differences that exist across the

skin being short circuited by conducting fluids such as blood and wound exudate [12].

A potential difference across the skin is generated by moving sodium, potassium and
chlorine ions through the cells of the epidermis. Most cells predominantly move negative
ions (CIl') towards the surface and positive ions (Na™ and K*) away from the surface
[31]. On average the surface of the skin is 23 mV lower than the dermis, though this
varies between different parts of the body: the hands and feet can be 35 mV lower while

the difference on the head and upper arms is only 15mV [32].
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When the epidermis is broken, a conducting path can form between the dermis and the
surface of the skin, as shown in figure 2.3. Here the current does not consist of free
electrons, as in a metallic conductor, but the same charged ions that were moved to

form the potential difference in the first place.

How the properties of this current are affected by the depth of the wound has not been
thoroughly studied, though it is known that the dermis is more conductive than the
fat or muscle that lies below it [33], meaning that the returning current will likely be

concentrated in the dermis, regardless of the wound’s depth.
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FIGURE 2.3: The structure of the skin and source of wound current. Cells in the stratum

basale proliferate and move outwards, changing morphology as they go from one layer

to the next [30]. These cells move charged ions through themselves, providing a current

source. The circuit is completed when a conducting fluid, e.g. blood or wound exudate,
connects the surface of the skin with the dermis [30, 31].

2.3.2 Responses to Current

Many different types of cell have been shown to migrate directionally in an electric field,
through a process called electrotaxis [31]. Of the cells involved in the inflammatory
phase, lymphocytes [34], monocytes and neutrophils [35] have been shown to migrate
cathodically meaning they are directed towards the centre of the wound. Macrophages
have been recorded migrating perpendicularly to an oscillating electric field [36] and
granulocytes have been shown to migrate towards the anode in a constant field [37].
Several studies have examined how fibroblasts behave in an electric field and most record
them travelling cathodically [38, 39, 40, 41, 42], but they have also been recorded moving
towards the anode [43]. Keratinocytes also migrate towards the cathode [44].

There are a variety of mechanisms through which this migration may occur. The first is

that charged proteins on the cells’ surface will accumulate on one side or the other when
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exposed to an electric field. Integrins, the proteins used by cells to bind to the ECM, are
negatively charged in the region outside the cell and so accumulate cathodically when an
electric field is applied [31]. Keratinocytes have been shown to cease their electric field
induced migration when missing proteins involved in the functioning of integrins [45].
The same mechanism applies to the receptor proteins used to detect soluble mediators.
Epidermal growth factor is a mediator the encourages keratinocytes to proliferate and
to move across the wound [25]. The proteins that detect epidermal growth factor are
negatively charged and accumulate on the cathodic side of their cells within 10 minutes

of an electric field being applied [31].

It is also thought that electric current can inhibit the growth of bacteria [12]. Several
clinical trials reported that electrical stimulation treatment helped to heal infections
and that rates of infection were higher in control group patients than those receiving
stimulation [15, 46]. However, it is hard to determine exactly how this inhibition takes
place given the complex systems involved and the number of mechanisms the stimulation

could be utilising,.

One potential reason for the lower incidence of infection is that electrical stimulation is
simply aiding the body’s own immune system. As stated above, monocytes and neu-
trophils are attracted to the cathode in an electric field [35]. Thus, cathodic stimulation
will cause a greater number of them to reach the wound site and make it more likely

that an infection is quickly eradicated.

While this is certainly one way in which electric fields can affect bacteria, it cannot
be the only one. This is because several in vitro studies have also demonstrated the
antibacterial effect of electric current. The first of these was done by Rowley in 1952.
He placed E. coli from a colony in its logarithmic growth phase into a liquid growth
medium and applied DC or AC of varying frequencies in the range of 0.2 - 140 mA.
AC had very little effect, but DC had a significant impact on the growth rate of the
bacteria. Also having a large effect was how close the bacteria were able to get to the
electrodes themselves. This was because the area around the electrodes had a significant
change in pH due to electrolysis effects. With filters keeping the bacteria away from the
electrodes and at a constant pH, 140 mA of DC increased intergeneration time - the
time between a cell dividing and its daughter cells dividing - by 14.5%. Without filters,
the intergeneration time was increased by 38.8%. The electrodes used in this study were
made of platinum - iridium which is particularly resistant to leaching into the growth

medium and so will not have had a direct effect on the bacteria [47].

Later Spadaro et al. performed a similar test using four different types of bacteria:
staphylococcus aureus, escherichia coli, pseudomonas serugionsa and proteus vulgaris;
and five types of electrode: platinum, stainless-steel, gold, copper and silver. It was
found that silver had a large bacteriostatic effect (it prevented the growth of bacteria,

but did not kill them) even at very low currents (0.4 pA) where no change in pH was
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caused. With larger currents (40 & 400 pA), the other electrodes started to have an
effect, though when applying currents this strong, large changes in pH were caused [48].
This implies that the antibacterial effect of electrical stimulation is not a direct result
of the current or electric field, but more a result of silver’s antibacterial properties or

the environmental changes the currents caused.

These two studies show that electrical stimulation is able to inhibit bacterial growth,
but imply that this is achieved by inducing a pH change in the environment. This makes
the results hard to apply to practical wound healing, where pHs must be controlled to

prevent damage to surrounding tissue.

2.4 Electrical Modelling of the Skin

When studying electrical stimulation as a wound healing treatment, it is essential to
understand the electrical properties of the different skin layers. Without this, it is
impossible to know where an induced current will be flowing or what magnitude of

electric field will be present in the different regions of the skin.

Relying on physical measurements alone, it is difficult to gain this understanding: doing
so would require the insertion of needle electrodes into a test subject which can be
painful and only gives data about a few specific points. For systems that are this hard
to observe, mathematical models and simulations are a crucial way of developing a
more complete understanding. Unlike physical measurements, they can provide detailed
information about any point within their scope and can be used to rapidly evaluate

stimulation systems without the need for physical fabrication or testing.

The weakness of modelling is that results can be less accurate than those from a physical
experiment. A model will never perfectly match the real equivalent, particularly in a

system as complex and variable as biological tissue.

There are two main approaches available for modelling electrical behaviour: the first is
using an equivalent circuit model, wherein the different parts of a system are represented
with combinations of resistors, capacitors and inductors which provide an equivalent
impedance [49]. The second is to use a tool such as finite element analysis to simulate
a full, three dimensional model of the system, built using the dimensions and material

properties of its components.
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2.4.1 Equivalent Circuit Modelling

—— A B

NS NS

Electrode Electrolyte Stratum Corneum Tissue

FIGURE 2.4: Neuman’s equivalent circuit model of a skin — electrode system including
the external electrode, electrolyte, epidermis and underlying tissue [50].

An equivalent circuit model that has been widely used in the field of biopotential mon-
itoring [49, 51, 52] was derived in 1989 by Kaczmarek and Webster [53] before being
further developed and matched to the physiology of the skin by Neuman [50]. This
model is shown in figure 2.4. Kaczmarek and Webster’s equivalent circuit consisted of
a second order filter of two, parallel resistor — capacitor networks, plus an additional

series resistance.

The first of these RC pairs was attributed by Neuman to the interface between the elec-
trode and the electrolyte (either sweat or an applied gel interface). This is a result of the
double layer capacitance effect that occurs at the boundary between ionic and electronic
conductors. (This capacitance forms because the electronic conductor generally holds
and excess charge near its surface. This is balanced out by a complementary change of
the ion distribution in the electrolyte. These two layers of opposite charge, separated
by an atomic scale distance, produce a large capacitance [54].) The parallel resistor

represents the leakage current across the electrode — electrolyte boundary [50].

The second RC pair is attributed to the stratum corneum, the thin, poorly conducting,
upper layer of the skin. The electrolyte itself and the deeper layer of tissue are considered

to be purely resistive.

Neuman also adds two potentials to the circuit, represented by the cells in figure 2.4, one
caused by the half-cell between the electrode and the electrolyte, and the other caused

by the difference in ion concentrations across the stratum corneum [50].

This model was developed for biopotential monitoring (for example ECG or EMG mea-
surement) where the voltage source exists within the body itself and has to be conducted
to an electrode where it can be measured. It could however be adapted to the electri-
cal stimulation case by duplicating the electrode, electrolyte and epidermis sections to

represent the returning current path.
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A limitation of this model is the presumption that the stratum corneum and electrode —
electrolyte interface present pure, frequency independent capacitances. Factors including
the inhomogeneity of tissues and the polar nature of water molecules mean that is not
the case. There are several ways of accounting for this which are discussed in section
2.4.3, below.

This type of model has been used to investigate the effects of electrode material [52]
and to show that the interface impedance decreases as more pressure is applied [51]. Its

simplicity means that all the parameters can be derived from physical measurements.

2.4.2 Finite-Element Simulation Modelling

A drawback of equivalent circuit models, it that they are specific to a particular geom-
etry. If the size of the electrodes, or the thickness of a skin layer changes, the entire
model must be reconstructed. Finite-element models solve this issue by specifying the
geometry of a system separately from the other properties. They work by dividing a
model into many small elements, then solving the relevant equations within each one

using numerical methods.

When constructing a finite-element simulation model of the skin, the model will generally
be divided into a number of sections, corresponding to the different skin layers, each
parametrised by their geometry and electrical properties. The accuracy of the model is

largely dependent on how accurately these properties are known.

The geometric properties of the skin are well documented as they can be measured easily
using microscopy techniques [55, 56]. When developing a model, it is important to use
skin thickness data appropriate for the part of the body being considered as skin in
certain regions, particularly the hands and feet, is much thicker than elsewhere on the

body, but the data necessary to do this is also widely available [55].

A much greater challenge is identifying the electrical properties of the various skin layers.
Because of how thin the upper layers of the skin are (>100pm), it is difficult to isolate
a sample that can be used for impedance measurement [57]. For deeper tissue layers
that are somewhat thicker, or in studies where the skin layers are lumped together, this

is less of an issue [58].

One early study measuring the impedance of stratum corneum, Yamamoto and Ya-
mamoto, 1976, circumvented this issue by measuring the impedance between two elec-
trodes before and after stripping away the stratum corneum using tape and then calculat-
ing the difference. This was only possible because the stratum corneum is the outermost

layer of the skin and it can be removed without significant harm to the patient [59].

A different method of measuring tissue impedance that doesn’t require isolating the

individual layers is using an open-ended coaxial probe butted against the skin [60, 61].
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The coaxial line is pressed against the skin and the S;; reflection coefficient is mea-
sured using a network analyser [62]. From this, the permittivity and conductivity of the
reflecting material can be derived. The depth into the sample that the electric field pen-
etrates can be controlled by varying the inner and outer diameters of the coaxial probe
[63]. This technique is effective for measuring the skin impedance at radio frequencies,
it’s development driven by the need to understand how wireless communication signals
interact with the body [64, 61, 65, 66]. Because of this, there are no published results
from this method below 1kHz which would not be relevant to wireless networks. This
limits its applicability to wound healing stimulation which primarily uses frequencies
from D.C. to 1kHz [67].

2.4.3 Modelling Dispersion Characteristics

One of the complexities that must be considered when modelling biological tissues is the
propensity for materials’ properties to change with frequency. Because tissue is non-
homogeneous and because it contains polarised dissolved molecules, its permittivity, and

thus capacitance, will change at different frequencies.

These are referred to as dispersion effects. There are three main dispersion mechanisms
that are present in biological tissue, labelled o, B and y which occur at around 102, 10°
and 10! Hz respectively [68]. The y dispersion effect is caused by the polar properties
of water [68]. The 3 dispersion effect it thought to be a result of the structure of cells:
at low frequencies, cell membranes present a significant impedance to conducting ions,
whereas at high frequencies, the cell membrane can be capacitively bypassed, decreasing
the relative permittivity of the tissue [68]. The cause of the o dispersion is not yet known.
It has been shown to disappear within a few hours of death [69] and it has been suggested
that it is also a result of cellular structure but though a different mechanism than the (3

dispersion [70].

There are a number of ways of representing dispersion effects mathematically, allowing
them to be incorporated into both equivalent circuit and finite element models. The

most accurate method is shown in equation 2.1.

Ae, o; (2.1)

jur,) 7o Jweg

e*(w)=6w+zn:1+(

This equation calculates complex permittivity, a value that contains both permittivity

and conductivity according to equation 2.2.
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Here, € is the permittivity at infinite frequency and o, represents the intrinsic conduc-
tivity of the material. The summed term in between them, referred to as the Cole-Cole
term, is used to represent each dispersion effect, parametrised by Ag,,, the change in
permittivity caused by that effect, 7,,, the inverse of the frequency at which it occurs,
and «,,, a parameter which encodes the frequency range over which the dispersion effect
takes place [71].

A simpler representation, which approximates the effects of a single dispersion mecha-
nism on the effective value of a capacitor, is to change the capacitor’s impedance from
(jwC) ™" to (jwC)* " where o has a value between 0 and 1 [72]. This representation is

particularly useful in equivalent circuit models.

(The a terms in these equations have no relation to the a dispersion effect specifically.)

2.4.4 Conclusions

Models are a vital tool for understanding the electrical properties of complex systems

such as biological tissue.

Equivalent circuit models have the advantage of greater simplicity; having fewer pa-
rameters means that their values can be derived from physical measurements [52, 49].
However, equivalent circuit models are less detailed; they provide no information about
the flow of current within a tissue layer, only what the electrical potential is on either
side. They are also harder to generalise: the circuit model for an electrode on a 1cm
diameter wound cannot easily be converted into a model for an electrode on a 2cm

diameter wound, for example.

3D finite element simulation models solve this problem by specifying the geometry sep-
arately from the material properties. These added degrees of freedom come with the

drawback of making the model more challenging to derive.

Accurate models of the skin are very useful for the development of electrical stimulation
protocols. They allow stimulation devices to be tested without the need for patients,
or long term trials. Modelling is also necessary when conducting in vitro experiments
to ensure that the currents and electric fields being used match what cells would be

exposed to in vivo.

2.5 Electrotaxis

Electrotaxis, sometimes referred to as galvanotaxis, is a phenomenon observed in some

cells that causes them to move when in the presence of an electric field. Directed
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cellular migration is one of the most important effects of the natural current of injury,

and therefore of any external electrical stimulation treatment [12].

2.5.1 Experimental Methodologies for Investigating Electrotaxis

The majority of experiments on electrotaxis are conducted on a glass substrate, whether
in a Petri-dish [73, 74]; a custom-made chamber [38, 75] or, in some cases, a simple trough
built from a stack of cover slips [40, 43]. A typical experimental setup is shown in figure
2.5.
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FIGURE 2.5: Experimental setup used by Zhao et al. 1996. Similar apparatus is used
in most other electrotaxis studies. Image taken from [73].

Most studies chose to supply the electric field through metallic electrodes placed in a
reservoir of saline solution that is connected to the electrotaxis chamber by bridges of
saline solution with 2% agar [73, 38, 41, 43, 74, 75, 76, 77, 78, 79, 80]. These bridges
are at least 10 cm long and connected to the medium the cells are in. This means that
any chemicals released from the electrodes or produced by electrolysis cannot reach the
cells [43].

In most cases, the cell culture being studied is placed on a glass cover-slip which was
then placed in, or formed part of the electrotaxis chamber. Some studies [44, 77, 75]

coated their glass slips with collagen, a major component of the extra-cellular matrix;
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this makes the experiment more closely resemble in vivo conditions. Doing so did not
otherwise affect the experimental setup or method, however Sheridan et al [44] showed
that human keratinocytes will migrate approximately three times further on a substrate
of type I collagen than on plastic. The substrate had no effect on the directionality of

the migration however.

A variation on this standard setup was used by Moarefian et al. [81] who built a
microfluidic enclosure, a few millimetres across, with a central chamber for the cells
connected to four additional chambers on the sides. These could be used to insert
additional chemicals creating a chemical gradient, or to connect steel electrodes to apply
an electric field. From a cell’s perspective though, this produces the same environment,

just on a smaller scale.

Since around 2000, the most common medium for electrotaxis experiments has been
Dulbecco’s modified Eagle’s medium (DMEM), usually with 10% foetal bovine serum
(FBS) added. This creates an environment where the cells have all the nutrients they
need to survive and proliferate. No work in the literature has so far investigated whether
the differing electrical characteristics of this media mean that the effects of an electric

field applied in one of these assays would be different from that in the body.

One study that did not follow the standard setup was Bullock et al. 2007 [82]. They
constructed a full model of a skin wound by growing human epithelial cells in a ring
shape on top of deepithelialised dermis. They then applied stimulation in various ways
and compared the rate at which the hole in the centre closed. The stimulation method
in this study was wireless, using an alternating current (AC) excited coil placed under
the culture dish. Therefore, this study offers no indication as to whether such a model

is suitable for testing printed electrodes.

FIGURE 2.6: Wound model from Bullock et al. 2007 after 0, 7, and 13 days (a, b and
c respectively) of being cultured at an air liquid interface. Image taken from [82].
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2.5.2 Discussion of Electrotaxis Results

All studies reviewed managed to record electrotaxis occurring in their cell samples,
thought the voltage at which this occurred varied significantly between cell types and
between studies. The study that found an effect with the weakest electric field was by
Nuccitelli and Smart in 1989 and was testing on embryonic neural crest cells from quails
[76]. They managed to record cathodic migration at only 10 mV/mm. The majority of
studies observed electrotaxis beginning at a few hundred mV/mm. This lines up well
with the field strength observed in wounds which is between 100 and 200 mV /mm [31].

The majority of cells were recorded migrating towards the cathode; this equates to
moving towards the centre of the wound. Notably, one study recorded fibroblasts from
rabbits moving towards the anode [43], however several more recent studies recorded
them moving cathodically [39, 40, 41].

2.5.3 Electrotaxis Conclusions

The conventional apparatus and configuration of electrotaxis experiments provides a
reliable method of finding how cells will respond to a known electric field. The ability
to change the substrate on which the cells are placed allows the environment, from a

single cell’s perspective, to be very similar to in vivo conditions.

However, to be able to observe and track cells during an experiment, electrotaxis cham-
bers need to be made from transparent materials. This means that it is difficult to
observe the effects of electric fields on cells in an environment that physically resem-
bles human tissue and that the electric field produced by an electrostimulation device
could not be directly tested this way. Instead, the electric field produced in the tissue
by such a device would need to be measured or calculated beforehand, then artificially

reproduced in an electrotaxis chamber.

One other way in which electrotaxis experiments could be useful in the development of
electrostimulation devices is testing the cellular response to different waveforms. There
have been studies conducted with biphasic waveforms [82] and pulsed electric fields [74],
the latter successfully inducing directional migration. One study, Tsai et al. 2012 [41],
tested various waveforms including high voltage pulsed current, finding it ineffective.
However, no attention was given to the electrical differences between their electrotaxis
chamber and human tissue. This means that there is no guarantee that the electric field
the cells in the experiment were exposed to was the same as they would experience in

V0.
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2.6 The Effectiveness of Electrical Stimulation for Wound
Healing

The first true research into the effects of electricity on wound healing came in the 1960s
after it was found that applying conductive gold leaf to ischaemic skin ulcers significantly
improved their ability to heal [83, 84], though this was first noted in 1668 by Sir Kenelm
Digby in his Choice and experimented receipts in physick and chirurgery where it was

described as a ‘most certain remedy for all Scars of the Small-pox’ [85].

Reviewed below are the studies the tested an active electrostimulation treatment, ob-
serving its effects on wound healing in human patients. They were identified by searching
the PubMed database and EBSCO MEDLINE with the query ‘wound AND heal* AND
electr* AND stimulation’ Each paper also had its references and, where available, pa-
pers that cited it, checked for other studies that fit the criteria.

2.6.1 Low Intensity Direct Current

The first type of active stimulation investigated is known as low intensity direct current
(LIDC). It typically involves currents of under 1 mA delivered either continuously or as

a low frequency square wave with an on-period of at least one second [67].

The first study to investigate LIDC was by Wolcott et al. in 1969 [15]. Patients with
ischaemic skin ulcers were treated with a constant DC current between 400 and 800 pA.
Current was applied in sessions lasting two hours, three times a day. For the first three
days, the electrode on the wound itself was negative with the positive electrode 15 cm
proximal to the wound. The polarities were then reversed the next two times that
healing ‘plateaued’ (usually two to three weeks later, then another week after that).
From then on, the polarities were reversed daily. Of the 75 ulcers treated during the 18
month study, most of which had not responded to their previous treatment, 31 healed
completely. Eight patients had two or more ulcers and so were able to serve as their
own controls. Among these patients, the average weekly wound size decrease was over

five times higher in the treated wounds than the controls.

The reason for the polarity switching, explained in a later paper by the same authors
[86], was that negative stimulation appeared to have an antibacterial effect but hindered
wound healing, while positive stimulation aided both healing and bacterial growth. De-
spite providing no evidence for this nor giving a precise definition of a healing plateau,

several further studies used polarity reversing schemes inspired by this one.

The first of these was conducted in 1976 using an identical methodology but only revers-

ing the polarity after the first plateau. Here 48 out of 100 total ulcers healed completely



2.6. The Effectiveness of Electrical Stimulation for Wound Healing 23

and in the six patients with control ulcers, the mean weekly healing rate was twice as

high in wound treated with electrostimulation [16].

In 1985 the same stimulation was tested again, this time using three days of negative
stimulation following each plateau and positive the rest of the time. This study used
15 pairs of subjects, matched by age, wound type, wound size and wound location, one
of whom received simulation, the other only standard wound care [87]. The treatment
lasted for five weeks. The average wound volumes in the two groups were similar at
the start of the study, but by the third week, the treatment group’s wounds were, on

average, less than a quarter of the volume of the control group’s.

Despite the poorly defined methodology, these three studies’ overwhelmingly positive
results imply that the potential benefits of electrostimulation treatment are very large,
but the lack of rigour and consistency make it hard to identify the principal driver of

these results.

In 1987, Katelaris et al. [88] tested LIDC stimulation combined with dressings soaked
in saline solution or povidone-iodine. They used a stimulator that provided 20 pA of
current with the cathode over the wound. They were unable to find any evidence that
electrical stimulation sped up the healing of venous ulcers. In fact, it was found that
electrical stimulation combined with povidone-iodine significantly slowed healing. A
possible cause of this is that the negative electrode over the wound would repel the
negatively charged iodine molecules, causing them to penetrate deeper into the tissue
instead of killing bacteria on the surface as they were meant to [89]. These results
show that, while electrostimulation may be generally helpful, care must be taken when
considering the materials used alongside it to ensure that there are no detrimental side-

effects.

In the same year, Fakhri and Amin investigated the effects of LIDC on chronic burn
wounds. Their treatment consisted of 25 mA of current applied on either side of the
wound for 10 minutes, twice a week. In all of their 20 patients except one with anaemia,
reepithelialisation began within three days and the wounds completely healed within
three months. In addition to this, several patients, on whom skin grafts had previously

been attempted, had them succeed when retried after electrical stimulation [17].

These studies show that the potential benefits of electrostimulation are substantial, but
offer little information about what the best polarity is. The earlier studies get positive
results by alternating the orientation of their electrodes, though offer nothing to compare
that against and no evidence for why that method was chosen. Meanwhile Fakhri and
Amin shows that having current flow across the wound, rather than into or out of it, can
also result in a substantial benefit to patients. A complicating factor is that prolonged
exposure to DC currents, even below 1 mA, can cause the tissue under the cathode to

become alkaline and under the anode, acidic. This can cause irritation and create a
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sub-optimal environment for the cellular processes necessary to facilitate wound healing

[67, 90]. As a result, LIDC is rarely used in modern settings.

2.6.2 Pulsed Current

An alternative to continuous DC that alleviates some of its problems is pulsed current.
Pulsed current usually takes the form a square wave that is on for less than 1 ms and has
a small duty cycle, typically less than 5%. This stops it from causing the pH changes

and irritation that occurs with continuous current while still being a polar signal [67].

The first studies investigating pulsed current for stimulation were done to test wound
healing stimulators made by Staodynamics Inc.: the Dermapule [13] and Vara/Pulse
[91]. Both stimulators could be configured to provide a square wave with an amplitude
of 35 mA and a frequency of 64 or 128 Hz. Regardless of frequency, the output had
an on period of around 140 ps. In both cases the stimulation was applied in 30 minute
sessions, twice a day for four weeks. Initially, the electrode over the wound was negative
and the frequency set to 128 Hz. This was maintained until the wound cleared itself of
necrotic tissue (debrided itself). After that, the polarity was switched every three days.
Once a wound reached stage III (descending into subcutaneous tissue, but not muscle),
the frequency was reduced to 64 Hz and the polarity was reversed daily. In both studies,

the healing rate was twice as high in the stimulation group than in the control group.

The Dermapulse device was tested again over a period between 1997 and 2006 by Jiinger
et al. using a similar protocol to the original studies, except the stimulation was repeat-
edly cycled between 7 days of negative and 3 days of positive. At the end of the four
month study, it was again found that stimulated wounds shrank at over twice the rate
of the controls, backing up the previous tests. Significant improvements were also found
in reported pain, transcutaneous oxygen partial pressure (a measure of oxygen levels in

a tissue) and capillary density [92].

In 1993, Wood et al. tested a device that applied 300 - 600 pA of current at frequencies
below 1 Hz [93]. In their study, the electrodes were placed on either side of the wound,
on healthy skin. After eight weeks of treatment, with one session (of unspecified length)
every other day, the treatment group’s ulcers had healed by about 80% on average and

those from the control group had mostly deteriorated.

In 2001, Adegoke and Badmos tested an electrostimulation device that provided pulsed
current with a duty cycle of one third and a frequency of 30Hz. They gave spinal cord
injury patients with stage IV ulcers 45 minutes of stimulation each session just below the
minimum perceptible intensity. While their treated patients showed much better results
than the controls, there were only three patients in each group and within groups, there

was a lot of variation, reducing the result’s significance [94].
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One other study, published in 1996 by Baker et al, used stimulation protocols that could
be considered pulsed current. Here, three different stimulating waveforms were tested.
The first consisted of a positive pulse of a high intensity followed by a longer negative
pulse of a lower magnitude, such that the total charge transferred in each direction was
equal, as shown in figure 2.7a. The second waveform, figure 2.7b, was the same except
that the negative pulse was of the same duration as the positive one (but still had a
lower amplitude). The final waveform was similar to the second but scaled to have a
lower amplitude overall: 4mA for the positive pulse, the first two waveforms having their

amplitudes set just below the motor threshold, figure 2.7c.
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FIGURE 2.7: Stimulation waveforms used in Baker et al. 1996 [95].

No statistically significant difference was found between the healing rates of the three
different groups, or the control group when all patients in the groups were analysed
together. When just the patients that completely healed during their treatment were
analysed, the balanced waveform appeared slightly better than the unbalanced and sig-
nificantly (p < 0.05) better than the lower amplitude or controls [95]. The applicability
of this result is limited however, not just by the complicated method required to obtain
a significant result, but also by the fact that both the electrodes were placed on intact
skin on either side of the wound, when compared to the more common configuration of
one on intact skin and the other directly on the wound. As such, this study does not

provide any clarity on what the effects of charge flowing into or out of the wound are.

2.6.3 High Voltage Pulsed Current

A sub-type of pulsed current that has become one of the most widely studied waveforms
is high voltage pulsed current (HVPC). This furthers the principal of using more current
for less time, applying voltages of up to 200V but only for a few microseconds and with
a duty cycle under 1% [67].

An early study using HVPC was done by Kloth and Feedar in 1988. They applied
HVPC to nine patients with stage IV ulcers and compared the results to seven controls.
Their stimulation waveform had two peaks, 50 ps apart repeated at 105 Hz as shown
in figure 2.8. The intensity of the peaks was set just below the motor threshold (the
current intensity that induces involuntary muscle movement). This was at an amplitude
between 100 and 175 V. After 16 weeks of treatment (45 minutes, 5 days a week) all the
treated patients had healed completely, while most of the control group’s wounds had
deteriorated [96].
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FIGURE 2.8: HVPC stimulating waveform used by Kloth and Feedar. The waveform
consists of two peaks, 50 ps apart, repeated 105 times a second [96]. This format is
used by all studies investigating HVPC, though the exact timings and amplitudes vary.

Kloth and Feedar did not give the rationale for using specifically a double peaked,
exponential waveform. Nonetheless, the shape has become a standard for HVPC studies;
while the exact voltages and timings vary, most studies keep to a waveform of two

exponential peaks.

In 1991, Griffin et al. studied the effects of HVPC on pelvic ulcers in patients with
spinal cord injuries. Using twin peaked pulses of 200 V, 100 Hz and 75 us per pulse,
they found that patients receiving the treatment had their wounds’ size decrease by

significantly more than the control’s on days 5, 10 and 20 of the 20 day trial [97].

Further, similar studies tested HVPC on leg ulcers [98], diabetic vascular ulcers [14] and
pressure ulcers [99, 100], all of which recorded positive results, showing that HVPC’s
effectiveness is not contingent on the etiology of the wound. These studies used between
50 minutes and 2 hours of stimulation per day and in the case of leg ulcers, achieved
better results with electrostimulation than with topical medicine or compression therapy
[98].

In 2001, Peters et al. tested HVPC’s effect on diabetic foot ulcers by having patients
wear a Dacron-mesh silver stocking which delivered 50 V stimulation for 20 minutes each
hour. It was found that patients that had the real stocking were much more likely to
heal that those using a placebo. Though in both groups, those who used the stocking for
more than 20 hours a week were more likely to heal than those who used it for less than
20 hours [101]. This indicates that some flexibility is available in how the stimulation
is delivered. However, because no further details about how the current was transferred

to the wound were provided, no specific lessons can be drawn.
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In 2016, Zhou et al. tested HVPC in conjunction with a silver collagen dressing on
10 patients. They recorded a significant decrease in wound size, though there were no
controls to compare against. Additionally, several adverse events occurred during the
study including one wound becoming infected (which silver dressings are designed to

prevent) and one patient noticing an increased foul odour after using the dressing [102].

In 2017, the effects of changing polarity were tested by Polak et al. Their study ran
for six weeks with one group of patients receiving a typical cathodic HVPC treatment
the whole time while the other group received cathodic stimulation for only the first
week before switching to anodic stimulation. The results showed that the cathodic
treatment was slightly superior, though the difference was not statistically significant.

Both polarities resulted in at least twice the healing rate of the control however [11].

2.6.4 Other Stimulation Waveforms

There have also been studies that used alternative waveforms to the above categories.
One such waveform is TENS - transcutaneous electrical nerve stimulation - which con-
sists of an up to 100 Hz wave with an intensity of up to about 50 mA [103, 104]. TENS
is mostly used as a treatment for chronic pain as it can disrupt the signals of the nervous
system [104]. There have been four studies investigating TENS’ use in wound healing.
The first, by Kaada and Emru in 1988 [103], tested it on 19 patients who had had lep-
rous ulcers lasting at least 2 months. All the patient healed completely within 12 weeks

of the treatment starting, though there were no controls to compare against.

TENS stimulation has been shown to reduce the size of diabetic [105] and pressure
ulcers [106] in controlled trials. In their investigation of pressure ulcers, Garcia-Pérez
et al. found that while TENS did reduce wound size, it had no effect on other wound
properties such as wound depth or the state of the wound bed. This implies that the

stimulation effects were limited to the edge of the wound [106].

In 1988, Lundeberg et al. applied TENS at an intensity three times the sensory threshold
to ischaemic skin flaps resulting from reconstructive surgery. It was found that the
stimulation increased blood flow more than a sham control, drastically reducing incidents

of necrosis [107].

In 1994, one of the few studies investigating biphasic stimulation was published by
Jerc¢inovi¢ et al. They used an FES - functional electrical stimulation - waveform con-
sisting of trains of pulses which, as they return to zero, overshoot slightly and slowly,
exponentially decay back up, keeping the overall charge transfer balanced at zero. This
waveform, shown in figure 2.9, was used to treat 61 pressure ulcers in spinal cord injury
patients, while 48 patients received only traditional treatment and were used as controls.
They recorded 1.5 to 2 times faster healing in wounds treated with electrostimulation

[108]. This indicates that biphasic stimulation can be as effective as monophasic, though
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again, this result offers little as to whether monophasic or biphasic stimulation is better

as there was no monophasic treatment to directly compare against.
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FIGURE 2.9: Waveform used by Jercinovi¢ et al, 1994, showing the trains of pulses

used. The initial spike and the exponential decay were balanced so that the net charge

transfer was zero (a). These 4 kHz pulses were grouped into trains 4 seconds long, with
one train being applied every 8 seconds (b). Image from [108].

Another study to investigate biphasic stimulation was conducted in 2019 by Ibrahim
et al. on patients with severe partial thickness burns. They compared the effects of
electrical stimulation to negative pressure wound therapy, a treatment that involves
applying a suction force to the wound to drain excess fluids as well as stimulate blood flow
and tissue regrowth. The electrical stimulation used a 1 Hz, 300 nA amplitude square
wave. Both the electrical stimulation and the negative pressure performed significantly
better than the standard wound care control, both in terms of wound size decrease (1.6
and 1.3 times respectively) and bacterial colony count (both caused a slight decrease
compared to the almost two time increase seen in controls). Patients treated with
electrical stimulation showed slightly better wound size reduction while those treated

with negative pressure showed fewer bacterial colonies [46]. It is possible that combining
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both electrical stimulation and negative pressure could give superior results on both

metrics, but this was not tested.

In 2007, Lawson and Petrofsky published another study investigating biphasic stimu-
lation. They were interested in whether applying electrostimulation to chronic wounds
while in a warm environment would increase blood flow and improve healing. Their
study involved 10 patients with diabetes and 10 without, all of whom had stage III or
IV ulcers that had not healed for 2 months. All patients received stimulation in the form
of a biphasic square wave of width 200 ps, frequency 30 Hz and amplitude 20 mA for 30
minutes, 3 times a week for 4 weeks. It was found that electrical stimulation, given in a
room with an ambient temperature of 32°C, did increase blood flow and that this cor-
related with increased healing among diabetic patients [109]. This increase could only
be measured against the base line of no healing for the previous two months however,
as there were no dedicated control patients. Additionally, there is no way to know to
what extent the temperature of the room affected the results as there were no controls

in that regard either.

FREMS - frequency rhythmic electrical modulation system - is a waveform similar to
HVPC which has been used in a few studies. A FREMS signal consists of several
short pulses occurring at rapidly changing frequencies. It was first used 2004 to treat
musculoskeletal pain [110]. Since then, much of the research into FREMS has been
focused on its potential to lessen diabetic neuropathy (nerve damages as a result of
diabetes), at task at which it shows some promise [111, 112, 113]. The reasoning behind
the use of varying frequency pulses is that these variations ‘probably permit a modulation

on the peripheral and central [nervous| systems’ [110].

Between 2008 and 2013, there were four studies published evaluating the efficacy of
FREMS stimulation on chronic leg ulcers. The first of these was done by Jankovi¢ and
Bini¢ and comparing standard topical treatment (15 patients) to topical treatment plus
FREMS stimulation (20 patients), and showed that FREMS reduced the size of ulcers
and the perceived level of pain significantly more than the control treatment (p < 0.01)
[114].

In the same year, Magara et al. found that wounds treated with FREMS shrunk signifi-
cantly more than the control group’s wounds 15 and 30 days into the treatment period,

though this significance did not persist to day 60 [115].

The third study also found positive when testing FRENS solely on venous ulcers, isolated
from he effects of diabetes. This study, by Santamato et al, had a treatment group of
10 patients that saw decreases in wound surface area approximately six times greater
than those of the 10 patients in the control group after 15 days of treatment and 30
days of follow up. The levels of pain reported by patients in the treatment group were

also significantly lower than those reported by the control group [116].
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The final study, by Magnoni et al, containing 16 treated patients and 14 controls with
chronic ulcers of all types, also recorded significantly better results, both in terms of
wound size and reported pain, in their treatment group, though exact values were not

given [117].

While they do present universally positive results, none of the studies investigating
FREMS used a sham treatment meaning that patients knew whether they were in the
treatment or control group. Because of this, it is difficult to know whether the benefits

to wound healing were a result of the treatment or of the placebo effect.

Most recently, in 2021, electrical stimulation treatment was shown to be effective on sur-
gical wounds inside the mouth. Miguel et al. tested a stimulation treatment consisting
of 100 1A AC currents at 9kHz on wounds from palatal surgery. This was applied for
only 120s each day for five days. Despite this short treatment period, wounds in the
treatment group shrunk at a rate approximately 2.5 times quicker than in the control

group [118].

2.6.5 Conclusions

Figure 2.10 provides a summary of the different electrostimulation studies from the lit-
erature which reported the rate of wound size reduction. Studies are grouped according
to the simulation waveform that was used and the number of patients enrolled in the
study. Most studies, particularly those conducted more recently and with a large sample
size, report an improvement in the rate of wound size decrease of roughly two times,

but there is still al large amount of variation between studies.
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FIGURE 2.10: Comparison of results from controlled studies that report wound area

decrease. The y-axis shows the improvement in percentage decrease in wound area per

week that the treatment group had over the control group. Data points are colour /

marker coded by the number of participants in the study as shown at the bottom of

the figure, where N is the number of patients in the treatment group or the control

group, whichever is fewer. Where a study tested multiple treatments, the results of
each treatment group are shown separately.

Taken together, these studies clearly show that electrical stimulation can have a positive
effect on the healing of several types of wounds. The fact the many studies claim that
the healing rate in their treatment group was twice that of their control group, suggests
that the potential benefit of electrical stimulation treatment, if adopted, could be very

large.

However, no single study has had enough participants to be considered conclusive evi-
dence on its own. The only one to have over 100 participants was carried out by Gault
and Gatens in 1976 [16] and the median of all the studies reviewed is less than 40. In ad-
dition to this, the fact that each study uses a different treatment protocol and inclusion
criteria means that it is hard to combine them into a single piece of evidence supporting
a particular treatment. Because of this, electrical stimulation is not yet recommended by
the National Institute for Health and Care Excellence (NICE) for treatment of diabetic
foot ulcers [119, 120].
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There have also been few direct comparisons between stimulation treatments, none of
which recorded statistically significant results. As such, it is not even possible to say
which protocol should be the focus of further research. This means that a device that
allows many centres to perform compatible experiments and encourages the accrual of

sufficient evidence for electrical stimulation to gain NICE approval would be worthwhile.

2.7 Conventional Wound Dressings

Wound dressings are materials which are applied to the area of a wound to protect it
during the healing process and directly or indirectly aid healing. Dressings can either be
classified by whether they are passive inert or interactive or whether they are absorbing,

non-absorbing or moisture donating.

2.7.1 Passive Inert Dressings

The most basic passive inert dressing are made of loose fibrous textiles like gauze or
lint. These are rarely used in modern wound healing as they adhere to the wound as it

heals and are painful to remove [29)].

Passive absorbent dressings are used on highly exuding wounds, wounds that produce
a lot of fluid. They can be made to be very low-adhesive - though not completely non-
adhesive - and hold onto fluid even under pressure. If used on wounds that are low
exuding, they can dry the wound excessively. This impedes healing by preventing the

movement of cells and chemicals (as well stopping the current of injury) [29].

Passive, non-absorbent dressings are typically used when all this is required is a physical
barrier to prevent contact with a second dressing. They are permeable to moisture and
bacteria. If made impermeable, the increase the risk of maceration, where tissue loses

its integrity due to excessive moisture [121].

2.7.2 Interactive Dressings

Interactive dressings are ones that actively regulate the moisture in a wound. Non-
absorbent interactive dressings include film dressings that stick to the healthy skin
around a wound. They are impermeable to bacteria and liquids, but allow moisture
vapour to pass through. They are often used over hydrogels or alginate dressings (dis-
cussed below) to hold them in place [121].

Another type of non-absorbent interactive dressing is wound contact layers. These are

made from a soft silicon polymer and sit between the wound and another dressing,
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preventing the dressing from sticking and reducing pain. They are not absorbent them-

selves, but allow moisture to pass through to the dressing above [29].

Alginate dressings are absorbent dressing made from a chemical derived from seaweed.
Sodium from the wound exchanges with calcium in the dressing to form a hydrophilic gel
which absorbs excess water while keeping the wound damp. They fit into the category

of interactive absorbent dressings [29].

2.7.3 Hydrocolloid Dressings

Hydrocolloid dressings consist of a matrix of fibres that form a gel when moistened. They
can adhere to wound while keeping it moist, absorbing some exudate (they are unsuitable
for highly exuding wounds though) and providing pain relief. They are impermeable to
bacteria, but also to gas and water vapour. Hydrocolloids come in many forms including
gelling fibres which are particularly absorbent and hydrogels which are complex polymers

capable of up to 90% water content [29].

2.7.4 Protease Modulating Dressings

Protease modulating dressings specifically bind protease enzymes to themselves as they
absorb wound exudate, rendering it inactive. Excess protease in the wound breaks down
proteins and slows healing. Protease is necessary in fighting infections so these are only

used in uninfected chronic wounds [29]

2.7.5 Antibacterial Dressings

There are several dressings available that have antibacterial properties. These include
cadexomer iodine dressings which release iodine into the wound as they absorb exudate.
The iodine is in a sufficiently low quantity to not harm the body’s cells but still has
an antibacterial effect. Povidone-iodine dressings are also available and have a similar

function. Both can be incorporated into hydrogels.

Honey dressings have a range of antimicrobial properties including the provision of small
amounts of hydrogen peroxide, the creation of an acidic environment, and the binding
of water molecules to their sugars, robbing bacteria of their food. They can also help
with wound malodour [29, 121].

Dressings are also available that have silver added to them, though their antibacterial
properties have been contested [29]. Lastly, dressings containing polyhexamethyline
biguanide, which is effective against many types of bacteria as well as biofilms, are
available [29].
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2.8 E-Textile Opportunities within Wound Healing

E-textiles are textiles that have electronic devices fabricated on or incorporated into
them. E-textiles have been developed which include sensors [18], energy harvesters [19],
integrated circuits [20], antennas [21] and displays [22]. E-textile devices benefit from the
inherent properties of textiles, while adding electrical functionality with which the user
can interact. The ability to mount electronic devices directly onto fabric is promising
for the world of wearable technology. Where previously adding electronic functionality
to clothing meant including rigid, bulky and thus uncomfortable and obtrusive PCBs,
connectors and other components, more recent e-textile techniques, such as printing [23],
weaving [122] and embroidery [123], allow these to be included in a much less disruptive

manner.

More ergonomic wearable technology also means improvements in the field of wearable
medical devices. Wearable formats are particularly useful for medical devices as they
benefit from the ability to be on the body for long periods of time. For example, new
continuous glucose monitoring patches provide an alternative to finger prick monitoring
for diabetic patients [124]. Wearable EEG sensors such as the one presented in [125]
can be used for long term emotion monitoring as well as tasks like epileptic seizure
detection [126]. In the context of wound healing, wearable electronics has the potential
to make electrostimulation much more user friendly and ergonomic so that patients can
receive stimulation in a manner that does not interfere with other activities or limit

their movement.

Most modern commercial electrodes are based on hydrogel [20]. Hydrogels are made from
a mesh of hydrophilic polymers that can hold a very large amount of water [127]. Because
of its gel like consistency, hydrogel can form a good electrical connection to the skin.
However, if the moisture in the gel evaporates, this advantage is lost. Hydrogel electrodes
are also quite bulky: on top of the gel, there is usually a metallic cup connecting to a
signal wire which is then connected to external electronics to measure or provide the
signals. This means that hydrogel electrodes are unsuitable for long sessions and often

prevent the patient from doing anything else while wearing them.

An alternative to gel based electrodes are dry textile electrodes. Here, the electrode and
the wire that carry its signal are mounted on or incorporated into a textile. There are
a variety of materials and fabrication techniques that have been used to make textile
electrodes, each with their own advantages and disadvantages, however textile electrodes
have been shown to behave comparably or even better than standard hydrogel ones
[128, 129, 130].
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2.8.1 E-Textile Material Options

One intuitive material option for making e-textiles is metals and these are often used
for the connections to the electrodes. Silver is common choice because of its high con-
ductivity; stretchable, silver based inks have been developed with conductivities as high
as 3200 Sem™ [131]. Silver is also chemically stable and biocompatible, but being a pre-
cious metal, its cost can be prohibitively high [132]. Copper also has a high conductivity
and is significantly cheaper than silver, making it another common choice for e-textile
applications, though is is more prone to corrosion [132]. Steel has been used to create
conductive yarns for e-textiles because of its balance of good physical and electrical

properties [133].

An alternative to metals are conductive polymers, of which there are several suitable
options, for example polyaniline [134, 135], polypyrol [136, 137] or poly(3,4ethylene-
dioxythiophene) polystyrene sulphonate - PEDOT:PSS [138, 139]. These materials can
be made into yarns by a variety of spinning techniques, e.g. electrospinning, where an
electric field is used to extract a thin strand of polymer from a solution [140], or wet
spinning, where the polymer precipitates from a solution in a liquid bath [134]. It is

also possible to coat existing fibres or textiles with conductive polymers or metals.

However, these polymer fibres have a conductivity at least ten times lower than metallic
conductors so are less suited for long conductive paths. As shown by Merhi et al. [141],
it is possible to combine metals and polymers to create a material with the physical
properties of the polymer but with much lower resistance. Merhi et al’s work mixed
PEDOT:PSS with silver nanowires (short silver fibres) creating a stretchable screen

printable ink with a sheet resistance of 6 Q/sq.

A common material choice for the electrodes themselves is carbon loaded rubber which
can be used to make a soft pad suitable for attaching to the skin. Printed electrodes
made of this material have been shown to have a lower impedance than conventional gel
electrodes [142].

When designing e-textile devices, the choice of materials must be carefully considered.
To function on a textile substrate, they must be flexible, and in some cases stretchable,
without breaking or losing their conductivity. In wearable contexts, particularly medical
ones, biocompatibility is also essential. Some e-textile fabrication techniques also place
requirements on the substrate. It is desirable for the substrate to absorb some of the ink
when printing, in order to provide a more mechanically robust bond after curing [143].
Most printed electronic inks have curing temperatures between 100 and 150 °C, sustained
for 5-30 minutes [129]. Some inks alternatively require exposure to high intensity ultra-
violet light in bursts of 5-60seconds [24]. Therefore, the substrate must be sufficiently
robust to sustain this post-processing, typically repeated for several layers of printing
[144].
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2.8.2 E-Textile Fabrication Methods

There are two broad groups of methods used in the manufacture of textile electrode
systems: the first is incorporating the conductive material into the textile itself, ei-
ther through weaving, knitting or embroidery. The second is printing the conductive

materials onto the surface of an existing textile.

The first methods require a conductive yarn. This could be a conductive fibre manufac-
tured using one of the techniques described above or simply a metallic wire with the right
physical properties to be incorporated into the textile [122]. There are a variety of dif-
ferent weaving techniques that can be used to create the topography of yarns necessary
for complex circuits [145], however, the conductive paths will always be constrained by
the orthogonal paths of the weave. Embroidery offers more geometric flexibility, though
is more difficult to realise on an industrial scale as most conductive threads lack the
necessary strength and elasticity for machine sewing [23], though recent advancements

are making it more practical [146].

Knitting is rarely used to make e-textile circuits as it offers limited options for controlling
the topology of a yarn or for integrating conductive yarns with non-conductive ones.
However, it is good as a method for producing topographically simple elements such
as electrodes [147]. Here, it haves the advantage of good flexibility and stretchability
while being securely integrated into the host textile. This comes at a cost however,
in applications where precise electrode size and positioning are important, a knitted

electrode may stretch and move in undesirable ways.

There are numerous different methods by which it is possible to print conductive ma-
terial, the simplest of which is stencil printing. Here, a frame with openings cut to the
desired pattern is filled with conductive paste. The paste is then polymerised via heat
or UV cured and the frame removed [20, 142]. This method is most suited to simple
patterns as the frame can become too fragile if particularly small details (< 1 mm) are
required, resulting in deformation of the stencil and inaccuracies in the print. Addition-
ally, all parts of the stencil must be connected, meaning that free-standing, concentric
designs are not possible. Stencil printing is good for thicker deposits of material (>
1 mm) because large amounts of paste can be applied at once while other techniques,
originally developed for graphic printing, would require several layers to reach the same
thickness [23].

A method that works similarly to stencil printing is screen printing. The screen used in
the printer is a dense wire mesh, partly covered by a mask of the design. The material
being printed is forced through the uncovered parts of the mesh by a squeegee and onto
the substrate below [24].

Dispenser printing is a third method by which conductive material can be applied to

fabrics. Here, a nozzle is positioned by a robotic actuator, with conductive paste being
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dispensed, either pneumatically or mechanically, onto a substrate. Because they can
only print in a series of individually deposited lines, typically under a millimetre in
width, dispenser printers can be slow to print large areas. They are, however, much
more versatile than screen or stencil printers. Using one of those methods, changing the
design requires the manufacture of a new mask or stencil for each layer. Being a digital
printing technique, dispenser printing required only that the printer be reprogrammed
with a new design. Dispenser printers also offer the ability change the vertical position
of the nozzle during printing, making it possible to print on uneven surfaces. It is also
a non-contact process; nothing touches the substrate apart from the paste, making it

possible to print on adhesive and other non-standard materials [148].

Inkjet printing uses a similar process to dispenser printing; a cartridge is positioned
close to the substrate and inks are ejected from it. While dispenser printers typically
print with a continuous stream of paste, the ink used in an inkjet printer is deposited
as individual drops, typically only picolitres in volume. To form such small drops, inks
used in inkjet printing have a much lower viscosity that those used in screen, stencil
or dispenser printing [149]. Drops may be produced continually or only when needed
depending on the desired pattern [150]. Inkjet printing has benefited from large amounts

or research interest, being on of the most common methods used in graphic printing.

There are several other printing methods that are occasionally used in the fabrication
of e-textiles. Aerosol printing, a technique similar in principle to dispenser and inkjet
printing, sprays ink droplets from the nozzle to the substrate using a stream of gas, kept
accurate by another sheath of gas around it [151]. Aerosol printing provides some of
the same advantages of dispenser printing, though requires a significantly more complex

system.

There are also methods that involve setting up ink in the required pattern on one surface,
then transferring it to the substrate. These include gravure and flexographic printing,
where the design is engraved on a roller, the engraving filled with ink and then rolled
onto the substrate. The cost of producing the rollers and the stringent requirements
on the ink rheology mean that these methods are rarely used in small volume e-textiles

production [152].

Printing techniques such as these generally require a very smooth surface that the ink
can adhere to. If this requirement is not met, the ink may delaminate or increased
quantities may need to be deposited to create a complete, conducting path. Because
most textiles do not meed these requirements, interface layers can be placed between
the conductive ink and the fabric. Polyurethane is a common choice for this as it is
flexible and adheres well to textiles. It can be printed as a paste [129] or applied as a
laminated sheet [153].

Often, several different fabrication techniques will be used in the production of one e-

textile device. For example, the electrical interconnections may be woven into a fabric
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before the electrode contact material is printed on top, as in [122], see figure 2.11. It
is also possible to combine prefabricated flexible PCBs with textiles using a range of
sewing techniques. This allows for the utilisation of standard electronics microfabrica-
tion techniques while, so long as any rigid components are sufficiently small, maintaining
the benefits of a textile form-factor. This is particularly helpful when prototyping e-
textile devices as it can be much quicker and more reliable to place several electronic

components on to a single circuit board than to integrate them each into the textile
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FIGURE 2.11: Pain relief electrodes built by Yang et al. showing electrical connections
woven into the fabric (centre) and the carbon rubber electrodes printing on top (right).
Image from [122].

Recent advancements have also been made improving the physical characteristics of e-
textile devices. In 2015, Komolafe et al. showed that optimising the thicknesses of the
encapsulation above and below the conductive layer of a printed circuit, so that the
conductive path was on the neutral axis and was not compressed or tensioned when
flexed, reduces the change in a path’s resistance caused by bending and washing [155].
Several other techniques, including thermally bonding polyurethane interface layers [153]
and introducing a catalyst to facilitate electroless deposition [156], have also been proven

successful in this regard.

A greater understanding has also been gained of the failure modes of textile electronics.
In 2019, Komolafe et al. showed that breaks in an etched flexible copper circuit tended
to develop because of cracks in the copper or buckling as the traces came away from their
substrate. It was found that these mostly occurred in the thin traces (< 200 pm), close
to the large connection pads [18]. This implied that the high stresses at the transition
between more rigid and more flexible parts of the system are the primary cause of failures

for flexible circuits.

2.8.3 Electrodes for Wound Healing

In general, little attention has been paid to the electrodes used to deliver electrical
stimulation for wound healing. Most early studies used steel [87, 91, 102] or other

metallic mesh [17, 14, 15, 88, 97] placed on top of a saline soaked gauze. Later studies
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mostly used carbon rubber electrodes [11, 13, 92, 98, 100, 95], though several simply
do not specify. No clinical trials have compared the effectiveness of different electrodes,
though one, Houghton et al. 2010 [99], did note that switching to a carbon rubber
electrode alleviated redness caused by the original adhesive electrodes used by one of

their participants.

One study has been published in which the authors tested a stimulator that combined
the electrodes and stimulation circuitry onto one device. The circuit was configured to
provide 30 - 40 V pulses, lasting 100 ps at 100Hz. It was integrated into a chitosan-
Vaseline gauze dressing and tested on rats where the combination of chitosan-Vaseline
and electrostimulation showed better results than either individually. The circuit itself,
shown in figure 2.12 was fabricated on polyamide film and consisted of a boost converter
with its output being switched by a microcontroller driven MOSFET [157]. While this
work serves as a good proof of concept, showing that flexible stimulators integrated
into dressings are possible and effective, the large component sizes, particularly the
dual in-line package ICs significantly increase the circuit’s size and reduce its effective
flexibility. Given also that the circuitry is underneath the adhesive layer of the dressing,
with the components pointed inwards it is also likely to be very uncomfortable to wear
over a prolonged period. Using surface mount components and positioning the circuit so
that only the electrodes themselves are under the pressure of the dressing wound make
the overall device much more ergonomic. Additionally, having the electrodes and the
circuitry permanently attached to one another makes it harder to reuse the device with
new dressings than if they were separable, but is a good proof of concept and highlights
the growing interest in developing this new technology and thus the timeliness of this

thesis.

FIGURE 2.12: Stimulator used in Wang et al, 2021, showing the flexible circuit (left)
and its integration into a dressing (right). Image from [157].
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2.8.4 E-Textile Electrodes

One thing that new electrode printing technologies, particularly dispenser printing, allow
is the ability to completely customise the layout of a set of electrodes. Traditionally,
electrodes were only available in certain shapes, usually circles or rectangles, and in a
defined range of sizes. However, with printed electrodes, any layout that conforms to

the printer’s size limit and resolution is possible.

There have been a small number of studies investigating the effects of electrode size
and layout. The first of these was by Petrofsky et al. who studied the current output
of modern self-adhesive electrodes. They found that the size of self-adhesive hydrogel
electrodes has very little effect on how the current was passed into the skin. This was
because the electrodes themselves have a fairly large resistance meaning that the current
only flowed through the centre, close to where the lead wire was attached. Thus, adding
extra electrode space far from the lead wire had little effect on the current distribution.
This was not the case with carbon electrodes which often have a much lower resistance

and create a more homogeneous current distribution over their whole area [158].
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FIGURE 2.13: Flow of current though high and low resistivity electrodes. When the

electrode resistivity is high, the current can only travel a short distance and so remains

concentrated under the lead wire. When the electrode resistivity is low, the current
can spread out and enter the skin in a more distributed fashion [158].

In 2007, Petrofsky and Schwab modelled the flow of exogenous (externally generated)
current through the body. They concluded that because blood has such a low resistivity
(1.6 Qm!), current is likely to concentrate wherever it is present; if there is a lot of
blood near the surface of the skin, that is where current will flow, if not, the current

will penetrate deeper [159].
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In 2009, Suh et al. studied the effects of using a three electrode system for treating
diabetic wounds. They placed three electrodes in a triangle centred on the wound.
One electrode was active and the other two were connected to ground. These roles
were switched once per second. On healthy skin, measurements with needle electrodes
showed that the three electrode structure caused a greater distribution of current and

caused the current to penetrate deeper into the muscle [160].

The finite element modelling software COMSOL, has been used to simulate the elec-
tric field that would result from applying electrical stimulation with various shapes of
electrodes with the aim of identifying the electrode configuration which would produce
the largest electric field at the edge of the wound. The results suggest that the best
configuration had the negative electrode over the wound itself, with the skin around
the wound covered by the positive electrode. With an applied voltage of 30 mV, this
generated an electric field of 40 mV/mm at the edge of a 5 mm wound. This study was
limited however in that it dealt only with constant DC stimulation, used a simplified

model of the skin and only considered a circular wound of a single size [161].
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FIGURE 2.14: Results of Sun’s simulation of a concentric electrode over a circular

wound. A 3D heat map of the generated electric field is shown in the top right, the

direction if current flow in the top left and the magnitude and electrode design at the
bottom. Image from [161].

E-textile electrodes have already been successfully used in other electrostimulation treat-
ments. Functional electrical stimulation (FES) is a treatment used to increase the func-
tional movement available to patients with damage to their nervous systems, for example
stroke survivors [128]. In 2014, Yang et al. published details of an FES system which
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used 24, small, printed electrodes, shown in figure 2.15. The smaller electrodes, ap-
proximately 1 cm? in size, allowed stimulation signals to be delivered to specific areas of
muscle and the system was able to induce multiple different hand positions in patients.
The electrodes in this case were screen printed with interface and encapsulation layers
of polyurethane sandwiching the conductive silver traces in between. The electrodes

themselves were printed carbon-rubber [129].

b

FIGURE 2.15: Electrode array used by Yang et al. 2014, showing 24 small carbon
electrodes connected by scree printed traces. Image from [129].

E-textiles electrodes have also been incorporated into clothing, as in one study by
Moineau et al. [130]. They designed and tested a pair of garments, a shirt and a
pair of leggings, containing electrodes knitted from conductive yarn. An FES stimulator
was connected to them and the system was used to identify the minimum amount of
current that could be perceived, induce any movement, induce a full range of joint move-
ment and the maximum amount of current that the test subject could withstand. These

were found to be comparable to the equivalent values found with hydrogel electrodes.

Another treatment that e-textiles have been successfully applied to is pain relief. It is
possible to use electrical stimulation to interrupt the signal the body uses to communi-
cate chronic pain. In 2020, Yang et al. tested a device that used interferential current,
a signal consisting of two frequencies between 1 and 10kHz delivered at < 100 mA be-
tween two pairs of electrodes across the subject’s knee. The electrodes used in this
study were made of carbon loaded rubber, printed on top of a textile containing woven
copper wires. The soft rubber material was able to form a good electrical contact. Tests
shown that the current was delivered uniformly and subjects reported that the device

was comfortable and easy to use [122].
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The successes imply that, if e-textile technologies were applied to wound healing, similar
results to those seen in the studies presented in section 2.6 could be achieved while

creating a device that has all the ergonomic benefits e-textile technology can provide.

2.8.5 E-Textile Testing

Beyond the standard tests applied to any electronic device, testing of e-textile primarily

focusses the performance of the sample during bending and during washing.

One way of testing the durability of a device while bending is by passing the test piece

over an axle, for example using the bending rig used in [18] (figure 2.16).

7.\/,&”—‘s — .

FIGURE 2.16: The bend testing rig used in [18]. A stepper motor moves the sample
back and forth over an axle with an adjustable radius while a weight holds it under
tension. It can be configured to repeat for a pre-defined number of cycles.

Another method of assessing bending stress is by using a limb model, as proposed in
IEC draft standard 63204-204-2 [162] and shown in figure 2.17. This method provides
a more realistic model of the bending a garment might experience and, by rotating the
sample around the joint, can test bending a device in the plain to the textile. It can also

account for the stretching garments undergo when limbs move. However, it is limited to
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only testing devices that take the form of a sleeve and is hard to use for testing bends

at smaller radii.

Hinge

Limb-diameter
tube

Linear Actuator

FIGURE 2.17: Bend testing system proposed by IEC draft standard 63204-204-2 [162].

Two tubes are attached together at a hinge to create the equivalent of an elbow or knee.

The joint is rotated using a linear actuator attached to the other end of one tube while
the sleeve shaped sample is held over the joint.

The other common test e-textile device are subject to is wash testing. Machine washing
involves a number of environmental factors which can be harmful to e-textile devices:
mechanical stress, moisture and high temperatures [163]. Mechanical stress and high
temperatures can weaken the adhesives used to encapsulate electrical components and
bond them to textiles while the ingress of moisture can damage the components them-

selves.

Several standards exist, giving the parameters for wash testing; the most commonly
used in e-textiles is ISO 6330. However, not all investigations follow these standards

and there is disagreement about how many washing cycles a test should include [163].

Through these tests, a greater understanding has also been gained of the failure modes
of textile electronics. In 2019, Komolafe et al. showed that breaks in an etched flexible
copper circuit tended to develop because of cracks in the copper or buckling as the traces
came away from their substrate. It was found that these mostly occurred in the thin
traces (< 200 pm), close to the large connection pads [18]. This implied that the high
stresses at the transition between more rigid and more flexible parts of the system are

the primary cause of failures for flexible circuits.

On top of this, e-textile electrodes need specific testing to ensure that they are effec-

tively delivering or receiving voltages to or from the skin. This can involve testing the
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impedance between the electrode and the skin, compared to an existing electrode tech-
nology [142], or a functional test, for example ensuring that FES electrodes can induce

muscle movement [129].

2.8.6 Remaining Challenges for E-Textile Based Stimulation

Several challenges still exist, which have hindered the development of e-textile based
electrical stimulation. Primarily among them is the supply of power. The state of the
art for powering small electronic devices is currently lithium based batteries due to their
high energy density. While these are available in small sizes, down to a few centimetres
square, they are not currently flexible and are thus difficult to use while retaining the
comfort and flexibility otherwise afforded by e-textiles [164]. For high voltage stimula-
tion, the power requirements are more strenuous; while the power transferred to the skin
is still low, boost converters require significant amounts of power to maintain their out-
put at a high voltage, and even lithium based batteries are incapable of sustaining their
operation. Research is ongoing, developing battery solutions that better fit e-textile
devices, however these are still far from providing the power necessary for wound stim-
ulation applications [164]. Alternatives such as energy harvesting have been considered
[165, 166, 167], but these are currently very lower power, in the nano- and micro-watt

range, and therefore also insufficient for wound stimulation.

A second challenge relates to sustainability. Wound dressings are inherently single use
products and as such, any electronics integrated into them must either be removable or
be safe and sustainable to discard. This is an area in which current e-textile solutions
perform poorly and little consideration has so far been given [168]. Increasing the
modularity of devices can alleviate this problem, but doing so requires impermanent
connectors between modules, which remain difficult to realise without compromising
the properties of the textile [169].

Another limitation of e-textile electrodes is the need for wetting. To maintain a low
impedance connection to the skin, textile electrodes need to be kept moist. During
use, electrodes will naturally dry out and so can need rewetting as often as every 10
minutes [130]. This is less of an issue in the context of wound healing because wounds
must be kept moist anyway to allow effective healing. Interventions such as hydrocolloid

dressings already exist to accomplish this if necessary [25].

2.9 Conclusions

While the processes that are involved in wound healing are complicated, electrostim-
ulation can clearly provide a significant benefit. The vast majority of studies that

investigate the treatment record positive effects arising from its use. Most studies that
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detail the rate of wound size decrease, saw the weekly rate increase by one to four times.
In addition, electrical stimulation was reported to decrease the incidence of infections
[46] and the reported pain [92, 114, 116, 117]. However, none of the individual studies
reviewed has enough subjects with conclusive enough results to be considered sufficient
evidence for this effect on its own. The fact that a wide variety of treatment protocols
have been investigated in the literature means that it is hard even to combine them
into a cohesive body of evidence. Meanwhile, the lack of direct comparisons between
treatments means that it is hard to know where further research attention should be
directed.

One of the main ways in which wounds are treated is by selecting an appropriate dressing.
As a result, electrostimulation apparatus should be usable in conjunction with a variety
of dressings. E-textile technology, particularly dispenser printing, allows the fabrication
of circuits and electrodes on arbitrary fabrics meaning that an electrode could be placed
on a physician’s dressing of choice and the patient could receive the benefits of both the

dressing and the electrostimulation treatment.

Finally, the versatility of dispenser printing allows for investigations into the effects of
different electrode properties. Variations in electrode layout and material are known to
influence their behaviour in the context of wound healing, but little work has been done

to optimise these parameters.
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Chapter 3

Dispenser Printing Conductive

Traces on Wound Dressings

3.1 Introduction

As detailed in section 2.7, existing wound treatments rely heavily on the wide variety of
wound dressings that are available. For electrical stimulation to be practical, the treat-
ment should be compatible with as many of those dressings as possible. The adhesive
nature of many of these dressings makes it hard to use printing techniques such as screen
or stencil printing as they require a mask to make contact with the substrate. Dispenser
printing, because it is a non-contact process and because it is compatible with a wide

variety of inks, is more promising.

Investigations into printing electrodes on wound dressings were conducted with a Fisnar
F7300NV, shown in figure 3.1, along with a Nordson EFD Ultimus V pressure controller.
Syringes and nozzles were purchased from Fisnar. The dispenser has a moving stage
to control the y-axis position and moving print head gantry to control the x- and z-
axes. Pastes can be loaded into a syringe attached to the print head and dispensed

pneumatically using the pressure controller.
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FIGURE 3.1: The Fisnar F7300NV dispenser printer. The gantry holding the syringe

and laser is able to move in the x- and z-axes while the stage moves in the y-axis.

Pneumatic pressure generated by an external pressure controller is used to push pastes
out of the syringe’s nozzle.

Previous work, using screen printing techniques, established a three layer system for
fabricating electrodes on textiles, shown in figure 3.2: first an interface layer is printed
onto the fabric. This provides a smooth surface for subsequent layers and also adds
strength and waterproofing to the device. Having a smooth surface means that less of
the conductive silver paste, which forms the next layer, needs to be printed to ensure
electrical continuity. This also makes the process more economical, as the silver paste
is relatively expensive. Finally, the carbon-rubber pad is printed on top. It is also
necessary to add another layer of the interface material on top of silver areas that are
not covered by carbon-rubber to provide physical protection and electrical insulation
[23, 129].

In these tests, the interface and encapsulation layers were printed with Smart Fabric
Inks’ Fabinks UF-IF-1004, the conductive layers were Fabinks TC-C4001 and the carbon
rubber electrode material was Fabinks TC-E0001.
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FIGURE 3.2: The structure of the printed electrode system. The printed silver con-

nections are surrounded by layers polyurethane interface, providing protection and

insulation. Areas of silver are left exposed for electrical connections and the carbon
rubber electrode that is printed on top.

When configuring this dispenser printer, there are several parameters that need to be
set: the nozzle speed, diameter, clearance and the pressure can all be varied and the ideal
values are different for each paste. Very viscous pastes such as the carbon-rubber need
a large nozzle and high pressure (approximately 500 kPa with a 1 mm nozzle diameter).
This creates a wide, slow moving stream of paste so the distance between the nozzle and
the substrate can be large but the nozzle speed should be slow. More fluid pastes such
as the interface, require a lower pressure (less than 10kPa for a nozzle with half the
diameter). Though, because the interface is usually printed over a large area, a large

nozzle and high speed can be used to print a large volume quickly.

The silver paste is the most challenging to print reliably. Because finely detailed designs
are often needed and because of its higher cost, it is advantageous to print using very
thin lines of paste. This makes it necessary to use a smaller nozzle which puts stringent

requirements on the spacing between the surface and the nozzle tip.

In order to print successfully with any paste, it is necessary to keep the distance between
the nozzle tip and substrate within a certain range: the correct clearance will produce a
consistent line, but if the distance gets too small, the nozzle effectively becomes blocked;
if the distance is too large however, individual drops will form and be deposited one at
a time, once they get large enough to bridge the gap. The three possible cases are
illustrated in figure 3.3. These effects typically occur on a scale comparable to the
diameter of the nozzle so for detailed conductive patterns when the nozzle tip is only

100 - 200 pm wide, the clearance needs to be controlled to within a similar range.
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FIGURE 3.3: Behaviour with various different nozzle clearances. A: Correct clearance

produces a consistent line. B: Low clearance risks making contact with the substrate,

blocking the nozzle. C: High clearance allows space for large droplets to form on the

nozzle tip which only get deposited once they are large enough to reach down to the
substrate.

A

Because many textile substrates, particularly those used in wound dressings, vary in
height by more than this, it becomes necessary to have the dispensing nozzle’s path
compensate for the height changes. It is possible to perform height compensation man-
ually. This and most other dispenser printers allow the print head to be moved manually
when it isn’t actively printing and will report the current nozzle coordinate though their
user interface. By positioning the nozzle above a points in the design, moving it slowly
down until it makes contact with the substrate surface and recording the displayed po-
sition, the height of the substrate at that point can be effectively measured. If this
process is repeated at enough points along the print path, a sufficiently detailed and
accurate height map can be derived and the printer can then be programmed to inter-
polate between the recorded coordinates. While this method works, it is very slow and

susceptible to human error.

Alternatives to this that have been developed for CNC manufacturing include probes
that use contact force to find an object’s position [170]. This have been used for dispenser
printing electronics [171], but cannot be used on substrate which can compress, as
this would reduce the accuracy of the readings. It is also common to use electrical
conductivity to identify when a probe has made contact with a work piece, but as

e-textile substrates are necessarily non-conductive, this is not applicable either.

A more practical alternative is to use a laser displacement meter attached to the print
head, to measure the distance down to the surface [172]. This allows the height to be
measured quickly and automatically at a large number of points on the design, creating

a detailed surface topography map which can be used to derive the tool path.

Laser displacement meters work by projecting a laser dot onto an object and calculating
its distance from the path along which the light returns. To work effectively, the laser
light needs to reflect off the surface and disperse such that enough light reaches the
detector for it to make a measurement [172]. This can be an issue when using translucent
layers, such as the Fabinks UV-IF1004 interface targeted for this study, which allow the

laser’s light to penetrate some distance beyond the surface before bouncing back.
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3.2 Characterising the Effect of Nozzle Clearance

In order to identify the range of nozzle clearances that result in successful prints, a series
of lines of Fabinks TC-C4007 silver were printed on on polyamide (DuPont Kapton)
film. The film provides a flat surface, completely parallel to the print bed, that the
silver could adhere to without the need for an interface layer. This setup removed as
much uncertainty as possible from the nozzle height settings. The test lines were printed
with a 30 gauge nozzle (0.16 mm inner diameter), 35 kPa pressure and a print speed of
2mm/s. Straight, 40 mm long lines were printed with nozzle heights ranging from 0 to
400 pm. These were then cured in a box oven at 120°C for 3 minutes before the trace

resistances were measured with a multimeter.

I 20

15

10

|

Conductance / mm/Q
5
|

o

T T I T
0 100 200 300 400
Nozzle Clearance / ym

(8)

FIGURE 3.4: (a) 40 mm long test lines printed on Kapton film with nozzle clearances
of 0 ym (bottom line), 10, 25, 50, 100, 150, 200, 250, 300, 250 and 400 pm (top line).
(b) The change in trace conductance with nozzle clearance.

The results of this test are shown in figure 3.4. Figure 3.4a clearly shows the droplet
effect that occurs when the clearance is too high. Figure 3.4b shows that the best
conductance is achieved by printing with a clearance similar to the diameter of the
nozzle. It also shows that there is a margin of approximately 50 pm above and below

outside of which the conductance of the printed track starts to fall rapidly.

3.3 Increasing Interface Layer Opacity

It was hypothesised that adding coloured pigment to the interface would increase its
opacity and thus the displacement meter’s accuracy. Initial tests using an available blue
pigment showed that colouring the interface did indeed improve the laser’s accuracy.
However, it was clear that the blue colour was not ideal for use with the red light of the
Keyence LC-2540 laser as it often failed to take a measurement at all, reporting that it

was receiving too little light.



52 Chapter 3. Dispenser Printing Conductive Traces on Wound Dressings

To more thoroughly test the effect of colouring, three different pigment colours were
purchased: 1391C yellow, 2629C-A red and 5249P blue from DCC Colourants’ Dynaco
range. These provided a range of hues of varying distance from the laser’s red. The exact
pigments were chosen for their good opacity and ability to be mixed into the interface

paste.

The three pigments were added to the interface at concentrations of 2.5% and 5% by
mass. With the addition of uncoloured translucent interface, this made a total of seven
colours. The tests were conducted on two layers of interface where one layer was printed
and cured, then another layer printed on top, as this was found to produce the best

surface for the subsequent layers [173].

The primary method of determining the accuracy of the laser’s measurements was by
comparing them to measurements taken by manually lowering the printer nozzle to
the substrate’s surface, shown in figure 3.5. Therefore, identifying the amount of error
typical in these manual measurements was a necessity. This was achieved by printing
small areas of each colour onto a Molnlycke Mepore wound dressing then taking five
measurements at each of five points on each surface. The standard deviation of each
point’s measurements was calculated and then averaged with the other points on that

surface to get a value for the typical error.
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FIGURE 3.5: Conducting a manual height measurement on a single layer of red interface.

This image comes from the same camera that is used to view the nozzle close up so

shows the level of clarity available when determining whether the nozzle has made
contact with the surface.

The laser’s measurement error was then calculated by measuring the height of another
five points on each surface, first with the manual nozzle moving technique, then again
with the laser. Because the laser can only give relative measurements, thus needs to be
calibrated against at least one manual measurement during normal use, the important
result from this test was not the difference in measured values themselves, but how much

those differences vary between points on a given surface.

3.3.1 Discussion of Profiling Results

Adding pigment to the Fabinks interface paste had no noticeable effect on the ability
of the dispenser to print the interface layers: both the 2.5% and 5% concentrations

produced a substantial change in opacity without affecting the interface’s viscosity.

There was however a significant effect on the curing process. Fabinks-UV-IF1004 is
cured by exposing it to a 365 nm UV light. The effect of adding red or yellow pigment
was minor, compensated for by curing the print for 25 to 50% longer. However, the blue

pigment severely hampered curing, preventing the UV light from curing more than a
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thin layer at the top, producing a skinning effect. The uncured paste left underneath
would then bleed into the surrounding fabric causing the cured skin to wrinkle as shown
in figure 3.6 (left).

FIGURE 3.6: Four areas of interface from left to right: blue, red, yellow and clear. The
blue area is much less even than the others. Uncured blue interface has bled out into
the surrounding fabric.

In an attempt to quantify this effect, the laser was used to measure a detailed profile of
2.5 cm of each surface, printed on the much flatter A1656 polyester-cotton from Whaleys
Ltd. of Bradford. The results of this are shown in figure 3.7.
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FIGURE 3.7: Laser output showing height change across 2.5 cm of each colour. The

height of the blue interface is much more variable than the red or yellow. The clear

interface’s height is fairly consistent over a horizontal distance of a few centimetres, but
has a high frequency oscillation with a period of 0.6 mm superimposed on top of it.

Although the accuracy of the laser’s measurement on these surfaces had not been fully
established at this point, it was clear that blue interface presents a much less even surface
than red or yellow. It is also worth noting that oscillations in the clear measurements

match the spacing of the fibres in the polyester-cotton base fabric. This implies that the
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laser’s light was travelling all the way though the interface layer instead of measuring

the distance to the surface, a fact that would be confirmed by the results below.

Figure 3.8 shows the variation in the manually conducted measurements. The graph
plots the average standard deviation of the measurements conducted at five different
points on each surface. The standard deviation for all surfaces was below 40 pm. This
is not insignificant, but is considerably lower than the 150 pm found to be available for
successful prints in section 3.2 as well as the errors that would later be seen in the laser

measurements.

Standard deviation of manual measurement on different surfaces
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Clear

Surface: Pigment Concentration, Colour

FIGURE 3.8: Results of calculating the standard deviation of manual height measure-
ments on each surface. The y axis shows the amount of error that can be expected
from a manual measurement on that surface.

Figure 3.9 shows the variation in the difference between manual and laser measurements.
As expected, clear interface gives a very wide variation because of the laser penetrating
into the material instead of reflecting off the surface. The blue surfaces also introduce
a large error in the laser’s measurements. This is likely a result of the blue pigment
absorbing most of the red laser light. This was corroborated by the laser receiving
unit’s received intensity readout which showed a value approximately ten times lower

than it did when profiling the other colours.

The smallest variations are shown by the red and yellow surfaces which manage to be

sufficiently opaque and reflective enough to produce an accurate measurement.
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g Variation in difference between manual and laser measurements
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FIGURE 3.9: The standard deviation in the difference between manual and laser mea-
surements. Similarly to figure 3.8, the y axis shows the amount of error that can be
expected from a laser measurement relative to a manual one.

3.4 Semi-automatic Height Compensation for the Dis-

penser

To perform the laser height measurements without needing to manually position the
print head over each point and apply those measurements to a design, a custom ap-
plication was written. With existing software, it was not possible to move the print
head to a specific location and record a height measurement once it had arrived. By
using the printer’s telnet interface and reading the laser’s output over RS-232, the new
application was able to do this for the first time. Once all the necessary height data had
been collected, the program was able to combine this with the 2 dimensional design,

creating a 3 dimensional toolpath that could be sent to the printer.

The main interface of the program is shown in figure 3.10. The design is stored in an
XML file that contains the file settings and the list shapes that constitute the full design.
Designs are composed lines, which can be made up of several segments, and rectangles
which are printed in a meander pattern. The file can also set parameters controlling
how the design is profiled, including the distance between each measurement point and
how many measurements are averaged. It is also possible to set the printing speed and

the spacing between the lines which make up rectangles.
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FIGURE 3.10: The main interface of the bespoke program which was written by the

author to control the printer and the laser. On the left is the design being used, on the

right are controls for manually positioning the print head and running scans or prints
of the design.

To determine whether using laser profiling affected the success rate of dispenser prints,
a design consisting of a third order Hilbert curve, occupying just under 1 cm? in area as
shown in figure 3.11, was printed with and without height compensation and compared.
The Hilbert curve design was chosen because it gives a relatively long line, 7.65 cm,
that remains in a small area. Thus, any irregularities in the surface would only affect
one print and could be identified as anomalies. The program was set up to measure the
height at approximately one point per millimetre, with the spacing being rounded down

to fit a whole number of points per straight line segment.

The design was printed using Smart Fabric Inks Ltd. TC-C4001 silver paste with a
30 gauge nozzle, 35 kPa of pressure and a print speed of 3.5 mm/s using one pass.
Using these settings makes printing less reliable because only a small amount of paste
is deposited, but doing so meant that any small change caused by enabling or disabling

the height control wound have a noticeable effect on the resulting print.
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1.25mm

K 8.75mm )l

FIGURE 3.11: Design used to test the printing system. This shape, a third order Hilbert
curve, creates a line 7.65 cm long in an area less than 1 cm?2.

Height compensated test prints conducted on polyester-cotton showed similar results to
those done at a fixed height. This was because the surface of the red and yellow interface
on the flat polyester-cotton generally did not vary enough over the one by one centimetre
print area for the height control have a significant effect. It does show though, that the

laser’s measurements do not have any detrimental effect on the printer’s performance.

The test was repeated, swapping the thin polyester-cotton for a much less even wound
dressing (Molnlycke Mepore). On the less even surface, the effect is more pronounced
and using height compensation resulted in a significant improvement. As shown in figure
3.12, prints which utilised height compensation only failed to accurately print 5% of the
complete path length, compared to 25% for those printed at a fixed height.

The correctly printed length was calculated by superimposing the design over an image
of the result and measuring the percentage of the design’s length where silver had been

deposited.

FIGURE 3.12: Four test prints on red interface on a Molynlycke Mepore dressing. The

two highlighted in blue dashed squares were printed with height compensation, the other

two were printed at a fixed height. The height compensated prints show significantly

fewer breaks than the others, despite the leftmost one being printed a particularly
uneven section of interface.

While many of the height controlled prints made during testing do still have one break

along their length, printing with multiple passes or with a larger nozzle makes the process
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much more reliable. This would make it practical to use for producing prototype and

bespoke e-textiles without needing to deposit large amounts of paste.

3.5 Conclusions

Dispenser printing is a very useful technique for developing new e-textile devices. Being
a digital printing technique, it can be used to rapidly iterate a design. Because of the
ability to control the nozzle position in three dimensions and the fact that contact with
the substrate is not required, it is also good at printing on a wide variety of surfaces.
However, the fact that the vertical clearance must be kept in a range that can be as

small as 150 pm makes printing on uneven substrates difficult.

A laser displacement meter can be used to measure the surface topography to compen-
sate for its fluctuations, but the laser used here struggled to measure the height of the
translucent interface layer onto which the conductive silver layers were printed. Adding
red pigment at a 5% concentration brought this error within the 150 pm range required
for successful prints, allowing, for the first time, dispenser printing on the varied, un-
even and compressible surfaces, existing wound dressings present. It is likely that red

pigment performed the best because it matches the colour of the laser’s light.

Care needs to be taken to ensure that the pigment doesn’t adversely affect the fabrication
process however. It was found that blue pigment prevented the interface from curing

completely leaving uncured interface to bleed out into the surrounding fabric.

In order to collect height measurements and apply them to a design efficiently, it was
necessary to write a custom application that could interface with both the printer and
the laser. This program was capable of generating the list of points that needed to be
measured for a particular design, coordinating the printer and the laser to measure them
and then applying those heights to the toolpath it sent back to the printer. This allows a

design to be printed on any laser measurable surface with minimal manual intervention.

Comparing prints with and without height compensation on a smooth fabric, one with
less than 150 pm of roughness, showed little difference between the two, however on
red and yellow interface printed on the uneven surface of a typical wound dressing,
introducing height compensation reduced the percentage of the test design that failed
to print by 80%.
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Chapter 4

Modelling of Skin and Tissue

Impedance

4.1 Introduction

Knowledge of the electrical properties of the skin is crucial to understanding the effects
of electrical stimulation as a wound treatment, as well as for many other stimulation and
diagnostic techniques like functional electrical stimulation and electrography. Modelling
makes it possible to analyse how the electrical current is passing though the different
physiological layers of the skin. This information can be used to evaluate stimulation
waveforms without having to test them on patients. Being able to calculate the electric
field in specific parts of the tissue also means that more accurate in vitro experiments
can be set up, allowing detailed investigations into the effect of electrostimulation on

specific cells or cellular mechanisms.

As discussed in section 2.4, there are two main approaches for modelling the skin’s
electrical behaviour: equivalent circuit models and finite-element models. Equivalent
circuit models are simpler, having fewer parameters, and can be derived from physical
measurements of the system as a whole, but are hard to generalise beyond a particular
geometry and offer little detail about how current passes through individual tissue layers.
Finite-element models offer much more detail in their predictions, but need more detailed
information about the properties of the different skin layers when being put together.
In the case of skin modelling, this presents a particular challenge as it can be difficult
to measure the properties of the thin upper layer of the skin, to the extent that there is

only one study which gives details of the properties of the stratum corneum.

A disadvantage of modelling in general is that all models contain inaccuracies, partic-

ularly for a system as complex as biological tissue. It can also be hard to quantify
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exactly how large these errors are when the physical system being modelled cannot be

accurately measured.

A large amount of research into the electrical properties of the skin has been conducted,
as enumerated in section 2.4, but it all suffers from the limitation where the accuracy
of the proposed model is hard to access. The aim of the work in this chapter was to
produce both an equivalent circuit model and a finite-element model of the skin, and to

compare their predictions as a way of evaluating their accuracy.

4.2 The Equivalent Circuit Model

4.2.1 Equivalent Circuit Model Derivation Method

The equivalent circuit model of the skin was created by fitting the circuit model described

above to impedance spectra measured as parts of this study.

Bespoke carbon rubber electrodes, made from Fabinks E-0003 carbon paste, were used to
collect these measurements. Silver connections (Fabinks TC-C4007) and a polyurethane
interface (Fabinks UV-IF-1004) were dispenser printed onto a polyester—cotton backing
using the dispenser printing method described in [174]. A 28 x 28 mm, carbon rubber
pad was then stencil printed on top [142], giving it a total thickness of 2mm. These
were chosen because they were the materials used to manufacture the custom electrodes.
Stencil printing was chosen over dispenser printing for the carbon pad because, when
creating a simple square electrode, it allowed them to be created more quickly and

uniformly.

(Additional Connection)—
Carbon-Rubber Pad—‘
Printed Silver Connection—

Poylurethane Interface— 2
. . 1cm
Fabric Backing— '

FIGURE 4.1: Electrodes used for physical measurements in this chapter. The printed

electrodes consisted of a polyester—cotton base, a layer of polyurethane interface, a

printed silver connection and a carbon rubber pad. A second set of electrodes were

printed with an extra silver grid on top, to measure the impedance of the electrode pad
alone.
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Impedance measurements were taken using a Wayne Kerr 6550B impedance analyser.
Amphenol Clincher connectors were attached to the ends of the printed silver, from
there, copper wires could connect to the impedance analyser’s probes. The impedance
analyser was capable of recording both the magnitude and phase of the impedance
connected to it within a range of 100 Hz and 50 MHz. When making measurements
above 1 MHz, the analyser’s output included an additional equipment error, equivalent
to a parallel resistor, inductor and capacitor as well as a fixed time delay added to
the phase, see figure 4.2. This persisted after running the manufacturer recommended
calibration procedure but was consistent enough that it could be reliably removed from

the data after exporting, using equation 4.1.

Test Impedance Compensation Model
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FIGURE 4.2: Recorded and expected impedances of a 1002 resistor in series with a

parallel 100 k{2 resistor and a 10 nF capacitor. Left: The expected, error free impedance

is shown in green, while the measurement from the impedance analyser is shown in blue.

The purple line shows the expected impedance with compensation added to fit the blue

measurement as closely as possible. The purple line in the right hand graph shows the
residual error left over after the compensation is applied.

S B
Zt'rue = (Zmeasured - (R_l + (JLU_C') + (JWL) 1) ) X e Jwtx(f>1MHz)7

t =4.61ns (0 = 0.2ns), R = 35kQ (o = 2kQ),
O = 25.4pF (o = 1.0pF), L = 707nH (o = 49.1nH)

(4.1)

Before attempting to measure the properties of the skin, a series of tests were conducted,
identifying the properties of the electrodes themselves. The first of these, designed to
measure the impedance of just the electrode’s carbon pad, used a duplicate electrode,

fabricated as described above, but with an additional lead wire printed on top of the
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pad as well as underneath it. This allowed the impedance of just the carbon rubber to
be measured, with minimal effects from connection interfaces. Such measurements were

taken with 0, 50, 100 and 150 g masses compressing the electrode.

This range of masses, applied by placing small metal weights on top of the electrode, was
used in this test, and the later ones, to access how the compressive forces of a bandage

would affect the electrode performance.

Following this, the impedance between a normal, single lead wire electrode and a copper
sheet was measured. This gave an insight into the interface impedance between the
electrode and the surface it is contacting. The impedance between the electrode and
the copper was tested with 3 different masses applied: 50, 100 and 150 g, and with the
interface both wet and dry. During wet tests, 0.05ml of tap water was applied to the
electrode surface using a syringe. This was enough that, under a 150 g mass, small
amounts of water could be seen seeping out from the sides. This test was performed
independently with two different electrodes: A and B, that would later be used together
for measuring the tissue. These two electrodes were produced using the same method
but due to variations in the materials and the texture of the electrode surface, could

have had slightly different properties and so were tested separately.

—— A B

1 1
L | L |
NS
Electrode Electrolyte Stratum Corneum Tissue

FIGURE 4.3: Neuman’s equivalent circuit model of a skin — electrode system including
the external electrode, electrolyte, epidermis and underlying tissue [50].

These measurements were fit to the electrode and electrolyte sections of the equivalent
circuit shown in figure 2.4 (copied as figure 4.3). Because only the impedance was being
considered, the electrode — electrolyte half—cell potential was ignored. The R language’s
[175] non-linear least squares routine [175] was used to find the parameters to equation
4.2 which best matched the recorded impedance curves, where Rg is the series resistance,

Rp the parallel resistance, and Cp and a the properties of the capacitor.

1

Z = RS + —a
ot (jwCp)'
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The tests on skin were performed similarly, with 50, 100 or 150 g of mass and dry or
with 0.05ml of water, on each electrode. Electrodes were placed 30, 50, 70 or 90 mm

apart, centre to centre, on the ventral forearm.

Because the recorded impedance was approximately three orders of magnitude higher
in these measurements than in the ones conducted on copper, and because there was no
sign on the impedance curve of a second break frequency, the impedance recorded on
skin was fitted against just the epidermis and tissue sections of figure 4.3. Again, the

half-cell potential was ignored.
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FIGURE 4.4: Recorded (solid) and fitted (dashed) impedance curves. The different

colours are multiple repeats of the same measurement. The graph on the left is from

measuring the impedance between a single electrode and copper sheet. The graph on

the right is the impedance between two electrodes placed 50 mm apart on the ventral
forearm.

4.2.2 Equivalent Circuit Model Results

Measurements of the properties of the two—lead—wire electrodes revealed that the bulk
of the electrodes’ pads presented a purely real impedance of no more than 5¢2. This
was consistent across the entire frequency range and did not change with the amount of

mass applied.
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FIGURE 4.5: Fitted model parameters for electrodes placed on a copper sheet. The data

points come from independently fitting to three repeats of each measurement. Note

that the capacitance is given on a logarithmic scale as the result for that parameter
occupies such a large range.

The fitted model parameters derived from electrodes on copper are shown in figure 4.5.
Contrary to the predictions of the model in figure 4.3 the parallel resistance and capaci-
tance behave as if they were not entirely being produced by the electrode interface, but,
at least in part, by the electrolyte beneath them. The appearance of a capacitance in
the dry tests, when no double-layer producing electrolyte is present, shows that a ca-
pacitance can arise directly between the electrode and the skin. The positive correlation
with mass corroborates this; as more mass is applied, the electrodes and skin will move
closer together, decreasing the dielectric width and increasing the capacitance. These
results show that moistening the electrodes increases the capacitance by approximately
two orders of magnitude. This is close to the difference between the permittivities of
water and air: approximately 80 at room temperature [176], implying that a significant
portion of the capacitance recoded in the moistened cases is across the whole electrolyte

as well.

The parallel resistance shows a pronounced negative correlation with the applied mass.
This was not observed in the electrode pads themselves when measured alone, but could
be expected from an electrolyte space decreasing in thickness as more pressure is applied.
Likewise, the capacitance shows a slight increase with increasing pressure, as the distance

between the conductive regions of carbon rubber and copper is decreased.

The derived series resistance values show a wide variation in a way that does not correlate
well with either dampness or applied mass. The reason for these variable results has to do
with how series resistance is extracted from an impedance curve. The series resistance

is found by looking at the value at which the impedance becomes constant at high
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frequencies. In this case though, because of the meter’s built in error, the impedance
magnitude starts increasing again before this can happen. The result of this is that the
series resistance never becomes the dominant impedance in the circuit and so it cannot

be measured accurately.

The one configuration that produced a consistent result for series impedance was the
measurement of electrode B with a wet interface (the blue circles in figure 4.5). The
constant resistance of just under 52 for all applied masses matches the measurements
of the electrode pad alone, implying that the series resistance originates mostly from
within the electrode. However, the variability of the results from other configurations

means that this cannot be stated with confidence.
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FIGURE 4.6: Fitted model parameters for a pair of electrodes on tissue. The x axes

primarily plot the distance between the electrodes, however, to also show the effect of

changing mass, measurements taken under 50 g are shown the equivalent of 2.5 mm left

of their true position, and those with 150 g, 2.5 mm to the right, despite all having been
measured at the same set of distances.

The derived parameters for the model of the tissue are shown in figure 4.6. For the

same reason as previously, series resistance values, particularly for dry configurations,
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show a wide variation, even within repeats of the same measurement. The wet measure-
ments, by virtue of their higher capacitance and lower parallel resistance, did exhibit
a frequency range at which the series resistance was the dominant contribution to the
overall impedance, allowing it to be measured more reliably in these cases. The model
in figure 4.3 ascribes the series resistance to the deeper tissues below the skin. Were
this the case, the measured series resistance values would be expected to have a direct,
linear correlation with distance. While the resistance value does increase in an approx-
imately linear fashion, the constant offset along with the decrease induced by higher
masses, implies there is a significant contribution from the upper layers of the skin and

the interface from the electrodes as well.

The parallel resistance and capacitance values behave as the model predicts. Showing
no correlation with distance is consistent with their being sourced from the upper layers
of the skin. The increase in capacitance and decrease in resistance when the electrodes
are wet is to be expected as well: the majority of the epidermis’ impedance comes from
the stratum corneum, the layer of dry, dead cells that make up the outer most layer of
the skin. Applied water will get absorbed by this layer, increasing both its conductivity

and permittivity.

Taken together, these results imply that the impedance of the skin — electrode system is
equivalent to that presented in figure 4.3. However the physical source of each component

of that impedance appears to differ from those given in the literature.

4.3 The Finite Element Skin Model

4.3.1 Finite Element Model Construction

Finite element analysis is a simulation methodology that works by breaking a system
down into small sections, then solving a set of equations for each section using numerical
methods. To verify the accuracy of the equivalent circuit model described above, a
finite element simulation model was created using the modelling software COMSOL
(COMSOL Inc. Stockholm, Sweden).

—

—
Stratum Corneum - 40um
Epidermis - 0.1mm

Dermis - 1.7mm

Hypodermis - 5mm

Muscle - 25mm

FIGURE 4.7: Basic version of the COMSOL simulation model (left) and version with
uneven layer boundaries (centre). The image on the right shows how each layer of the
skin was represented by a layer in the model.
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Tissue € oo Ae, T, /s a, o, / S/m | Depth / mm
Stratum 1400 5.3x1077 | 0.05
Corneum 100 | h0r | 1sox10-2 | 04 | 13X107 0.04
Epidermis €, = 1.14 x 10%, 0 = 0.55S/m 0.1
Dermis €, =1.14x10%, 0 =2.95/m 1.7
15 15.92 x 1079 | 0.2
Hypodermis 5.5 2x10° | 159.15x 1076 | 0.05 | 0.01 5
1 x 107 7.95 x 1072 | 0.01
7000 353.86 x 1079 | 0.1
Muscle 54 1.2x10°% | 318.83x107% | 0.1 | 0.2 25
2.5 %107 | 2.274 x 1073 0

TABLE 4.1: Electrical parameters and depths of the stratum corneum [59], epidermis
and dermis [33], hypodermis and muscle [177].

This model, shown in figure 4.7 (left), consisted of five layers, representing the stratum
corneum, the epidermis, the dermis, the hypodermis and the muscle. The electrical
properties of each layer were taken from values published in the literature and are
shown in table 4.1. The data for the stratum corneum is specific to the ventral forearm

[59], the other layers’ data is for generic skin.

Where available, the properties of the Cole—Cole dispersion equation are used. As
opposed to the impedance version used in the physical modelling above, this version of
the equation, (4.3), calculates the complex permittivity of a material as a function of
frequency. This value can then be split into permittivity and conductivity according to
equation 4.4 [177].

Ae o,
e (w) = ey, + n + — (4.3)
R (ijn)(l_a") Jweg
€(w) =€, — 27 (4.4)

weq

The data for the stratum corneum was collected using electrodes with a gel interface
[59], meaning this model corresponds best to the moistened version of the equivalent

circuit model given above.

Interface impedances, for example, the double layer impedance effect, were ignored in
the finite simulation model. While COMSOL does support parametrised boundary
impedances, no suitable data was available which this facet of the model could be based

upon.

The model was 20cm long and 10 cm wide, approximating an adult’s forearm. The
electrodes were modelled as two, 2-d squares, 28 x 28 mm in size, of variable distance

apart, centred at the top of the stratum corneum. One of these squares was tied to
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ground, the other given a 1V sinusoidal input signal, at frequencies from 1 Hz to 1 MHz.
Simulations were repeated with the electrodes 3, 5, 7 and 9 cm apart, as with the physical

tests.

The model was divided into its elements using COMSOL’s ‘extra fine’ meshing setting,

producing elements no larger than 4 mm in size.

As well as measuring the impedance with this default model, versions were tested with
the thickness of each layer increased and then decreased by 10% in turn. This was done
to assess the sensitivity of the results to the inevitable variations in skin layers that exist

between different areas of the body and between different people.

Similarly, a version was constructed which, instead of having the interfaces between
layers flat, replaced them with sinusoidally oscillating surface, as shown in figure 4.7
(centre). The wavelength of these oscillations was 2 cm, creating 10 oscillations across
the length of the model. Even with these modifications, the model is not a perfect
representation of the geometry of the skin, but adding these oscillations is a practical

way of gauging the inaccuracies caused by the model’s simplifications.

4.3.2 Finite Element Model Results

Simulated Impedance

Distance

— 30mm
— 50mm
— 70mm
90mm

1000 5000

Impedance / Q

200
|

50

-10

Phase / °
-30
1 1

-50
|

-70

1e+00 1le+01 1e+02 1le+03 1e+04 1le+05 1e+06 1le+07
Frequency / Hz

FIGURE 4.8: Simulated impedance spectrum between two electrodes on skin at 4 dif-

ferent distances. Low frequencies face a large impedance of around 7.5 k2, unaffected

by changing distance. Higher frequencies show less than 100 2 when the electrodes are
9 cm apart, falling as low as 25Q at 3 cm.

The impedance between electrodes in the standard version of the model is shown in
figure 4.8. The overall shape of the impedance curve is as expected: low frequencies

face a large resistive impedance that is not affected by the distance between electrodes.
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As the frequency of the input is increased, the impedance decreases as current is able

to pass through the stratum corneum. What remains is a smaller impedance that is

affected by distance: the result of the lower tissues.
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FIGURE 4.9: Simulated tissue impedance with varied layer thicknesses. Changing the
thickness of most layers has only a very minor effect. The exceptions are the stratum
corneum which affects the low frequency impedance, and the dermis which affect the

value at high frequencies.

Varying the thickness of each layer, the results of which are shown in figure 4.9, confirms

this interpretation. Changing the thickness of the stratum corneum, induced a propor-

tional change in the impedance at low frequencies, while having very little effect on the

high frequency impedance. Changing the thickness of the dermis, the most conductive

of the layers, had an equivalent effect on the higher frequencies.
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Impedance with Uneven Layer Boundaries
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FIGURE 4.10: Simulated impedance between two electrodes, 5cm apart, when the
boundary between layers varies by 0, 25, 50 or 75% the height of the layer above
it.

Creating oscillations in the boundary between layers causes changes across the whole
frequency spectrum (figure 4.10). Creating a shortcut across the stratum corneum,
reduces the low frequency impedance, in much the same way that changing the thickness
did. Changes in the high frequency impedance are also caused as the effective resistance

and capacitance of each layer changes.

These two tests can be used to draw conclusions about the reliability of the model.
The fact that changing the heights of the tissue layers causes only a small change in
the model’s output indicates that errors in the data on layer thicknesses would not
greatly impact the model’s predictions. Conversely, the larger effect changing the layer
boundary shape has on the results at high frequencies means that, if accurate predictions
about the tissue’s high frequency impedance are needed, accurate information about the

layer boundary topography would be required.

4.4 Comparison of Finite Element and Equivalent Circuit
Models

A comparison of the two models is shown in figure 4.11. While they are in approxi-
mate agreement about the impedance at high frequencies and about how the impedance
transitions from high to low, there is a large discrepancy in their predictions about low

frequencies.
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Model Comparison, Electrodes 50mm apart Model Comparison, Electrodes 90mm apart
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FIGURE 4.11: Simulated impedance results from the two models with the electrodes

50 mm (left) and 90 mm apart (right). The equivalent circuit plot is calculated from the

50 g, wet case, as this was closest, reliably derived case to the finite element simulation

results and because the finite element model was derived from data collected on wet

skin. The average of the measured plots, from which the equivalent circuit model was
derived, is also given.

Some amount of this difference will result from the equivalent circuit’s inclusion of
the electrodes and the double—layer interface impedances, which the COMSOL model
lacks. However, the tests of the electrode’s impedance on to a copper sheet showed that
this should account for less than 1k, far less than the 50k{) required to explain the
discrepancy. The double-layer impedance effect, meanwhile, primarily adds capacitance
to material interfaces so its inclusion in the COMSOL model would only serve to separate

the models further in their transition from high to low impedance.

The fact that the error is largest at low frequencies implies that it is associated with
the modelling of the stratum corneum. The COMSOL model can be made to resemble
the equivalent circuit by increasing the thickness of the stratum corneum from 40 pm to
400 pm. However, it is known with confidence that the stratum corneum on the ventral
forearm is not this thick. A more likely explanation is that an inaccuracy exists in the
electrical properties of the layer. These values can be difficult to measure given the
layer’s small size and the difficultly in isolating a sample as well as its propensity to
change properties depending on how much moisture has been applied and whether any
layers have been physically removed [57, 59]. And because the electrical properties of
the stratum corneum are dependent on the eight individual values shown in table 4.1, it

is difficult to derive corrected values from these results alone.
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4.5 Conclusions

Both the finite element simulation and the equivalent circuit model developed here,
show the impedance between two electrodes to consist of a large resistive impedance at
low frequencies, shifting to a decreasing capacitive impedance at 10 to 100 Hz. This is

caused by the thin, low conductivity layers at the top of the skin.

The relationship between the impedance of the electrodes when placed on a copper sheet
to the applied mass and the permittivity of the electrolyte, shown in figure 4.5, indicates
that the capacitive component of the impedance is likely to arise, at least in part, from
the electrolyte beneath the electrode rather from the electrode—electrolyte boundary or
the electrode itself, as originally proposed. Aside from this, the physically measured
impedance data, correlated well with that predicted by the model in figure 4.3 from
[50].

The two models disagree about the exact frequencies these changes occur at and, most
significantly, about the total impedance at low frequencies. These differences indicate

an error in the literature data used to model the stratum corneum.

Nevertheless, these models can be used to make predictions about how current passes
through the tissue. For example they show that low frequency stimulation, below 100 Hz,
will mainly deliver energy to the high resistance, outer layers of the skin, whereas higher
frequencies, above 10 kHz will use the capacitive properties of the upper layers to pene-

trate deeper.

When stimulating open wounds, the lack of skin under the wound electrode will mean
that relatively more current and energy will be delivered with a DC or low frequency

stimulation waveform.

However, as the return electrode must still be on intact skin, away from the wound,
a high frequency stimulation signal is still needed if a significant electric field strength
is desired in the living tissue. This, along with the fact that DC stimulation causes
the build up of charged ions under each electrode, helps to explain the why modern
stimulation waveforms primarily use high frequency waveforms or short pulses: these
waveforms are able to deliver more energy to the dermis and deeper tissue layers where

the mechanisms of wound healing are taking place.
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Chapter 5

Evaluation of Stimulation
Waveforms for Inducing Cell

Migration

5.1 Introduction

Electrotaxis, the propensity of cells to migrate directionally in an electric field, is thought
to be a key component of how the current of injury and external electrical stimulation
assist in wound healing [12]. During the healing process, the directional migration of
immune system cells, fibroblasts and keratinocytes is required for eradicating infections,

rebuilding tissue and reepithelialisation respectively [25, 31].

As discussed in section 2.5, many studies have found that applying a directional electric
field to cells in vitro can induce this directional migration [38, 39, 40, 41, 43, 44, 74, 77,
78]. These experiments provide a means of comparing different stimulation waveforms,
a task that has proven difficult in clinical trials where confounding factors and small
sample sizes have prevented statistically significant results. A thorough investigation of
different stimulation waveforms in vitro would provide clearer data on which is the most

effective, which could be used to inform the design of stimulation devices.

While the majority of past electrotaxis studies have just tested various intensities of
DC electric field, one, Tsai et al. [41], did evaluate several waveforms previously used in
clinical trials. Their work found that constant, low strength electric fields (600 mV /mm)
were more effective than pulsed, high voltage ones (2000 mV /mm, 0.025% duty cycle).
This study did not, however, account for the impedance of skin and the effect that
would have on the electric field cells would experience; they simply applied the same
voltage that would be connected to a pair of electrodes across the chamber containing

their cells. As shown in chapter 4, the impedance of the skin primarily attenuates DC
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and low frequency signals so discounting its effects gives a relative advantage to low

frequency stimulation that would not exist in vivo.

The aim of the following experiment was to repeat this work, accounting for the impedances
that would be faced when stimulating an actual wound, to try to gain a more accurate

understanding of the effects of waveform choice on cell migration.

5.2 Migration Assay

5.2.1 Method

The tests were conducted separately on available HaCaTs (human keratinocytes) and
3T3-L1s (mouse fibroblasts). Both of these cells need to migrate towards or across the
wound during the healing process as previously defined in section 2.2 [29, 25]. The cells
were cultured in a media of Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10%v /v foetal bovine serum and 1%v/v penicillin/streptomycin as an antibiotic
and antifungal. The DMEM included a HEPES buffer which helps to keep the pH of the

media constant and phenol red, a pH indicator and was sourced from Sigma Aldrich.

The cells’ media was changed three times a week and once the cells reached 70% conflu-
ence they were divided by washing with phosphate buffered saline (PBS) and detaching
them from their flask using trypsin. The cells were then centrifuged at 200 rcf (centrifu-
gal force relative to 1g) for 5 minutes using an Eppendorf 5810 centrifuge. The trypsin
supernatant was removed, the cells were resuspended in media and seeded in new flasks

at a density of approximately 1500 cells/cm?, following standard practice [41, 80].

When performing experiments, cells were removed from their flask as described above,
but instead of placing them into a new flask, they were seeded into the wells of either a
12- or 24-well well plate (Corning Costar). The seeding density was between 1000 and
2000 cells/cm? and the well plate was incubated for between 48 and 72 hours with the
aim of producing cell colonies of various sizes with enough empty space that the cells

could move freely. A typical result is shown in figure 5.1.

The image on the left of figure 5.1 shows the 3T3s which typically exist as single cells or
small groups and have long lamellipodia protruding from the edge of the cell which they
use to move around. The HaCaTs in the right hand image are more inclined towards
forming colonies. They have broader lamellipodia which form a sheet around the cell.
When a cell detaches from the base of the well, it shows up with a bright white outline

in the microscope image. This can occur when a cell dies or when it is dividing.
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FI1GURE 5.1: Cell densities prior to experimenting. Left: 3T3s, right: HaCaTs.

Tests were done, both with silver coated wires inserted directly into the media (figure
5.3 left), and with wires inserted into adjacent wells filled with PBS connected via tubes
of PBS with 3%v/v agarose. These tubes had a diameter of 2.5 mm and were at least

10 cm long. This is shown on the right of figure 5.3.

A custom made voltage generator, shown in figure 5.2, was configured to provide an
electric field between 0 and 200 mV /mm. This voltage generator received power through
a USB port and used an LT1072 boost converter IC to increase this to 30 V. This 30 V
supply was used to power an LM358 operational amplifier, which amplified the digital-to-
analogue converter output of an ATSam D21 microcontroller. The output was connected
to a set of screw terminals to which the electrode in the well plate could be attached.
One terminal was connected to the output of the op-amp, the other to either the 30V
supply rail or to ground as controlled by the microcontroller and a transistor switch.

This gave an effective output range of -30 to +30V with a resolution of 11 bits.

The system was given a simple interface consisting of two buttons and two LEDs. The
buttons could be used to cycle between the various programmed waveforms while the
LEDs would flash to show a representation of the current output (reduced to a human

parsable frequency were needed).
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FIGURE 5.2: The voltage generator used to apply the electric field to the well plate. The

circuit board was produced using a CNC milling machine which expanded each net into

a Voronoi region to minimise the required cutting distance, creating the unorthodox
trace outlines on the PCB.

Each experiment was performed with three well in parallel, and with three identical

wells left with no electric field as controls.

FIGURE 5.3: In some tests, the electric field was applied to the cells by placing metal

electrodes directly into the cells’ media with three wells connected in parallel. In others,

the electrodes were placed into adjacent wells filled with PBS and which were bridged
to the cells’ wells with tubes of PBS and 3%v/v agarose.

Timelapse videos were recorded on a Nikon Eclipse Ti microscope set to 10x magnifi-
cation. The microscope had an enclosure around it which held the cells at 37°C and at

5% CO, to emulate physiological conditions.
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FIGURE 5.4: A 12 well plate with two tubes for agar bridges placed inside a Nikon
Eclipse Ti microscope.

5.2.2 Results

With silver coated wires inserted directly into the cell’s media, high voltages caused the
cells to die. For HaCaTs, the threshold at which this happened was between 250 and
300mV/mm and for 3T3 was around 200 mV/mm. Any voltage below this threshold

had no visible effect on the cells.

At particularly high voltages, greater than 300mV/mm, chemical reactions at the elec-
trodes caused a pH change to occur and a turquoise residue to form in the media, shown
in figure 5.5, but there were also cases when cells died with no change to the pH of the

media.

FIGURE 5.5: The pink colour of the right hand well, indicating that the media has
become significantly alkaline, compared to the approximately neutral media in the
control well on the left.
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In tests conducted with the connecting agar tubes, a voltage approximately 10 time
higher was required from the generator, in order to get equivalent field strengths across
the well. Field strengths up to 260 mV /mm were tested, but no change could be induced

in the cells at all.

HaCaTs 300mV/mm t=00:00+ ./l HaCaTs 300mV/m# t=0

|

HaCaTs 200mV/mm t=00:00 HaCaTs 200mV/mm t=06:00

100pm

HaCaTs 300mymm t=0_0:p()
eI
& N

el

FIGURE 5.6: Microscope images of the cells at the beginning (left) and end (right) of

the experiments. Top: HaCaTs, exposed to 3V (300 mV /mm), directly into their wells,

274 row: HaCaTs exposed to 2V (200 mV/mm), directly into their wells, 34 row: 3T3s,

2V (200mV/mm), directly into the well. Timestamps are given in hours and minutes.
Full videos are available at https://doi.org/10.5258/SOTON/D2796.
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5.3 Scratch Test

A variation on the migration assay which has also been used to evaluate electrical stim-
ulation is a scratch test [178, 179]. This involves allowing the cell culture to become
100% confluent, completely covering the base of the well. A small, plastic pipette tip is
then dragged across the centre of the well to create a gap approximately 500 pm wide.
The well plate was then placed in the timelapse microscope and monitored as the gap

was closed.

In this test, only HaCaTs were used as their physiological role is to form complete layers

while fibroblasts typically do not.

As previously, three wells were left as controls in each test while another three wells
were given electrical stimulation using wires placed directly into their media. Tests were
conducted with constant fields of 100 and 200 mV /mm and with 300mV /mm pulsed with
a 50% duty cycle.
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300mV/mma Pulsed t=00:00

] Lo

FIGURE 5.7: Microscope images of cells at the beginning (left) and end (right) of the

scratch test. Top: Controls, 2" row: 1V (100mV/mm), 3'¢ row: 3V (300mV/mm)

pulsed. Timestamps are given in hours and minutes. Full videos are available at
https://doi.org/10.5258 /SOTON /D2796.

As shown in figure 5.7, the scratch in the cell layer shrinks significantly in all tests over
the course of 23 hours. However, there is no visible difference between any of the cells

which were exposed to stimulation and the controls.

In one case, when testing with 1V, the cells on both sides of the gap visibly receded,
with many of the cells dying by the end of the experiment. This only happened in one
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instance out of 6 tests with that stimulation, so is likely to be the result of contamination

in that particular well.

The remaining results show that the HaCa'ls are continuing their usual behaviour of
proliferation and migration across a scratch in the environment of the experiment, and
are doing so both with and without an electrical field. However, the fact that electrical
stimulation neither speeds up the closing of the scratch nor makes one side advance

faster than the other is unexpected given the cells’ reported sensitivity to electric fields.

5.4 Alamar Blue Metabolism Test

To identify possible problems in the experimental procedure, an alamar blue metabolism
assay was conducted. It has been shown that electrical stimulation, applied through
metallic electrodes directly into the cell’s media can increase metabolism as a result of
the chemical reactions occurring around the electrodes [180]. This can be assessed using
alamar blue, a non-fluorescent blue dye which cells are able to metabolise into resorufin
which is pink and highly fluorescent. By adding alamar blue to a culture’s media and
later measuring the media’s florescence, a measure of the total metabolic activity of the

culture can be acquired [181].

Wells of both HaCaTs and 3T3s were plated and incubated for 72 hours, before having
electrical stimulation applied for 1 hour a day for three days using steel electrodes.
Initially, this was done with an electric field of 100 mV/mm, as recommended by [180],
but this caused complete cell death and discolouration of the media, so was reduced to
60 mV/mm. The cell media was changed after 48 hours of incubation before the second
day’s stimulation was applied. As well as the one well of each cell type that received

the stimulation, two wells were kept as controls and were grown as normal.

Immediately following the final day’s stimulation, the media was changed to introduce
10%v/v alamar blue. An additional well which contained no cells was also filled with
this media as a reference. The well plate was incubated for 4 hours and the media was
transferred to an opaque walled well plate. From each well of the cells’ plate, two media

samples of 200 pl were taken.

The fluorescence of the media was measured using a Promega GloMax plate reader and

the results are shown in figure 5.8.
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Alamar Blue Results
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FIGURE 5.8: Results of the alamar blue metabolism assay. The higher the calculated
flux, the more metabolism occurred. The ‘empty’ column is from the well which con-
tained no cells at all.

While the stimulated HaCals do show a slight increase in metabolism compared to
their controls, the difference is small and given the low number of repeats cannot be
considered conclusive. The 3T3s meanwhile should a remarkable decrease in metabolism
when given electrical stimulation. Again the number of repeats is small, but the large
distance between the control and test results implies that the stimulation was actively

harmful to the cells.

5.5 Conclusions

The experiments in this chapter were intended to identify the optimal stimulation wave-
form for inducing directional migration in cells responsible for wound healing. This

information could then be used to inform the design of new stimulation circuits.

However, both experiments described above gave predominantly negative results, failing

to show any induced migration. The fact that the methods used were copied from
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successful reports in the literature implies that something unaccounted for was causing

the failures, rather than it being a case of incorrect experimental parameters.

One possible explanation is that the precise cell lines used were not suitable. This is
unlikely however, as both keratinocytes and fibroblasts have been successfully used in
electrotaxis studies [39, 40, 41, 43, 44, 74, 77, 78] which, combined with the fact that
several other cell types have also yielded positive results, indicates that using a slightly

different cell line should not have caused the entire experiment to fail.

Another potential source of problems is the chemical reactions occurring at the elec-
trodes. Cell growth media contains a large variety of complex chemicals [182] and a
wide variety of chemical reactions can occur at the surface of the electrodes when a cur-
rent is passed through them. As such, the choice of electrode material is very important.
Most studies choose to use platinum [180] or silver-chloride [41] which are particularly

inert, however, both silver and steel have yielded positive results in the past [74, 81].

Further work would be needed, focusing on these areas, to identify the precise issue
limiting the experiment. For example, a thorough chemical analysis of the changes
induced in the media or a repetition of the experiment with cell lineages identical to those

used in the literature may offer more information on the problems with this experiment.
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Chapter 6

Stimulation System Design and

Integration

6.1 Introduction

To show that e-textile manufacturing techniques can produce a wound stimulation device
that would be comfortable and unobtrusive to a patient, the required components of such
a device were investigated. Such a device should be small enough to be worn under a
patient’s clothing. As much of the electronics as possible should be removable from the

dressing so that it can be reused when a dressing is replaced.

The aim of the work in this chapter was to produce a prototype device that fulfilled
these requirements as well as to explore the possibility of adding additional sensing and

interface capabilities.

6.2 Flexible High-Voltage Stimulation Circuit

The core of the stimulator is the circuit that generates the stimulation voltage. With
the experiments in the previous chapter offering no further information on the best
stimulation waveform, it was chosen to target a high voltage pulsed waveform, favoured
by more recent investigations [67]. However, generating the up to 200V used in these
protocols on a small, battery powered circuit, presents a challenge. The lithium polymer
based batteries that are the current state of the art for small electronic devices provide
around 3.7V so a boost converter is required to generate the higher voltage which can

then be switched using a transistor to produce the stimulation waveform.

To keep the completed stimulation device small and flexible, it was necessary to choose

components that were themselves as small as possible. This limited to voltage that could
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be generated in two ways. First, small, surface mount boost conversion ICs typically
have output voltages limited to little more than 100 V. Secondly, smaller lithium polymer
batteries are only able to produce a certain amount of current without overheating and

becoming dangerous.

The LT1072 boost converter chip was chosen for this design. It is available in a 5 x
6 mm SOIC-8 package and has a maximum output voltage of 65 V. Similarly sized chips
exist with higher output voltages, for example the LT8300 and MP6000 series, but the
LT1072 was chosen because it was available for purchase and because other parts of the
circuit limited the output voltage even further. Specifically, the LP-402025-1S-3 battery
is only able to provide 60 mA of continuous current which limits the voltage particularly

during start up when the large output capacitor is first being charged.

The problem of start up current draw is partially mitigated with the addition of a
second capacitor in parallel with the upper resistor of the feedback potential divider.
The boost converter controls its output by ensuring that the voltage of a potential divider
connected to the output is the same as a constant reference (1.24V for the LT1072).
Placing an extra capacitor in parallel with the upper resistor effectively short circuits
that resistor when the converter is first turned on, giving it a very low target voltage.
As this capacitor charges up, the target voltage rises, causing the output capacitor to be

charged gradually and keeping the total current draw of the system as low as possible.

The complete boost converter circuit is shown in figure 6.1.

' OUT+
c2 R1 o
1yF —L 27kQ = 10pF
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FIGURE 6.1: Boost converter circuit used to generate the high-voltage stimulation sig-

nal. The circuit is based around the LT1072 boost converter IC in a SOIC-8 package.

The output can be switched using transistor Q1 to provide the pulsed waveform wound

healing stimulation requires. Transistor Q2 can be used to disable the entire boost
converter to save power.

Larger batteries are capable of providing greater currents, but to use one of these would
be to enlarge what is already the largest and least flexible component of the device. The
LP-402025-15-3 battery is 20 x 25 x 3mm in size, taking up as much space as the rest

of the boost circuit and its controller (figure 6.2).
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FIGURE 6.2: Miniature flexible high-voltage stimulation circuit connected to the battery
that powers it.

The flexible circuit board was created using copper coated polyimide (GTS Flexible
Materials Ltd, Rassau, Wales): a 25num thick sheet of polyimide coated with an 18pm
layer of copper. Unwanted copper was removed using a variation of the photolithographic
etching process described in [18]. The copper was spin coated with Microposit S1813
G2 positive photoresist (Micro Resist Technology GmbH, Berlin, Germany) as 2000 rpm.
The areas where the copper needed to be removed were exposed using the screen of an
Elegoo Saturn 8K resin 3D printer (Elegoo Inc, Shenzhen, China) with the exposure
time set to 3 minutes and the photoresist was washed off using AZ 400K developer
(Merck KGaA, Darmstadt, Germany). The exposed copper was then etched using a
solution of sodium persulphate etching crystals (Fortex Ltd, Lincoln, UK) in a PA104
bubble etch tank (Mega Electronics, New Brunswick, USA).

Based on the skin impedances measured in chapter 4, the converter was connected to
a 560k resistor in parallel with a 10 nF capacitor with an additional 100 €2 resistor in
series for testing. Measuring the output across this load with a Tektronix MSO 3014
oscilloscope yielded the plot shown in figure 6.3. The figure shows a 100 ms pulse, but
the circuit was able to maintain its voltage across that load continuously, meaning that

the frequency and duty cycle are limited only by the speed of the microcontroller.
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FIGURE 6.3: Output voltage of the boost converter, showing that it is able to produce
100 ms pulses of up to 35V.

Most high voltage stimulation waveforms used in the literature use pulses that are only
microseconds in duration [67]. 100 ms pulses at 10 Hz were chosen to test the stimulation
circuit, both because the lower output voltage would need to be compensated with a
higher duty cycle, and because, if the voltage generator can sustain its output for 100 ms,

it is very likely to manage the shorter pulses of a more typical HVPC waveform.

6.3 A Magnetic E-Textiles Connector Concept

Wound dressings have an inherently limited lifespan and several different types of dress-
ings are often applied as a wound moves thought the stages of healing. Were the battery
and stimulation circuity permanently integrated into the dressing, they too would need
to be disposed of and replaced several times during a wound’s healing. This is an issue
that affects many other e-textile devices: in attempting to keep the delicate electronic
components protected and unobtrusive, they are completed ensconced within the textile
host, making separation for recycling very challenging and meaning that parts cannot be
replaces as they wear out. This, being both environmentally and financially undesirable,
creates a need for an impermanent connector between the parts of the device that have

different lifespans.
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A number of different approaches to the problem of flexible, e-textile connectors have
been considered in the past [169]. Some use a permanent fixture such as an eyelet [183]
or crimp [184] to attach to the textile, then use a standard rigid connector to attach to
that. This system allows the connection to the textile to be much more robust than if it
had to be removable, though it does require adding rigid components to the device, the
boundaries of which are known to be a common point of mechanical failure for flexible

conductors [18].

Other designs have adapted components native to textiles which share their flexible
properties, for example, creating conductive Velcro. However, the conductive coating
used on Velcro has been shown to wear off after repeated use [185]. The opening and
closing of a zip has been employed as an electrical switching mechanism [186], but zips
are not useful for increasing modularity as the parts of an e-textile device are rarely just

two sheets needing to be joined edge to edge.

An alternative basis for e-textile connectors is the combination of magnets and spring
loaded contacts. Magnetic fastenings are attractive because they are self-aligning and,
with judicious use of polarity, can enforce correct orientation. Magnets have been used
directly as connectors [187], but their inability to be soldered without demagnetising
makes this challenging. Using magnets to hold sprung connectors in place solves this
problem and has the advantage that the receiving side of the connector is simply an
exposed conductive pad. This makes manufacturing easier and increases the flexibility
afforded to the design. It also means that when disconnected, the connection mechanism

is completely unobtrusive.

Thus far, such systems have only been realised using spring loaded “pogo” pins [169, 188].
Shown in figure 6.4, these consist of a spring loaded pin inside a hollow metallic cylinder.
As aresult, pogo pins cannot compress to less than half their original height. This creates
a compromise between the total thickness of the device and the working contact range
of the connector. Because the spacing between the tips of the pins needs to remain the

same as that of the bases, the material the pins are attached to must also be rigid.
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FIGURE 6.4: Pogo pin mechanism. (1) Fixed barrel which is permanently attached to
one side of the connector, (2) Spring, (3) Movable pin, (4) Contact head.
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An alternative that is more suited to connections between two flexible devices is spring
finger connectors. These are ‘C’ shaped metal contacts, the bottom of which is soldered
to a PCB. When compressed onto an opposing contact pad, they form a reliable, electri-
cal connection. While this system occupies more lateral space than one based on pogo
pins, it can compress almost flat so is better suited for devices where a low profile is a

requirement.

Such a connector would itself have properties beneficial for sustainability: the easily
accessible spring fingers contacts can be replaced in situ if broken and the encapsulated
magnets are unlikely to demagnetise during standard use and can be easily recovered
at the end of the product’s lifetime. The metallic construction, using materials already
present in most electronic devices, means that the recycling process is not complicated

by the connector’s inclusion.

Detailed below, is the evaluation of such a system, identifying the key requirements of

its design to allow development of future reliable connectors for e-textiles.

6.3.1 Method

6.3.1.1 E-Textile Connector Test Device Design

—7

FIGURE 6.5: Design of the test device. (1) Foam backing, (2) Magnets x 2, (3) Flexible
PCB connecting contacts to test pads, (4) Spring finger connectors, pin 1, (5) pin 5,
(6) Fabric cover, (7) Copper sheet, (8) Magnets used to hold device down x 2.
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The proposed connector system was tested using the design shown in figure 6.5. A flexi-
ble, copper coated polyamide (GTS Flexible Materials Ltd, Rassau, Wales) circuit board
was produced, using the photolithographic etching technique described in [18], with five
pads 5 mm apart to which the spring finger contacts were soldered. Two different spring
contacts were tested, both from TE Connectivity: the smaller 1447360-8 (1.3 mm high)
and the larger 1438259-6 (4 mm high). The flexible circuit board connected each spring
contact to a copper pad, to which a length of light weight litz wire was soldered to

connect to an oscilloscope.

Either side of the contacts, N850 cylindrical magnets (Eclipse Magnetics, Sheffield, UK)
were attached using double sided tape. The magnets were 6 mm in diameter, 1 mm high
and had a pull force of 0.3kgf. Their small size allowed them to be incorporated into

the device without noticeably impacting its flexibility.

Above the PCB, was a 10 mm thick layer of foam (Anyfoam Ltd, Welwyn Garden City,
UK). This was used to add some rigidity to the device so that the middle pins did not
completely fold up and lose contact. Five different types of foam, described in table 6.1,

were tested.

Density | Hardness | Flexural Rigidity
kg/m3 N Nm?

1 (Softest) | 21-24 | 86 - 110 1.62 x 107°
2 31-34 | 100 - 130 1.07 x 1074
3 38 -40 | 180 - 220 1.16 x 1074
4
5

48 - 52 | 225 - 265 1.51 x 10~*
(Hardest) | 20 - 22 | 225 - 275 1.83 x 10~*

TABLE 6.1: Backing foam properties [189].

The whole device was enclosed in a polyester-cotton cover with holes cut in the bottom
to allow the contacts through (figure 6.6). This design was chosen for the purpose of

easier testing, in a final application it could be significantly more compact.

FIGURE 6.6: Test device with spring finger contacts protruding from the underside. A
zip was included in the cover to allow the backings to be easily swapped but would not
be required in a real application.
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A sheet of copper coated polyamide was used as the other side of the connector for all
five pins. Two more N850, 6 x 1 mm magnets were placed underneath it. It was given

a fabric backing and litz wire was used to connect the sheet to the oscilloscope.

6.3.1.2 Testing Procedure for the Magnetic E-Textile Connector

Methods for testing e-textile devices are slowly becoming standardised [190, 163], how-
ever, no completed standard exists describing the type of test needed here. As such, a
testing methodology was devised to simulate the conditions the connector would endure
as part of a wearable, e-textile device, optimised to reveal the differences between the
various configurations. Since this work began, a draft standard for measuring the resis-
tance of e-textiles during bending has been published [162] which has some similarity
with the method presented here, but it focuses on conductive materials rather than the

connection between modules.

The method used here involved mounting the copper sheet into a bespoke bending rig
[18], shown in figure 6.7. The bending rig holds a length of fabric under tension while
pulling it back and forth over a cylindrical axle. In this case, a 90 mm diameter axle
was used. During each test, the connector was passed across the axle at approximately
1.25Hz for 5s.

FIGURE 6.7: Test device mounted on the bespoke bending rig [18]. The real time
connection between the copper sheet and each pin of the device was tested as it was
pulled back and forth over the grey cylindrical axle.

Data was collected on whether a connection occurred between the copper sheet and the

each pin of the connector via a potential divider connected to an oscilloscope. If the
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pin made contact, the voltage between it and the copper sheet would be zero, if not, a
voltage would appear. The reliability of each pin was quantified as the fraction of the

time it maintained a connection as it moved over the axle of the bending rig.

6.3.2 Results & Discussion
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FIGURE 6.8: Pin reliability for each connector configuration. Reliability is the fraction
of the time a connection was made. The result for each pin is shown by the position of
the corresponding number.

The reliability values for each pin in each configuration are shown in figure 6.8. The
most common failure mechanism observed during the experiment, illustrated in figure
6.9, was when the magnets, pulling the connector down on either end, combined with
the outer two pins to lever the central pins up, preventing them from making contact.
This is shown in results as pins 1 and 5 being always more reliable than pins 2 and 4
respectively. With the softest backing (foam 1) and the smaller pins, the dent in the

foam caused by this effect reached far enough to affect pin 3 as well.
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FIGURE 6.9: Underside of the test device with backing foam 1, shown through glass
so that the compression could be viewed. The magnets pull the ends of the connector
down to the surface, creating an angle that lifts the central pins away.

In the case of the larger springs, pin 1 was sufficiently large for the levering effect to
affect every other pin. With the more flexible backings, the magnet at the far end was
able to bend the connector and make pin 5 connect some of the time, but with more rigid
backings, this happens less frequently. At the points where pin 5 does make contact,
that end of the connector is at a sufficiently steep angle that pin 4 is still much farther
up, keeping its reliability at 0. Despite the symmetry of the connector, pin 1 is always
favoured because it was initially the farthest from the axle of the bending rig: as the
copper sheet was bent, it peeled away from pin 5 first, allowing pin 1 to establish a

reliable connection at the expense of the pins at the other end.

Using the optimal backing, with a rigidity of 1.16 x 10~*Nm?2, the smaller pins were able
to reach 100% reliability in this test, however, the smooth surface of the copper sheet
they were connecting to is not necessarily representative of a real e-textile application.
Were the contact surface less uniform, the small working range of these pins may have
caused them to become less effective. A solution to this would be to use spring finger
contacts with a larger size but a lower spring constant. This would allow the pins
near the magnets to simply compress, rather than levering the inner contacts upwards.
However, because spring finger contacts are primarily used in rigid electronics [191], the
spring constant is not often specified, making suitable versions difficult to identify so a

bespoke design for e-textiles would be required.

The need to control the rigidity of the connector’s backing can reduce the overall flexi-
bility of the device slightly. Using contacts with a lower spring constant would help here

too as softer springs will need a less rigid backing to hold them down.

6.3.3 Conclusions

Magnetically secured, spring finger connectors have several properties that make them

appealing as e-textile connectors: their small size, mechanical compliance and simplicity
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make them good candidates for integration into e-textile devices.

However, the results presented here show that size of the springs and the rigidity of
their backing must be carefully chosen to ensure reliability in the dynamic environment
in which e-textile devices can be used. If the device’s backing is too soft, pins near the
fixing magnets can push their neighbouring contacts upwards, causing their connection
to break. A backing that is too rigid however, is unable to respond when the surface to

which it is connected bends.

Using larger contacts increases the risk of them lifting each other up, but smaller ones
have a smaller working range, which would cause them to be less reliable when placed
on uneven surfaces. Pins which require less force to compress would circumvent this
trade-off, but due to the usual applications of spring finger connectors, these are not

currently widely available.

While greater care is needed to ensure that this form of connector is electrically reli-
able, the complete lack of rigid components in the conducting path significantly reduces

mechanical stress compared to standard electronics connector designs.

6.4 Integration of Temperature Sensing

While the various types of wound dressing are an essential tool in the treatment of
wounds, covering up the wound makes it difficult to track its state and to monitor the
progress of healing. This is particularly important when considering infections because
how quickly an intervention can be applied can have a significant effect on the outcome
[25].

This has created an interest in adding sensing capabilities to wound dressings, so that
a wound may be monitored without having to remove the dressing [192]. A property of
wounds that is easy to monitor electronically, and is a strong indicator of infection is
temperature [25]. Because of this, a temperature sensor was chosen to add as a simple

example of sensing.

6.4.1 Method

Panasonic ERTJOET102J, negative temperature coefficient thermistors were used in this
work. These have a 1 x 0.5 mm footprint and a resistance of approximately 1 k2 at 20°C.
The thermistor was mounted on a small polyimide PCB (GTS Flexible Materials Ltd,
Rassau, Wales) (shown in figure 6.10) which facilitated the connection to a Keithley

2000 multimeter for taking resistance measurements.
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FIGURE 6.10: Thermistor mounted on a flexible polyamide PCB. It is shown here,
encapsulated with interface.

The heat of the skin was simulated using a CIMAREC HP121220-33 hotplate set to
40°C, the precise temperature of which was measured using an Etekcity Lasergrip 1080

infrared thermometer before each test.

The thermistor’s measurement accuracy and response time were measured by placing
it on the hot plate for at least 60 seconds, then removing it and holding it loose in
the air (approximately 10cm to the side of the hotplate, to avoid its influence). When
placed on the hotplate, the sensor was held in place with a length of Kapton adhesive
tape, stuck across the middle of the circuit in figure 6.10, not over the thermistor itself.
This provided constant force at the interface with the hotplate, without adding addi-
tional insulation around the thermistor. During the experiments, the resistance of the

thermistor was logged to a PC at a rate of 10 Hz.

A number of different relevant materials were placed above and below the thermistor to
identify how its placement around a dressing would affect the readings. The different

configurations are shown in table 6.2.

Above Below
1 — Polyamide PCB
2 Polyamide PCB —
3 Fabinks IF-UV-1004 interface Polyamide PCB
4 Polyamide PCB Fabinks IF-UV-1004 interface
5

PCB and Molynlyke Mepore dressing —

TABLE 6.2: Material placed above and below the thermistor in the different testing
configurations. ‘Below’ means between the thermistor and the hotplate, ‘above’ means
insulating the thermistor from the surrounding air.
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To know the relative extents to which the air and hotplate temperatures were influencing
the thermistor’s reading, it was necessary to obtain a precise mapping between the
thermistor’s temperature and its resistance. This was done by placing the thermistor
in a Weiss WKL100 environmental chamber, setting it to a variety of temperatures
between 20 and 45°C and, once the temperature had settled, measuring the thermistor’s
resistance. These values were then used to find the parameters R,5 and B in equation

6.1 which governs the resistance R of a thermistor at temperature T, in °C.

2
R = R25€B(25+273A15)(T+273A15) (61)

6.4.2 Results

The calibration measurements closely followed the predicted curve, shown in figure 6.11,
giving R,5 = 854.6Q2 and B = 3870.8K.

Thermistor Calibration Measurements
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FIGURE 6.11: Thermistor calibration data. The circles show the recorded data points;
the line is the best fit of equation 6.1.

For all configurations, the relationship between the thermistor’s reading and the time
since its movement was an exponential curve, as would be expected for Newtonian
heating. An example is shown in figure 6.12. Similar graphs were plotted for each
configuration and from the heating cases, the time constant and resistance asymptote
(and thus relative surface and ambient temperature influence) were extracted. These

values are shown in figure 6.13.
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FIGURE 6.12: An example transient resistance response as the thermistor is placed on
and removed from the hotplate. In this case, the thermistor’s PCB was underneath it
and a layer of Fabinks IF-UV-1004 interface was on top.
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FIGURE 6.13: Effects of different materials placed around the thermistor. The left

graph shows the weighting of the hotplate surface temperature and the air temperature

in the thermistor’s readings. The right hand graph shows the time constant of the
thermistor’s response to a sudden change in temperature.

The graph of air temperature influence in figure 6.13 shows that, in most cases, about
80% of the thermistor’s reading comes from the surface it is placed on and 20% is
dependent on the surrounding temperature. This means that large changes in ambient
temperature, for example, a patient moving from inside to outside, would produce a
change in reading as large, if not larger than the changes in skin temperature that are

being looked for.
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The best configuration for avoiding air temperature interference was having the polyamide
PCB against the hotplate with nothing on top. This performed even better than having
the thermistor directly touching the hotplate surface. The implication of this is than
having good thermal contact with the surface being measured is more important that

having close proximity or having insulation on the top side.

Having the PCB below and nothing above also gave the fastest response, with a time
constant under 2 seconds. Adding interface either on the top or on the underside,
significantly increased the response time, however it remained under 10 seconds, meaning
the system would still accurately track temperature changes due to an inflammation

reaction which typically happen over the span of a few minutes [25].

6.4.3 Conclusions

To prevent a thermistor from being short circuited when mounted on a wound dressing, it
would be necessary to encapsulate it under a non-porous coating. The results presented
above show having interface paste between the thermistor and the surface it is measuring
significantly worsened both the influence of ambient temperature and the response time.
Given this, it would be advisable to use the thinnest coating layer possible and the have
a second thermistor mounted further away from the skin to compensate for ambient

temperature changes.

6.5 System Integration and Conclusions

An e-textile device was designed and fabricated to provide a wound healing stimulation
signal. This included a 30V voltage generator to provide the stimulation voltage, a
magnetic connector to hold the device to a dressing and basic sensing capabilities to

track wound temperature. The complete circuit is show in figure 6.14.

FIGURE 6.14: The complete stimulation circuit, including the high voltage boost con-
verter, control thermistor and a microcontroller (left) and shown with its battery
(right).
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The connector used the smaller size of spring finger contacts, found to be the most
reliable in section 6.3. The fabric cover was padded with loose stuffing, which could
wrap around the battery and was compressed to approximately the same stiffness as
the most effective backing foam. The five pins of the connector are used for ground, a
connection to the embedded thermistor, the positive and negative stimulation voltages
and a supply connection for recharging the battery. This last pin is not connected on
the dressing, but allows the device to be recharged by simply placing it on a charging
pad.

The device is shown, attached to an example printed electrode dressing, in figure 6.15.
The outward facing contacts were provided using a second, etched, flexible PCB, at-

tached to the printed traces and exposed through a notch cut in the edge of the dressing.

FIGURE 6.15: The encased stimulation device mounted to a dressing with a printed
electrode and thermistor, shown from the front and back (left and centre) and with the
connector separated (right).

Because the non-permeable interface layer is only printed beneath the electrodes and
the interconnects, the dressing would still be able to transfer moisture, air and heat.
The addition of the electrode does increase the height of the dressing, but the pressure
applied to the wound can be kept constant relative to an unaltered dressing, by adjusting

how tightly the dressing is stretched as it is applied.

In total the device is approximately 10 mm in height. As with many e-textile devices,
the majority of the thickness is taken up by the battery which also constitutes the main
limitation on the device’s flexibility. The battery is however, small enough that this
limitation does not prevent it from sitting reasonably flush against most parts of the

body or being worn under clothing.

The small size, along with the newly developed connector, demonstrate the potential
for e-textile techniques to produce a ergonomic and user friendly wound stimulation
device. At this stage, the device has only a very basic user interface: a single button
for toggling the output and an LED to show that it is activated. This was sufficient for

testing. The device was designed to allow the creation of a more advanced interface,
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the same contacts which connect to a dressing can be used as digital IO to connect to
a PC, and this would need to be implemented before the device could fully utilised.
The device also lacks explicit safety features which would be necessary for it to achieve

approval as a medical device.
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Chapter 7

Conclusions

It is clear from the evidence presented in the literature review that electrical stimulation
has a positive effect on wound healing. The fact that some studies found the healing
rate of patients who were treated with electrostimulation to be twice that of control
group patients suggests that, if optimised, the treatment could significantly reduce the
burden on health systems presented by wounds and ulcers. The issue preventing the
adoption of electrostimulation is that, while a large number of studies have investigated
the treatment, they have all used different experimental equipment, protocols and in-
clusion criteria, meaning that they can not be combined into a single piece of evidence

with enough significance to support its adoption.

E-textile printing techniques have been used for fabricating electrodes in the past, but
the work in chapter 3 shows that dispenser printing can be used fabricate them directly
onto uneven, compressible surface of wound dressings, using a newly developed system
of height compensation. This system used a laser displacement metre and a modified the
interface material, coloured in a way which complimented the wavelength of the laser’s
light. The results in chapter 3 showed that adding red or yellow pigment to an interface
paste fulfilled this requirement with no negative effects on the printing or curing of the
paste itself. The software that was written to automate the process of measuring and
compensating for height changes allows new electrode designs to be printed on a wide

variety of materials quickly and with minimal manual intervention.

To gain a better understanding of how electric current passes through the tissue, a pair of
skin models were created, one an equivalent circuit of passive components, derived from
physical measurements, and the other a COMSOL simulation derived from parameters
found in the literature. While these two models agreed on the overall shape of the
skin’s impedance, they were not in agreement about the magnitude of the impedance
at low frequencies, indicating that the data for the stratum cornewm is inaccurate or

incomplete.
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An attempt was made to use this modelling data to simulate the effects of different sim-
ulation waveforms on cells in vitro to identify which produced the strongest migration.
This is something clinical trials have so far been unable to identify, and is part of the rea-
son why the methodologies of clinical trials have differed from each other. However, due
to delays in access to the necessary cell culture laboratories at the Southampton General
Hospital imposed by the coronavirus pandemic restrictions, there was insufficient time

to fully explore this part of the work.

Finally, the necessary components for implementing a miniature, flexible stimulation
circuit that could be connected to a wound dressing were investigated and combined
into a prototype device for electrical stimulation of wounds. To improve the robustness
of the system and allow for easy removal and replacement of the electronics, a magnetic
connector was designed and optimised which allows the stimulator to be reused with
multiple dressings. A battery powered, flexible circuit was designed and built which
could provide a 30V, high voltage stimulation waveform and interface with simple tem-
perature sensors. The placement of these sensors was also investigated and it was found
that the necessary encapsulation would affect the readings and would need to be com-

pensated for.

This thesis has provided a prototype platform for the deployment of bespoke electrode
wound healing devices which can provide electrostimulation in a more user friendly
manner and would provide an opportunity for more consistent results from future clinical

trials.

7.1 Future Work

The modelling work in chapter 4 revealed a discrepancy between the impedance pre-
dicted by the available data and that which was measured using real electrodes and an
impedance meter. This occurred particularly with the data surrounding the stratum
corneum. Obtaining better data for the electrical properties of that layer or otherwise
resolving that discrepancy would allow the electric field inside the body to be calculated
with much more confidence. It has also been shown that the electrical properties of the
stratum corneum change when exposed to higher voltages such as those used in HVPC
treatments [193]. To accurately model such waveforms, the model presented in chapter

4 would need to take these effects into account.

Future work would also continue investigations of the electrotaxis experiments, to iden-
tify why exactly the experiment in chapter 5 failed when equivalent experiments in the
literature have reported positive results. If this can be done, the experiment could then
be run to verify whether the results from Tsai et al. [41], hold when electrical losses in
the skin considered. This would help to generate a consensus about what the optimal

wound healing waveform is, and encourage future clinical trails, like the ones reviews
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in section 2.6, to produce results that could be better aggregated then the data that is

currently available.

The stimulation device itself, presented in chapter 6, is primarily limited by its source
of power. The lithium polymer battery being used is only able to supply about 60 mA
of current which limits the achievable output voltage. Additionally, despite being one of
the smallest commercially available batteries, it is the largest component in the device,
significantly increasing the overall thickness and decreasing the flexibility. As such, work
increasing the current output and decreasing the size of batteries would be beneficial,

as would efforts to make more flexible batteries.

Outside of wound healing, the connector described in section 6.3 could be used in other
e-textile devices which would benefit from a modular design. The investigations of how
moisture and pressure affect the electrode — skin impedance could be used in other

treatments such electrography, impedance tomography, FES and TENS.
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Appendix A

Miniature Flexible

Reprogrammable
Microcontroller Circuits for
E-Textiles

This work was originally presented as a conference poster at E-Textiles 2022. The design
did not end up being used in the device described in chapter 6, but has been used in other

projects in the group, so is included here as an appendiz.

A.1 Introduction

Microcontrollers are vital components in many e-textile devices [194, 164]. Their re-
programmability and wide range of peripheral functions means that they can fulfil the
digital processing requirements of almost any small electronic product while their small

size makes them possible to include in e-textile devices.

The ability of be reprogrammed is key to a microcontroller’s utility, and most provide
some means of uploading new programs while in situ, for example, AVRs’ SPI based
‘ICSP’ protocol [195]. However, such systems typically only work with one brand of
microcontroller and require specialised programming circuits to use. The connectors
required to use these systems also occupy a large area: the header needed to connect
the ATMEL ICE programmer to a QFN ATTiny occupies 4 times the area and 12 times
the height of the chip itself, see figure A.1.
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FIGURE A.1: A standard 2.54mm, 6 pin programming header (left) compared to the
ATTiny85 microcontroller it programs (right).

The first problem can be solved using a USB bootloader. This is a small program
which is used to load new software via a USB connection. However, event micro-USB
connectors are relatively large components in the context of e-textiles and would restrict
the textile integration of a microcontroller circuit. A potential solution to this is to use
an edge connector. These consist of a series of exposed pads near the edge of the circuit
board. The board itself is then inserted into a receptacle with contacts arranged to
connect with the pads. However, existing solutions are typically thicker (0.3mm) flat

flexible cables (FFCs), therefore connections can be difficult and unreliable.

A.2 Design

The system developed here uses five, 1 mm pitch, pads which need only protrude a few
millimetres from the body of a flexible circuit board to connect to an external clip. The
five connections are used for power, ground, positive and inverted USB data and a button
operated reset line which prompts the microcontroller to run its bootloader. The clip
contains all the additional components needed for USB programming: the micro USB
connector, a 3.3V voltage regulator, a reset button and several passive components. A

diagram of this system is shown in figure A.2.
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FIGURE A.2: Design of the microcontroller and programmer. Placing the components
needed for USB programming on the clip means that only the microcontroller’s IC
needs to be integrated into the textile.
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The system was tested using an ATTiny85 microcontroller [195] with the micronucleus
bootloader [196].. Both the flexible microcontroller circuit board and the programming
clip’s PCB were made using a standard photolithographic etching process described in
[18].

The contacts on both sides are tinned with solder to prevent corrosion and to raise the

contact point slightly, making the connection more reliable.

A.3 Applications

The test implementation was incorporated into both woven (figure A.3, top left), and
stretchable, knitted fabrics (figure A.3, right) by couching the conductive thread soldered
to the general purpose input/output (GPIO) pins of the controller. Another version was
made by inserting the device and its connecting wires into woven pockets in a custom
made fabric (figure A.3, bottom left).

FIGURE A.3: Microcontroller circuit integrated into the collar of a garment (top left),
a stretchable knitted fabric (right) and a custom woven textile (bottom left).

Because of its small size, the impact on the flexibility and stretchability of the fabric
is minor. This is a major improvement over existing prototyping boards designed for

e-textiles which are much larger and use rigid PCBs (figure A.4).
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FIGURE A.4: Existing prototyping boards designed for e-textiles, left to right: an
Arduino Lilypad (diameter 50 mm [197]), an Adafruit Gemma (diameter 28 mm [198])
and this work (10 x 12.5mm)

This programming system can easily be adapted to other microcontrollers which are

reprogrammable via USB.

A.4 Conclusions

This work presents an easy to use programmer, compatible with many different types of
microcontroller. It occupies significantly less circuit board space than existing commer-
cial equivalents; the prototype displayed here is 80% smaller than an Adafruit Gemma,

and requires no additional components on the microcontroller board itself.

This is important in e-textile applications where a large size or additional rigid compo-

nents can compromise the textile’s properties of comfort and flexibility.

The small connector size and minor impact on integration mean that, when moving
beyond the prototyping stage, the connector footprint may not even need to be removed,

and if it is, only a small change to the circuit layout is needed.

The initial demonstrators also show that this methodology of flexible microcontroller in-
tegration and flexible connection points works with both couching into existing garment

structures and integration during weaving.
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