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1. INTRODUCTION

1.1 Wound

A wound is the damage to the tissue caused by physical or chemical factors.
Wounds are generally classified into three types. The first type is based on the
integrity of the skin, which can be either open or closed. Different types of open
wounds encompass abrasions, incisions, slashes, punctures, contusions, and gun-
shot wounds. Closed wounds are caused by a crush or explosion. The second type
is based on contamination with pathogenic microorganisms (PM) and can be either
clean or infected. A clean wound is characterized by the absence of PM, tissue loss,
or infection. Infected wounds, on the other hand, are those that are contaminated
with harmful microorganisms, leading to delayed healing. The third category is
classified based on the duration of formation, which can be acute or chronic. Acute
wounds generally heal within a specific time frame under normal conditions, while
chronic wounds persist for longer than three months and may tend to reoccur [1].

Wound care is a practice that dates back to the earliest periods of human history.
The primary objective in wound care is to expedite the restoration of tissue integrity,
prevent infection, and alleviate pain as effectively as possible [2] [3] [44].

The healing process of all wounds adheres to fundamental principles [5]. This
process initiates promptly after injury and progresses through a distinct sequence of
three stages [6] [9], which are hemostasis-inflammation, proliferation, and matura-
tion [7]:

(a) The Hemostasis and Inflammation Phase: This phase begins approximately
15 minutes after the injury and typically lasts between 1 and 5 minutes [5]. Ini-
tially, the wound site fills with blood, initiating intense bleeding [1]. This initial
phase of intense bleeding and vascular response sets the stage for the sub-
sequent processes of hemostasis and inflammation. Histamine, released from
mast cells within the wound area, triggers vasodilation and increases vascular
permeability. Upon injury, leukocytes, monocytes, platelets, and plasma are
released from the blood vessels and move toward the site of injury [5]. This
process leads to the formation of a blood clot by platelets, effectively halting

further bleeding. [8][9]. Platelets are crucial for both hemostasis and coagula-
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tion [8]. The healing process begins with the release of growth factors from the
alpha granules of platelets that are present within the clot [1]. Without these
factors, severe bleeding persists, leading to delayed wound healing. During
hemostasis, fibrin is formed and plays a crucial role in clot formation at the in-
jury site. This process can lead to local inflammation characterized by redness,
swelling (edema), and fever in the wound area [9]. Macrophages, derived from
monocytes, play a crucial role in wound healing. In addition to combating and
engulfing bacteria, they remove dead tissue and other types of white blood

cells.

About 72 hours following an injury, the most abundant cells in the wound,
macrophages, release cytokines, which play a significant role in the inflam-
matory phase. [5]. The inflammatory phase is affected by various internal and
external factors, and if it becomes excessive or uncontrolled, it can delay heal-
ing and harm the tissue. Conversely, insufficient recruitment of immune cells
can also impede the healing process [8]. Concurrently, the formation of new
blood vessels begins. These vessels transport oxygenated blood to the wound,
enhancing its nourishment. This accelerates the development of granulation
tissue, typically starting around the fifth day. Adequate oxygen and nutrient

supply to the tissue are crucial for initiating this stage [5].

Proliferation Phase (5-14 days): It usually starts a few hours after the injury
and lasts for weeks [9]. In this phase, the main activities include the formation
of granulation tissue and new epithelium [10]. Granulation tissue gradually re-
places the accumulated fluid in the wound area, which helps with cell growth.
The newly formed epithelial tissue acts as a protective barrier against foreign
substances and helps maintain fluid and electrolyte balance within the wound
[9]. Macrophages play a crucial role by attracting fibroblasts to the scar tis-
sue, where they migrate and initiate the production of collagen fibers. These
collagen fibers are important for providing tensile strength to the wound. The
entry of polysaccharides and mucoproteins into the wound generates a flexible
structure and a solid bridge between the wound walls [5]. The dark pink color
of the granulation tissue signifies an enhanced supply of oxygen and nutrients

to the scar tissue. [9]. As collagen production reaches adequate levels, fibrob-
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lasts gradually decrease in number within the wound. This phase concludes

with the establishment of granulation and the onset of epithelialization [5].

(c) Maturation Phase (after the 14th day): Following the completion of the pro-

liferation phase [1] the maturation phase can extend for years. Collagen fibers,
densely formed at the wound’s edges, remodel, and type Il (soft) collagen
turns into type | (hard) collagen. These collagen fibers bind the wound tightly
together [5]. The wound gradually resembles normal tissue in the maturation
phase as fibroblasts and macrophages are gradually eliminated [1]. The es-
sential characteristic of this phase is the restructuring of collagen [5]. During
remodeling, collagen is replaced, and fibrin is withdrawn. At this stage, the
newly formed tissue can regain up to 80 percent of its original strength, show-

ing reduced strength and density [1].
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Figure 1.1 : Wound types, skin structure, and wound healing phases. a Different wound types, b The skin structure consists

of three layers: the epidermis, dermis, and hypodermis. ¢ The phase of wound healing includes hemostasis,
inflammation, proliferation, and tissue remodeling [87].

Chronic Wounds

Chronic wounds, which require over 42 days to heal completely, present a major

challenge for healthcare systems globally. In the United States, it results in an es-

timated cost of around 20 to 25 million dollars [11]. As the population ages, the
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burden of chronic wounds is expected to rise, resulting in higher healthcare costs.
One of the main factors contributing to the persistence of these wounds is severe
inflammation in the scar tissue. Furthermore, chronic infections in the wounds can
perpetuate this cycle, leading to ongoing inflammation and insufficient tissue repair.
In particular, research shows that iron overload in wounds can further delay the
healing process [10]. Various factors contribute to delayed wound healing, including
diabetes, age, and vascular insufficiency [7]. These conditions generate an environ-
ment that impedes the body’s natural healing mechanisms, prolonging the healing
process and increasing the likelihood of chronicity. Addressing these factors and
understanding the underlying mechanisms of chronic wounds are crucial steps in
improving treatment outcomes and reducing the economic burden of these condi-

tions.

1.3 Wound (Injury) Current

The concept of wound current was first introduced by Du Bois-Reymond in 1843.
Reymond measured the wound current in the skin at 1 mA, forming the basis for
subsequent studies with this measurement. Subsequent studies have shown that
the electric current in wounds is less than 1 mA and that the electric field surround-
ing the wound constitutes an “injury current” [25]. Epithelial cells with Na+ and Cl-
channels in the apical plasma membrane have Na+/K+ and ATPase in the basal
plasma membrane. These ion channels with an asymmetrical distribution generate
the current throughout the cell. Transepidermal potentials (TEP) are formed by the
directional transport of ions in the wound. Studies have shown that this wound re-
sults from short-circuiting of the TEP [10] [26]. It has been observed that the injury
current increases by 2-3 mm around the wound, and the electric field decreases
from 140 mV/mm to 0 mV/mm [25]. Compared to the surrounding healthy tissue,
the wound site acts as a cathode [10]. The current flowing through the wound path-
way in the injured skin generates a lateral electric field. Therefore, injury current is

thought to be necessary at the onset of repair of damaged tissue [7].



1.4 Surgical Wound Healing Method

Chronic wounds, especially those associated with diabetes, often resist conven-
tional healing methods, necessitating advanced surgical interventions. Surgical in-
terventions for chronic wounds are typically classified into three categories: negative
pressure therapy, debridement, and mechanical closure. However, each approach
carries its own set of complications, particularly in the case of diabetic ulcers. Neg-
ative pressure therapy, while often effective, can pose challenges in diabetic ulcers
due to its bulkiness, which may be impractical in areas with limited space. More-
over, its effectiveness in diabetic ulcers is not well-established. Debridement, which
involves the removal of dead tissue from wounds, can be painful for patients and
may not optimally support the biological wound healing process, particularly in di-
abetic ulcers. The wound size may limit the use of closure techniques like sutures
or staples and may not adequately facilitate wound healing, especially in diabetic
ulcers. While these methods are generally effective in treating chronic wounds, they
may not lead to favorable outcomes in elderly diabetic patients due to the specific
challenges associated with their condition [12]. Hence, alternative strategies tai-
lored to the specific needs of diabetic patients may be necessary to achieve optimal
wound healing.

Negative pressure therapy, a non-invasive method, accelerates the healing of
acute and chronic wounds through controlled pressure application [13] [21-23]. lis
origins trace back to Fleischmann et al., who first introduced the concept of nega-
tive pressure application in treating open and infected wounds [14]. Over time, this
method has become increasingly prevalent in managing acute and chronic wounds.
The primary objective of negative pressure therapy is to maintain wound cleanliness,
decrease infection and edema, enhance blood flow to the wound site, and promote
granulation tissue development [15]. The procedure involves placing a sponge (vac-
uum) on the wound bed, from which fluids and other wound materials are drawn out
via a hose. This process aids in removing infected tissue and fluid, thereby reducing
the wound size. However, patients are typically required to remain attached to the
vacuum apparatus for an extended duration [12]. In a study by Demir et al., negative
pressure wound therapy was applied to 50 patients with chronic wounds for an av-

erage of 12.4 days. The results demonstrated an average reduction in wound size



of 23 percent [15].

Debridement is another surgical method employed in wound healing, as investi-
gated by various studies [16—19]. It involves the removal of non-viable tissue from
the wound site [18]. Such tissue, often called debris or necrotic tissue, comprises
substances like fibrinous, collagen, and elastin, commonly found in contaminated
wounds [24]. Necrotic tissue in chronic wounds prevents keratinocyte migration
to the wound bed and generates a physical barrier against wound healing [18].
Consequently, extraction of dead tissue facilitates wound healing by allowing new
and healthy tissue to develop [24]. Debridement can be executed through various
means, including surgical, automatic, enzymatic, biological, and mechanical meth-
ods [18]. Gauze is applied to the wound for debridement, and saline is used if
moisture is required. The gauze and tissue are then surgically removed from the
wound, leaving healthy tissue to promote wound closure. While effective, debride-
ment can be uncomfortable for patients and may involve temporarily enlarging the
wound to achieve its objectives. Additionally, its effectiveness may be diminished in
diabetic patients [12].

Another surgical method commonly used in wound closure is mechanical clo-
sure, which includes techniques such as sutures, stapling, and wound strips. This
approach is suitable for wounds that are small enough to be effectively sealed off
from the external environment. By physically closing the wound, mechanical closure
reduces its size and aids the healing process. However, mechanical closure is often
limited by the wound size it can effectively treat. In addition, it can leave scarring,
which can be a concern for some patients. Moreover, mechanical closure may not
always be suitable for wounds in diabetic patients due to the unique characteristics

of diabetic ulcers [12].

1.5 Non-surgical Wound Healing Methods

Surgical methods often prove inadequate for managing chronic wounds such as
diabetic ulcers, pressure sores, and venous ulcers, which exhibit delayed healing.
In such cases, various non-surgical approaches can be employed. Braun et al.
(2013) [12] outline several non-surgical methods, including electrical stimulation,

ultrasound therapy, and static magnetic field therapy. Detailed information on non-



surgical treatments is given below:

1.5.1 Wound healing with electrical stimulation

The concept of injury current, initially defined by Du Bois-Reymond in 1843, refers
to the measurement of current typically around 1 mA in skin wounds [25] [29]. Sub-
sequent studies have shown that the electric current in the wound remains below
1 mA [25]. The movement of polarized epithelial cells in both directions generates
an electric field within the body. These cells have Na™ and CI~ channels in the
outer layer and Na™ /K™ ATPase in the inner layer. The uneven distribution of these
ion channels causes an electric current within the cell, leading to the generation of
trans-epidermal potentials (TEP) through directional ion transport. Research shows
that when TEP is disrupted due to damage to the skin, wound currents occur [10]
[26]. Studies have shown that the injury current increases by around 2 to 3 mm,
while the electric field decreases from around 140 mV/mm to 0 mV/mm [25]. The
wound site acts as a cathode, unlike the surrounding healthy tissue. [10]. Believed
to be crucial for initiating the wound-healing process, this injury current generates a
lateral electric field as it flows through the injured skin [7].

Electrical stimulation (ES) stands out as a significant alternative to traditional
wound treatments, as supported by various studies [7] [10—12] [25] [27-30]. This
therapeutic modality involves the application of current using electrodes either di-
rectly on the wound or close to the skin [30]. ES harnesses electrical energy to
influence various physiological processes involved in wound healing, including cell
proliferation, migration, and tissue regeneration. By stimulating these processes, ES
promotes faster and more effective wound closure.

Three commonly used types of electrical currents in wound healing, in conjunc-
tion with electrical stimulation (ES), include direct current (DC), pulsed current (PC),
and alternating current (AC) [28]. Direct current (DC) involves a continuous flow of
ions in one direction for at least 1 second. The direction of current flow is deter-
mined by polarity [11]. The direct current (DC) used in electrical stimulation (ES)
devices mimics the natural currents found in the body. A cathode is placed on in-
jured tissue and an anode on healthy tissue [10]. In wound care, low-intensity direct

current (LIDC) ranging from 20-1000 pA is often applied to minimize damage to



healthy tissue. LIDC is characterized by a continuous monophasic waveform with
a current typically set at one mA or less [7]. Bidirectional current, which alternates
polarity, aids in wound healing by organizing charged particles beneficially. Plac-
ing electrodes on healthy skin can help reduce or eliminate thermal effects, making
bidirectional current less invasive and associated with fewer adverse reactions than
unidirectional flow [10].

Pulsed current (PC) involves the controlled flow of electrons or ions, which can be
unidirectional or bidirectional. This type of electrical stimulation is defined by its
waveform parameters, such as amplitude, frequency, and duration. PC is typically
administered using electrodes placed directly on the skin or wound area to target
specific tissues and facilitate therapeutic effects. Pulsed current (PC) can be cat-
egorized into two primary waveforms: monophasic and biphasic. In Monophasic
Pulsed Current (MPC), electrons or ions flow in one direction during each pulse and
then return to the zero line after a finite period. The duration of a monophasic pulse
is always less than 1 ms [11].

MPC includes various electrode configurations, such as high-voltage pulsed
current (HVPC) and low-voltage pulsed current (LVPC). The treatment electrode
is usually placed on the wound surface [27]. Low-voltage pulsed current (LVPC)
devices utilize continuous DC, monophasic, and biphasic waveforms with longer
durations and lower voltages (typically 20—-35V). In contrast, high-voltage pulsed
current (HVPC) involves short durations (less than 200 us) and higher voltages
ranging from 150 to 500 V. This method is specifically employed to aid in wound
healing, alleviate pain, and reduce edema through electrical stimulation [7]. Bidirec-
tional biphasic pulsed currents involve two phases of electrical flow, characterized
by alternating polarity during each phase [11]. In treatments utilizing biphasic pulsed
current with symmetrical waveforms, both electrodes are usually placed along the
edges of the wound [27].

Transcutaneous Electrical Nerve Stimulation (TENS) is a method used to transmit a
low-frequency electric current. Many studies support its effectiveness in stimulating
peripheral nerves and producing physiologic effects [31-34]. Studies have indicated
that low-frequency TENS increases blood volume compared to high-frequency

TENS when applied at the same intensity [31] [35]. Another method used for



wound healing, particularly chronic leg ulcers, is the Frequency Rhythmic Electrical
Modulation System (FREMS). This device aims to reduce the need for continuous

medication and may also help to treat abnormal healing wounds and skin scars [7].

1.5.2 Wound healing method using ultrasound

Researchers have taken a new approach to wound healing using ultrasound tech-
nology. Ultrasound operates through mechanical vibrations at frequencies above the
threshold of human hearing (20 kHz). Therapeutic ultrasound, typically operating at
1-3 MHz frequencies, has recently been found beneficial for wound care. Despite its
long-standing use in physical therapy and sports medicine, its application in wound
healing is a newer development [36—38]. On the other hand, high-frequency ultra-
sound (20-40 MHz) is employed as diagnostic ultrasound for anatomical analysis of
the skin [38]. Ultrasound has various effects, such as thermal effects, mechanical
effects, and cavitation. The creation of little bubbles and fluids inside the body is
called cavitation. The ultrasound beam generates microflow with mechanical pres-
sure waves and provides unidirectional fluid flow [37] [38].

The ultrasound transducer can produce acoustic waves with different amplitudes
and frequencies. These waves can be either pulsed or continuous. Pulsed waves
involve on/off cycles by adjusting the output of each transducer element. Continu-
ous waves have a heating effect, but this thermal effect can be reduced by choosing
a lower intensity [39]. Exciting piezoelectric transducers generate continuous ultra-
sonic waves with an external radio frequency source [40]. The pulsed waves are
also used to transmit ultrasound pulses. These pulses usually operate between 0.5
and 2 milliseconds and are interspersed with pauses lasting a few milliseconds [41].
Pulsed waves are used to reduce the total energy delivered to the patient compared
to continuous waves. They are preferred for wound treatment due to their non-
thermal effect. Specific limits apply to the use of continuous ultrasound: low intensity
< 0.3W/cm?, medium intensity 0.3 — 1.2W/cm?, and high intensity 1.2 — 3.0W/cm?.
Lower intensity is generally favored to achieve the desired therapeutic effect. Low-
intensity ultrasound is suitable for acute injuries, while medium intensity is often

used for chronic conditions. The intensity can be adjusted up to 0.51//cm? based on



temperature rise monitoring and individual circumstances. Lower-intensity pulsed
waves can be applied to avoid thermal effects entirely [42].

Ultrasound possesses both physical and therapeutic effects, and if used incor-
rectly, it can potentially harm the body [41] [43]. These effects include thermal and
non-thermal effects. Thermal effects result from the absorption of ultrasound en-
ergy, and the extent of absorption depends on the size of the area being treated.
This absorption leads to an increase in cell metabolism [43] [66]. Non-thermal ef-
fects of ultrasound include cavitation and acoustic streaming [41] [43]. Ultrasound
can induce the formation of micron-sized bubbles within biological tissues such as
blood and lymph. These bubbles can migrate to different body parts and may burst
or vibrate in response to pressure changes induced by ultrasound waves [41].

When controlling therapeutic ultrasound, it’s essential to use a matching medium
to minimize the effect of skin impedance. Various substances such as oils, gels, and
degassed waters can effectively transmit ultrasound waves to the targeted area.
A novel therapy system known as MIST (Mist Ultrasound Therapy) has been in-
troduced for wound healing using ultrasound technology (Celleration, Inc., Eden
Prairie, MN). This non-contact system utilizes a low-frequency approach to acceler-
ate the healing process [45]. In MIST therapy, saline generates a mist that is applied
to the wound area. This mist acts as a medium for transmitting ultrasound energy
without directly touching the patient. The mist is sprayed onto the wound surface in
vertical and horizontal directions over 4 minutes, using a 40 kHz transducer with a
distal displacement of 60-70 ps [38].

In vitro studies investigating the effects of ultrasound have revealed several notable
outcomes:

Collagen Production: Ultrasound treatment has been associated with increasing col-
lagen production. This effect contributes to the growth and repair of the extracellular
matrix [46].

Increased Macrophage Response: Ultrasound has been shown to enhance the re-
sponse of macrophages, leading to increased cytokine production, leukocyte adhe-
sion, and migration during the inflammatory phase [46—49].

Increased Angiogenesis: Ultrasound treatment has been linked to increased angio-

genesis, the process of forming new blood vessels. This effect can aid in the delivery

10



of oxygen and nutrients to tissues, promoting healing [50].

Increased Nitric Oxide Production: Studies have shown that ultrasound can lead to
increased nitric oxide production, which plays a role in various cellular processes,
including wound healing [51].

Degranulation of Mast Cells: Ultrasound treatment has been associated with in-
creased degranulation of mast cells, which release various bioactive molecules in-
volved in inflammation and tissue repair [52].

Morphological Changes in Fibroblasts: Ultrasound treatment has been observed to
induce morphological changes in fibroblasts, the cells responsible for synthesizing
collagen and other extracellular matrix components [53].

Furthermore, the MIST ultrasound device has been the subject of experimental
studies involving animals and humans. In a study using a diabetic mouse model,
MIST ultrasound was found to enhance angiogenesis and collagen accumulation
[54]. Another investigation conducted by Ennis et al. evaluated the efficacy of MIST
ultrasound therapy (MIST Therapy; Celleration, Inc., Eden Prairie, Minn.) and re-
vealed that after 12 weeks of treatment, artificially induced ulcers exhibited a 40.7
percent healing rate compared to 14.3 percent in the control group (p=0.0366) [67].
Additionally, in a study by Ennis et al., MIST therapy was rapid, painless, and clini-

cally effective, with a recovery rate of 69 percent [38].

1.5.3 Wound healing using static magnetic field

Static magnetic field (SMF) therapy is a non-invasive wound healing method [55-57].
While the scientific literature on static magnetic fields is relatively limited, magnets
have been utilized to hasten healing and alleviate pain, particularly within alternative
medicine practices. Although comprehensive data are lacking, it is suggested that
static magnetic fields may operate through three main mechanisms, as proposed
in relevant literature: 1) anti-inflammatory effects, 2) promotion of endothelial cell
proliferation, and 3) support for collagen formation [58].

A research study has shown that static magnetic fields (SMF) can affect the produc-
tion of inflammatory cytokines [59]. Additionally, SMF has received approval from the

US Food and Drug Administration (FDA) for applications in pain and edema treat-
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ment by modulating cell metabolism and proliferation [60]. Prolonged exposure to
SMF has been associated with the control of hypertension [61] and has shown pos-
itive effects in treating osteoarthritis and nonunion fractures [60] [62] [63]. A study in
2008 demonstrated that a 220 mT static magnetic field accelerated recovery rates
in normal rats [58]. In 2016, the research explored the effects of a pulsed electro-
magnetic field (PEMF) with a frequency of 75 Hz and magnetic field intensity of 1
mT applied to rats using a Helmholtz coil. Simultaneously, pulsed radio frequency
energy (PRFE) was applied at a carrier frequency of 27.12M Hz. This study found
that rats treated with PEMF and PRFE exhibited faster wound healing compared to
untreated rats [64]. Recent studies have also indicated that moderate-intensity static
magnetic fields, such as 0.6 7', can improve wound healing in mouse models of type
2 diabetes resulting from genetic mutations. Additionally, lower concentrations rang-
ing from 180-230 mT have shown beneficial effects on wound healing in mice with

streptozotocin-induced diabetes [65].

1.6 Objectives of the thesis

This thesis proposes a novel non-surgical method for wound healing. It is based on
the Lorentz electric field generated by ultrasonic pressure under a static magnetic
field. To apply this method, an ultrasonic transducer is positioned near the wound
to produce vibrations around it, which help accelerate the particles within the scar
tissue. The resultant acoustic vibrations generate particle velocity. Due to static
magnetic field and particle velocity, a Lorentz electric field is generated in the wound
tissue. Since the wound tissue is conductive, a current density will generated in
the wound. Different static magnetic fields are generated using Helmholtz coils or
permanent magnets, and their impact on wound healing will be studied. Numerical
simulations using the COMSOL Multiphysics program are performed to demonstrate
results such as current density and pressure differences in the wound. Furthermore,
animal experiments are carried out in four groups (static magnetic field group, ultra-

sound group, Lorentz field group, and control group) with eight rats in each group.
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1.7 Thesis Outline

The numerical solutions of the Lorentz fields are detailed in Section 3. This the-
sis encompasses both numerical studies and animal experiments. The numerical
studies utilized the finite element method-based COMSOL Multiphysics software,
with the specific modules employed explained in this section. Following the expla-
nations, the results of the numerical studies are presented in Section 3. The animal
experiments were divided into four groups: 1) static magnetic field group, 2) ultra-
sound group, 3) Lorentz fields group, and 4) control group. Each group consisted of
eight male albino Wistar rats. In the static magnetic field group, Helmholtz coils and
permanent magnets were employed. The ultrasound group utilized a single-element
transducer. In the proposed hybrid method, Lorentz fields were combined with a
permanent magnet and a single-element transducer. Throughout the experimen-
tal period, the control group received no treatment, and the healing process of the

wound was observed.
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2. MATHEMATICAL BACKGROUND

This thesis presents a hybrid method that addresses multiphysics problems, requir-
ing the simultaneous solution of electromagnetic and acoustic fields. The mathe-

matical framework encompasses both electromagnetic and acoustic equations.

2.1 Electromagnetic Field Equations

Electromagnetic fields are computed as time-varying quantities based on Maxwell’s

equations: [68]

vxii-_98 (1)
ot
. 1)
V X B = puyJ + po— (2)
ot
V-D=p (3)
V-B=0 (4)

In the given equations above, E denotes the electric field, B the static magnetic
field, .J the current density, and D the displacement. Additionally, ug refers to the
free permeability.

To solve the above equations we need the continuity condition:

o 6,0
V-J= 5 (5)
And the constitutive relations:
D =cE (6)
J=0E +0(7x B) (7)

the expression @ x B represents the Lorentz field where  is the velocity of the

conductor and B is the magnetic flux density. The second term of the Equation 7 is
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called velocity current density. Given B is zero (as Equation 4), and magnetic vector
potential A as:

—

B=VxA (8)

As a result, £ can be denoted as the electric field, the magnetic vector potential A

and the scalar potential ¢ gradient as:

E=-Vo-— (9)

For the proposed 2D wound model, we assume a thickness in the xy plane. The
electric field £ and particle velocity @ refer to the xy directions, while the magnetic
flux density B refers only to the z component. Equation (1) in a more streamlined
and computationally efficient manner, considering the context of Lorentz fields for
wound healing:

. OB
VxE+—o-=0 (10)

The electric field £ components given by Equation 7:

LT q
EFE=——-9UxB (11)
o
It is rewritten according to Equation 2,
. B _
FoYXB sy (12)
HoO

Therefore, Equation 10) is written as follows [69]:

ivX@Vx§—5x®+Q§:o (13)
Mo g ot

2.2 Basic Acoustic Field Equations

To simplify our analysis, let us assume a source-free and lossless environment. Ini-
tially, we consider a one-dimensional (1D) scenario. In the static case, the pressure

within the body remains constant and is represented by p,. The body’s mass den-



sity po(x) is considered to be position-dependent. In the presence of a propagating
pressure wave, the total pressure pr varies with both position and time, and it is

expressed as:

pr(z,t) = po + p(z,t) (14)
In such a scenario, the total mass density:
pT([L',t) = Po —{—p([B,t) (15)

Ultrasound waves cause small displacements of elements within the body, leading

to a corresponding ’particle velocity’, v(z, t). And the ’equation of motion’ as:

—0dp/0x = pedv /0t (16)

particles accelerate against the pressure gradient. This phenomenon is described

by the continuity equation, which is written as:

~Opr _ 9(prv)
ot Ox

(17)

which simplifies to the following after linearization (under the above-mentioned con-

ditions):
dp  0Ov
ot Mo

(18)
To derive a differential equation relating p and p, we need to eliminate the particle
velocity term in Equations (16) and (18). This can be accomplished by employing
a constitutive equation that relates them. If the change in mass density p depends
only on changes in pressure p, then a linearized constitutive equation can be written

as:
p= [ap/ap]pzo/p = poSop (19)
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where (3, is the compressibility defined as

10V

Bo = Vo (20)

Following is the derivation Equations (16), (18), and (19). Taking the spatial deriva-
tive of Equation (16) we obtain,

9*p 0?p
=—— - ) 21
0x? ot? + 00 633) ox 21)

Using the linearized constitutive Equation (19) we obtain

197 o op,10
b e G (22)
c2 ot 0x? Oz py Ox

Where 2 = (po3y)~! represents the speed at which pressure waves propagate.
Multiplying both sides by 1/p,, and upon rearranging the terms on the right-hand

side of the equation, we obtain:

1 & 0 ,10p

— - r_ (== 2
poct Ot O0x po 835) (23)

The equation of motion (Equation (16)) used in the previous derivation remains ap-
plicable, considering the presence of additional force terms. We can disregard grav-
itational force terms. When magnetic flux density B and charged particles (current
density f) are present in the body, the equation of motion is modified to include the
Lorentz force per unit volume ¢ = J x B in addition to the mechanical forces within

the body. Therefore, the modified equation of motion is:

Gz — Op/0x = pg Ov/Ot (24)
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Where ¢, denotes the x-component of this interaction. Considering the movement
of charged particles and their resulting current density J = o E + (7 x B) the wave

equation should be modified to incorporate the effects of Lorentz forces. This yields:

poc O

1 02 1
;=Y [—(Vp -] (25)

Po

In this study, the pressure distribution within the medium, assumed to be source-free,

is solely influenced by the boundary conditions imposed by an ultrasonic transducer

in contact with the medium. The specific boundary conditions are as follows:

1
%(Vp—j)-ﬁ: a, on St (26)

At the interface St where the body surface contacts the transducer, the boundary
condition ensures the continuity of acceleration. The term a,, in Equation (26) repre-
sents the local acceleration caused by the transducer at the interface S7. This term
is derived from the mechanical interaction between the transducer and the medium,

as discussed in the next section of the study:

001 003
ot
This equation v7 and v3 represents the continuity of normal particle velocity compo-
nents across an interface between two regions or media. Where v; and v3; denote
the particle velocities in region 1 and region 2 of an interface, respectively [69]:
1 R 1 .
—(Vp—=q¢)1-i=—(Vp—q)2-1i on S (28)

Po1 Po2
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3. NUMERICAL MODELING

The proposed method for enhancing wound healing involves the generation of
Lorentz fields, achieved by applying ultrasound within a static magnetic field envi-
ronment. The "Mathematical Background” delves into the formulations concerning
pressure acoustics and scalar and magnetic vector potentials. This section elab-
orates on the numerical modeling techniques employed to simulate the proposed
healing method.

To solve the problem numerically, the software COMSOL Multiphysics is used. This
software package is designed to analyze and simulate diverse physics and engi-
neering problems. It utilizes advanced finite element analysis techniques to handle
complex multiphysics phenomena and solve partial differential equations [70]. In
our problem, the acoustic, piezoelectric, and electromagnetic modules are solved
simultaneously. Specific physics properties with coupling parameters characterize

each module.

3.1 Model Geometry

A 2D model geometry is constructed to solve the coupled problem numerically (Fig-
ure 3.2 and Figure 3.3). For the 2D model generated, two separate ultrasonic trans-
ducers were used. The first method used a 16-element LPA transducer and the
second used a single-element ultrasonic transducer. The wound characteristics and
dimensions used in both methods are the same. The geometry comprises the ultra-
sonic transducer, skin, wound, and the surrounding air. The layers of the skin, epi-
dermis, dermis, hypodermis, and wound were defined in this model. The thickness
of the epidermis was 1 mm [77-79], the thickness of the dermis was 2 mm [80—-83],
the thickness of the hypodermis was 10 mm [84] and the depth of the wound was
7 mm [85]. The width of the wound was 20 mm and the width of the healthy skin

around the wound was 5 mm.

3.2 Ultrasonic Transducer

In our simulations, we modeled two types of ultrasonic transducers: a 16-element lin-

ear phased array transducer and a single-element transducer. Specifically, we used

19



PZT-5H material to model the ultrasonic transducer. In this study, the resonance fre-
quency of the piezoelectric element is considered as 1MHz. The two-dimensional
model of a single-element transducer has 1 mm thickness and 1 cm length (Figure
3.3). The following values were used for the dimensions of the 16-element Linear

Phased Array (LPA) Ultrasonic Transducer used in the model (Figure 3.1).

p
] ] 1 e
Sy e
A
Elemantary pitch (p): 1mm
b Inter elemantary space (e): 0.35mm
Width of the elements (h): 10mm
Total length (L): 15.65mm
IR T S I N R &

Figure 3.1 : Specifications of the 16-Element LPA Ultrasonic Transducer. [86]

3.3 Skin and Wound Modeling

Healthy skin and wound are modeled as 30mmx13mm and 20mmx13mm in size,
respectively. The skin’s and wound’s electrical and acoustic properties are repre-
sented by the epidermis, dermis, hypodermis, blood (in the wound), and ultrasonic
gel. The electrical conductivities at 1 MHz are as follows: epidermis: 0.018 S/m,
dermis: 0.434 S/m, hypodermis: 0.009 S/m, blood: 0.822 S/m, and ultrasonic gel:
0.1 S/m [72-75].

To solve acoustic problems effectively, it is necessary to define the acoustic prop-
erties of various body tissues and materials. The acoustic properties of skin and
wound are defined as density of epidermis 1200 kg/m?, speed of sound in it is
1645 m/s; dermis 1200 kg/m?, speed of sound in it is 1595 m/s; hypodermis 1109
kg/m?3, speed of sound in it is 1624 m/s; blood 1040 kg/m?, speed of sound in it is
1580 m /s and ultrasonic gel 983 kg/m?, speed of sound in it is 1516 m/s.
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Figure 3.2 : LPA Wound Model in Comsol Multiphysics. The model defines the ultrasonic transducer, air, wound, skin layers,
and skin dimensions.
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Figure 3.3 Single Element Wound Model in Comsol Multiphysics. The model defines the ultrasonic transducer, air, wound,
skin layers, and skin dimensions.
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Tissue Electrical Cond. (S/m) | Density (kg/m?) | Speed of Sound (m/s)
Epidermis 0.018 1200 1645
Dermis 0.434 1200 1595
Hypodermis 0.009 1109 1624
Blood 0.822 1040 1580
Ultrasonic Gel 0.1 983 1516

Table 3.1 : Parameters used in the model, including electrical conductivity (at 1 MHz frequency), density, and speed of
sound for different tissue types [72—75].

3.4 Pressure Acoustic Module

This module addresses issues in acoustics, acoustic-structure interactions, pres-
sure, vibrations, acoustic fields, and other acoustics-related areas. The physics
interfaces used are fully multiphysics-enabled, making them easily compatible with
any interface used in COMSOL Multiphysics [76]. The Pressure Acoustics Module,
located within the Acoustic Module category, analyzes the acoustic properties within
each subdomain and evaluates boundary conditions. Figure 3.2 shows the geom-
etry of the model and Figure 3.4 shows the geometry with subdomains. There are
seven subdomains, namely, ultrasonic gel (€2;), epidermis (22), dermis (£23), hypo-
dermis (£24), wound (£25), ultrasonic transducer (€)), and surrounding air (€2) in this
model.
The boundaries of each domain are represented by (0€2), (0€22), (023), (0€24), (025),
(0€26) and (0€2) respectively.

Equation (22) presents the general formulation for sound waves in a lossless
medium, expressed in terms of acoustic pressure, p. In COMSOL, it is represented

as follows:

1 9%
poc2 Ot?

Vo [-—(Vp-q9] =@ (29)

1
)
In this context, p (kg/m?) represents the density of the medium, ¢, (m/s) denotes
the speed of sound, ¢ (N/m?)indicates dipole sources (optional), and Q(1/s*) de-
notes monopole sources (optional). There are no monopole sources for our specific
case, making the right-hand side of Equation (29) zero. However, mechanical forces

such as those induced by gravity and vibrations from Lorentz fields exist and can
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Figure 3.4 : Geometry of the pressure acoustic problem. Subdomains Q1, Q2, 23, Q4, 25, Q6, 27 and associated
boundaries 9921, 002, 003, 024, 005, 0N and Iy represent the ultrasonic gel, epidermis, dermis,
hypodermis, wound, ultrasonic transducer and air, respectively.

be represented as dipole sources. This study assumes the body to be stationary in
space under the influence of external forces, with the gravitational force effect being
disregarded. The formulation must account for the non-zero Lorentz force per unit
volume 7= J x B, where .J is the current density and Bis the magnetic flux density
present in the medium.

Boundary Conditions: Seven distinct boundaries are visually represented in Fig-
ure 3.4. Here is a summary of the properties associated with each boundary:

On 99, 99Q2,, 903, 924 and 925: These boundaries maintain the continuity of the

normal acceleration. The resulting equation is written as follows:

ﬁ«#Vp—wx—ﬁ«5Vp—®»=o (30)

or

«5Vp—@» (31)

St

ﬁ«%Vp—@n:



On 99 : This boundary refers to the interface between the ultrasonic gel and
the ultrasonic transducer. Ultrasonic pressure is generated at the interface where
the acoustic pressure module and the piezoelectric module are coupled. When a
specific voltage excites the ultrasonic transducer at this boundary, it causes dis-
placement in the X, y, and z directions. The acceleration component normal to the

propagation direction is defined as follows:

L 1

n-(;(W—é’)) = ap (32)
where a, denotes the inward acceleration. This is obtained as the second-time
derivative of the displacement at the lower boundary of the crystal in the piezoelec-
tric problem.
On 9% : With this boundary condition, reflections at the boundary are disregarded:

Ldp (L= (t-%) Opo

L 1
”'(;(VP—@) ot ” o

(33)
Here, p, denotes the pressure source, ¢y represents a dipole source, andn; de-
notes the wave direction. Assuming the body is lossless, the second term on the
left-hand side of Equation (33) is zero. Moreover, with no external pressure sources,

Equation (33) simplifies to [69]:

i (%(W—@) ~0 (34)

3.5 Piezoelectric Module

The piezoelectric effect describes converting electrical energy into mechanical en-
ergy and vice versa. The direct piezoelectric effect occurs when a piezoelectric
crystal undergoes deformation, leading to the polarization of electric charges in a

fixed direction. This polarization is directly proportional to the deformation applied
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to the crystal and generates an electric potential difference across its surfaces [71].
Applying a potential difference to the piezoelectric crystal causes deformation, re-
sulting in pressure exerted on the body. The potential difference applied to the
piezoelectric crystal generates pressure in the body. We refer to the model in Figure
3.5 to describe the piezoelectric properties and determine the boundary properties.

According to this model, it is considered that only region € exhibits piezoelectric

properties.
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Figure 3.5 : p Geometry for the piezoelectric module. Subdomains Q1, Q2, Q3, Q4, Q6, 27 and associated boundaries 9921,
0Q42, 003, 004, 002 and 002 represent the ultrasonic gel, epidermis, dermis, hypodermis, ultrasonic transducer
and air, respectively. 96 represents the surface of the crystal where the voltage is applied. On 0929 and 92,0
the assumption is made that the normal component of the electrical displacement is zero. The boundary 9Qg acts
as the electrical ground in the problem.

Electrical Boundary Conditions:

09 : (Electric Potential) The applied voltage is defined by this boundary condition.
It specifies the value of the electric potential at this boundary condition.

00g: (Ground) This boundary condition indicates that the surface functions as the
electrical ground.

00y and 09;,: (Zero Charge/Symmetry) Within these limits, the condition that
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the standard component D of the electrical displacement is zero is maintained and
expressed as 7 - D = 0. The boundary 0f2; does not form a direct interface. Since
the body does not have piezoelectric properties. The body itself does not possess

piezoelectric properties, and this boundary remains passive.

Mechanical Boundary Conditions:

00, 0929 and 092y, : (Free) This boundary condition applies to all boundaries man-
aged by the piezoelectric interface.

09s: (Roller) It contrasts with the standard mechanical condition (free). This bound-
ary condition that allows tangential displacements also indicates no perpendicular

displacement.

3.6 Electromagnetic Module

The analysis in this module involves solving Maxwell’s equations. Initially, there is
only a static magnetic field. When this static magnetic field combines with an acous-
tic signal, it generates a Lorentz electric field and current density in the tissue. The
geometrical model of this problem is illustrated in Figure 3.6.

This module’s quasistatic analysis assumes that %—? = 0, indicating negligible dis-
placement currents. Detailed partial differential equations are given in Chapter 2.
These equations are implemented and simulated using the AC-DC Module in COM-
SOL, specifically focusing on quasi-static conditions, plane induction, and magnetic
fields:

OuopnH OB, _ 3T i+ B
"5 5tV x (07 (Vx H = J9) = 0 x (o, H + B,)) = 0 (35)
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Figure 3.6 : Geometry of the electromagnetic problem. Subdomains 1, Q2, 23, Q4, 25, 7 and associated boundaries
001, 002, 003, 004, 05 and 027 represent the ultrasonic gel, epidermis, dermis, hypodermis and air,
respectively.

Je represents the external current density, and B, represents the remanent flux den-
sity. This refers to the magnetic flux density remaining in a substance. There is a
static magnetic flux density in the z direction of 1 Tesla. Equation (37) can, therefore,

be written as follows:

Opopr H - Lo .
S 4V x (07 (V x H) = 0 (o, H)) = 0 (36)

To solve Equation (38), the following boundary conditions are defined:
004, 004, 003, 04 : At this boundary, the continuity condition applies, ensuring
that the tangential component of the electric field remains continuous across the
boundary:

it x (B, — Ey) =0 (37)
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05 : The same boundary condition (Equation 39) is defined on 00, 095, 93, €.
9 : On this boundary, the magnetic insulation condition holds, which dictates that

the tangential component of the electric field is zero [69]:
ixE=0 (38)

3.7 Numerical Studies Results

To find solutions using Lorentz fields, numerical methods such as the Finite Element
Method (FEM) are employed. This research used the COMSOL Multiphysics pro-
gram to obtain numerical solutions. This section presents the findings obtained from
various simulation studies. A 16-element LPA ultrasonic transducer and a Single-
element transducer were used in the numerical analysis. The 16-element transducer
was positioned at different angles to visualize the wound’s pressure and velocity flow
density values; the results obtained are presented in Table 3.2. Additionally, results
were obtained by focusing ultrasonic pressure. For focused ultrasound, the crystals
in the transducer were configured in two, four, and six arrangements, and the results
obtained are presented in Table 3.3. The results obtained with the single-element

transducer are given in Section 3.7.2.

3.7.1 Transducer excitation

In this study, a sinusoidal voltage V is applied to the surface of a piezoelectric crystal

for one period of the excitation frequency f, i.e.,

V(t) = Asin(2nft)  (t < 1/f) (39)

where the amplitude term A =100V. The corresponding voltage waveform is given
in. The depth of the conductive body is assumed 1.3 cm. Since the speed of sound
in the body is 1520 m/s, to obtain information about the body data should be taken
in duration calculated as:

T 1,3cm

—ut st =L = 22T 40
T = S om0 (40)
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Figure 3.7 Applied voltage (V) to each piezoelectric crystal. The amplitude of the electrical signal is selected as 1 V as given
in the y-axis. The x-axis shows time in seconds [69].

In this study, the run-time for each simulation is chosen as 8.55 us with 0.1 us
intervals.
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3.7.2 Single Element model results
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Figure 3.9 a) Current density and b) pressure distribution in the middle of the wound area for a Single-Element transducer

driven with a 100 V signal (t = 4 us).
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3.7.3 Results from different steering angles
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Figure 3.10 a) Current density and b) pressure distribution in the middle of the wound area for a 16-element LPA transducer
driven with a 100 V signal (t = 4 us).
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Figure 3.11 Current density (a, ¢) and pressure (b, d) distributions in the middle of the wound area for a 16-element LPA
transducer driven with 100 V and a full signal (t = 4 us) at —5 degree (a, b) and +5 degree (c, d) orientations.
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Figure 3.12 Current density (a, ¢) and pressure (b, d) distributions in the middle of the wound area for a 16-element LPA
transducer driven with 100 V and a full signal (t = 4 us) at —10 degree (a, b) and 410 degree (¢, d) orientations.
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Figure 3.13 Current density (a, ¢) and pressure (b, d) distributions in the middle of the wound area for a 16-element LPA
transducer driven with 100 V and a full signal (t = 4 us) at —15 degree (a, b) and +15 degree (¢, d) orientations.
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Figure 3.14 Current density (a, ¢) and pressure (b, d) distributions in the middle of the wound area for a 16-element LPA
transducer driven with 100 V and a full signal (t = 4 us) at —20 degree (a, b) and 420 degree (¢, d) orientations.
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Figure 3.15 Current density (a, ¢) and pressure (b, d) distributions in the middle of the wound area for a 16-element LPA
transducer driven with 100 V and a full signal (t = 4 us) at —25 degree (a, b) and +25 degree (c, d) orientations.
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Figure 3.16 Current density (a, ¢) and pressure (b, d) distributions in the middle of the wound area for a 16-element LPA
transducer driven with 100 V and a full signal (t = 4 us) at —30 degree (a, b) and +30 degree (c, d) orientations.
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Degree | Time (us) | Velocity Current Density (A/m?) | Pressure (Pa)
0 4 0.0267 1.19e5
5 4 0.0251 1.18e5
-5 4 0.0232 1.19e5
10 4 0.0238 1.25e5

-10 4 0.0262 1.18e5
15 4 0.0263 1.32e5
-15 4 0.0254 1.24e5
20 4 0.0255 1.28e5
-20 4 0.0253 1.26e5
25 4 0.0146 1.15e5
-25 4 0.0247 1.24e5
30 4 0.0270 2.01e5
-30 4 0.0254 2.01e5

Table 3.2 : Current density distribution in the center of the wound region of a 16-element LPA transducer driven by a 100 V
signal between —30 and +30 steering angles.

3.7.4 Results from different focusing angles

To examine the electrical potential, pressure, and current density values in the center
of the wound, the pressure distribution in the 2D wound model was focused and
directed to the desired location. By focusing the pressure distribution on a specific
region, changes in the current density in that region have also been observed. The

results are shown in the Table 3.3.
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Figure 3.17 a) Pressure distribution and b) current density in the center of the wound area when a 100 V signal is applied
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Figure 3.18 a) Pressure distribution and b) current density in the center of the wound area when a 100 V signal is applied

using four crystals of a 16-element LPA transducer (=4 ps).
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Figure 3.19 a) Pressure distribution and b) current density in the center of the wound area when a 100 V signal is applied
using six crystals of a 16-element LPA transducer (=4 us).

Number of Crystals Focused | Time (us) | Velocity Current Density (A/m?) | Pressure (Pa)
2 4 1.90e-4 796.79
4 4 3.68e-4 1404.472
6 4 3.18e-4 2201.878

Table 3.3 : The absolute value distribution of the current density in the center of the winding region is focused by a
16-element LPA converter driven by a 100 V signal.

Numerical studies using the focusing method showed an absolute increase in

current density and pressure values at the center of the wound. The Focusing

method showed an increase in pressure and current density at the center of the

wound compared to the Steering method.
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4. STUDIES OF ANIMAL EXPERIMENTS

4.1 Preparation for Experimental Studies

This chapter presents the first experimental demonstration of the wound healing
method using ultrasound, static magnetic fields, and Lorentz fields. Building on
the numerical findings detailed in Section 3, the hybrid method’s initial experimental
applications have been implemented to validate and reinforce these results. This
thesis marks a pioneering study in the literature, as it uniquely combines numerical
analysis with experimental methodologies for this approach to wound healing.

The experimental setup, specifically designed for animal studies, is shown in Fig-
ure 4.1. The system consists of Helmholtz coils, permanent magnets, an ultrasonic
transducer, and an RF amplifier that powers the transducer in coordination with a
signal generator. A detailed description of each component in this experimental

configuration is provided below.

Ultrasonic Gel

/

A |

t —— S
i “\‘Fl |
1 [ .

Waveform Generator

r

.

DC Power Supply Helmholtz Coils Magnets Transducer RF Amplifier

Figure 4.1 : Experiment setup photo. The DC power supply powers the Helmholtz coils. Helmholtz coils and magnets are
used to generate a static magnetic field. An RF amplifier and a waveform generator drive an ultrasonic transducer
to generate acoustic pressure.
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4.1.1 Static magnetic field

Two methods were used to generate a static magnetic field: 1) Permanent magnets
and 2) Helmholtz coils. The effect of these static magnetic fields will be monitored
individually to assess their influence on wound healing. The intensity of the static
magnetic fields applied in this study remains within the safety limits outlined in the
guidelines published by ICNIRP in 2009 [98].

Helmholtz Coils: Helmholtz coils consist of two identical coils with a diameter
of 18 cm as shown in Figure 4.2. It is aimed to generate a uniform static magnetic
field with Helmholtz coils. DC power supply was used to drive the Helmholtz coils
with a current of 2 A. As can be seen in Figure 4.3, a uniform magnetic field of

approximately 3.2 mT was generated. This magnetic field is within safe limits [98].

|
|

Figure 4.2 : Helmholtz coil pairs model with DC power supply and a Tesla meter.

When the Helmholtz coil assembly was set up, the distance between the two
coils was adjusted according to the distance at which the static magnetic field would
be maximum. As seen in Figure 4.3, since the radius is set to 9 cm, the maximum
static magnetic field value should be between 3.4 mTesla and 3.6 mTesla. After the
experimental setup, the value of the static magnetic field was measured to be about

3.2 mTesla as shown in Figure 4.4.
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Figure 4.3 : Variation of Magnetic Field on the Central Axis according to Distance [99].

Figure 4.4 : Measurement of static magnetic fields utilizing Helmholtz coils with Gaussmeter.
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Permanent Magnets: Neodymium (permanent) magnets with dimensions of
100 mm z 50 mm x 20 mm were used to obtain static magnetic field. The value
of the static magnetic field generated with permanent magnets is higher than that
generated with Helmholtz coils. The numerical analysis of static magnetic field gen-
eration with permanent magnets is conducted with Comsol Multiphysics, and a line
graph of static magnetic field distribution in the middle of the magnets is seen in
Figure 4.5. The measurements of static magnetic fields near the magnets and in the
middle of the magnets, taken with a Gaussmeter, are presented in Figure 4.6. As
shown in this figure, the maximum value of the static magnetic field is 421 mTesla,
recorded close to the magnets, while the minimum value of 123 mTesla is found in

the middle of the magnets.
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Figure 4.5 : Line graph of magnetic flux density for each permanent magnet pair between the magnets

Figure 4.6 : Permanent Magnets Measurements. a) Nearby the left magnet. The magnetic flux density is 421.4 mTesla. b)
At the center of magnets. The magnetic flux density is 123.3 mTesla. c) Nearby the right magnet. Magnetic flux
density is 420.7 mTesla.
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4.1.2 Ultrasonic transducer

In this study, a single-element ultrasonic transducer is used to generate acoustic
waves. To drive the ultrasonic transducer, an RF amplifier and a waveform generator
were employed. The RF amplifier enhances the signal from the waveform generator
by a factor of 37, producing a sinusoidal signal on the probe. The numerical studies
were conducted using a sinusoidal signal with an amplitude of 100 V,,,. To achieve
this, the waveform generator was set to generate a 270 mV,, signal at a frequency
of 1 MHz. Consequently, the RF amplifier amplifies the 270 mV/,, signal from the
waveform generator to yield nearly a 100 V,,, output (270 mV,, x 37~100 V,,,). The

configuration of the ultrasonic transducer circuit is illustrated in Figure 4.7.

(a) (b)

Figure 4.7 : Ultrasonic Experiment Model. a)RF amplifier, Waveform Generator, and Oscilloscope measurements. b) A
single-element immersion transducer, Olympus Accuscan A303S-SU.
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4.1.3 Lorentz Fields

A Lorentz electric field is generated in the wound area by applying an ultrasonic
transducer within a static magnetic field. Given the conductive nature of the wound
tissue, a corresponding current density develops in this region. This current density
is anticipated to facilitate the acceleration of the healing process. In the present
study, permanent magnets are utilized to establish the static magnetic field, while an
ultrasonic transducer is implemented to deliver ultrasonic treatment. The equation
governing the Lorentz electric field is thoroughly elaborated upon in the Mathemat-
ical Background section. Additionally, a visual representation of the Lorentz field

model is provided in Figure 4.8.

Figure 4.8 : Lorentz Field Experiment Model. It consists of permanent magnets and an ultrasonic transducer.
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4.2 Results of Animal Experiments

Animals

Animal experiments were carried out between October 15, 2024, and October 28,
2024, at Inonu University Experimental Animal Production and Research Center
within the scope of the project of TUBITAK 122E150 with ethical approval numbered
2021/9-3. In this study, 32 male Albino Wistar rats aged 4 months, approximately
320-330 g were used. These rats were divided into four groups, eight in each group:
1) static magnetic field (divided into the permanent magnet and Helmholtz coils), 2)
ultrasound, 3) Lorentz field (hybrid method), and 4) control group. During the study,
rats were housed in individual cages with one (1) rat in each cage, with appropri-
ate lighting (12 hours light/12 hours dark) and room temperature (22+2°C). Rats
were fed with standard rat chow until the end of the study. The cages were cleaned
weekly.

Experimental Groups

The rats to be used in this study were divided into 4 groups. 1" Group Static
Magnetic Field: This group was divided into two permanent magnets and Helmholtz
coils. 4 rats were treated with the permanent magnets in Figure 4.6 and 4 rats were
treated with Helmholtz coils in Figure 4.2. 2"¢Group Ultrasound: There are 8 rats
in this group. This group was treated with the ultrasonic transducer in Figure 4.7.
3¢ Group Lorentz Field: There are 8 rats in this group. This group was treated with
the Lorentz experimental setup in Figure 4.8. 4"Group Control Group: There are
8 rats in this group. After the wounds of the rats in this group were generated, no
treatment was performed.

Anesthesia of Rats

A combination of 10mg/kg Xylazine (Rompun 2 %) and 100mg/kg Ketamine (Keta-
Control) was injected intramuscularly to anesthetize the rat.

Wound Formation

For wound formation, the back of anesthetized rats was shaved with a shaver. The
area was first cleaned with 10% povidine iodine and then with 70% ethyl alcohol.
Then, a2 cm x 2 cm x 0.5 cm wound was formed on the back of each rat by mea-

suring with a ruler.
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(b)

(d)

Figure 4.9 : Stages of skin wound formation in rats used in the study. a) Shaving the selected area of the rat for the wound.
b) Applying povidone iodine to the wound site of a rat. ¢) Cleaning the wound site of the rat with ethyl alcohol. d)
Determination of the wound area generated by measuring with a ruler. e) Cutting the wound area after
measurement. f) Image of the wound generated.

Experimental Group and Monitoring
Experimental studies were carried out in 4 groups as mentioned above. In the ex-
periment, which began with 32 animals, one rat in the control group did not recover
from anesthesia. As a result, while all other groups consisted of 8 animals, the con-
trol group included only 7. An overview of all groups is provided in Figure 4.9, with

detailed descriptions given below.
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(b)

(c)

(d)

Figure 4.10 : Cages housing the rats (n=31) and the rack on which the cages are placed. a) Static Magnetic Field group
(n=8), b) Ultrasound group (n=8), c) Lorentz Field group (n=8), d) Control group (n=7).

Group 1: Static Magnetic Field Method
Permanent Magnets Application: In the experiment performed using the perma-
nent magnet method for static magnetic field, 4 animals were applied. A visual of
the application method is shown in Figure 4.11. The wound on the back of the rat
was positioned near the magnets. The 176 mT magnetic field formed in the center
of the setup was applied to each rat for 5 minutes per day during the experimental

period.

Figure 4.11 : Application with permanent magnets. a) Measurement of the magnetic field at the right edge of the magnet
during the application. b) Measurement of the magnetic field at the center of the setup during the application.
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Helmholtz Coils Application: In the experiment performed using the Helmholtz
coils method for static magnetic field, 4 animals were applied. A visual of the ap-
plication method is given in Figure 4.12. The wound on the back of the rat was
positioned in the center of the coils. A current of 2 A was applied to the coils. This
magnetic field was applied to each rat for 5 minutes per day during the experimental

period.

Figure 4.12 : Application with Helmholtz coils.

Group 2: Ultrasound Method

The ultrasonic transducer setup is available in Figure 4.7. The Waveform Gen-
erator is set to 270 mV,, at a frequency of 1 MHz. When the RF Amplifier probe is
driving the ultrasound, the 270 mV,,, signal from the signal generator is amplified 37
times and generates a sinusoidal signal with an amplitude of 100 V,,, on the probe.
While applying the probe, AQUA Ultrasound Gel was applied between the wound
and the probe to transmit the signal more effectively. All rats in this group of 8 rats
were treated for 5 minutes a day during the experimental period. The stages of the

application are shown in Figure 4.13.
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(a) (b)

(c)

Figure 4.13 : Application with Ultrasound. (a) Ultrasound gel was applied to the transducer. (b) Contact of the ultrasound
gel with the wound surface. (c) Application of ultrasound method to the rat.
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Group 3: Lorentz Fields

The Lorentz field method combines the magnetic field method and the ultrasound
method. In the Lorentz field method, permanent magnets generated the static mag-
netic field. Each rat was placed in a static magnetic field consisting of permanent
magnets. A 270 mV,, signal at a frequency of 1 MHz was tuned from the Waveform
Generator. With the RF Amplifier probe, this signal was amplified 37 times to gen-
erate a 100 V,,, signal. AQUA Ultrasound gel was applied to the tip of the probe and
placed on the wound. All rats in this group of 8 rats were treated for 5 minutes a day

during the experimental period. The application is shown in Figure 4.14.

Figure 4.14 : Application of Lorentz Field method to the rat.

Group 4: Control Group
The control group initially consisted of 8 rats. After the anesthesia was given during
the wound creation phase, one rat could not wake up. For this reason, 7 rats were
placed in their cages after wound formation. No application was made to this group

during the experimental period.
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Images of Wound Healing Process Measurement by Days

In this study, the effects of static magnetic field, ultrasound, and Lorentz fields on
wound healing were investigated. During the experiment, each group was exposed
to the mentioned healing methods for 5 minutes per day for 14 days. The first day
of wound formation is shown in Figure 4.9. To evaluate the effect of the treatments,
measurements were taken with a ruler from the rats in the group following the for-
mation of the wounds. Photographs of the measurements taken on days 3, 6, 9, 12,
13, 14, and 15 are presented in Figure 4.15 to observe the changes in wound size
more clearly. When Figure 4.15 is examined, it is observed that the wound sizes
decreased most significantly in the Lorentz fields group. This was followed by a de-
crease in wound size in the ultrasound group and the static magnetic field group.

The last change was observed in the control group.
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Measurement of Wound Healing Process by Days
Day 3 / SMF_6 Day 6 / SMF_2 Day 9 / SMF_3 Day 12 / SMF_3
Group 1:
Static Magnetic Day 15 / SMF_7
Field —
Day 6 / Ultrasound_1 Day 9 / Ultrasound_7 Day 12 / Ultrasound_8
Group 2:
Ultrasound Day 15 / Ultrasound_1
SR
Day 3 / Lorentz Field_5 Day 6 / Lorentz Field_4 Day 9 / Lorentz Field_3 Day 12 / Lorentz Field_4
Group 3:
Lorentz Fields Day 13 / Lorentz Field_2 Day 14 / Lorentz Field_4 Day 15 / Lorentz Field_7
Day 3 / ControlGroup_3 Day 6 / ControlGroup_6 Day 9 / ControlGroup_5
L)) —
Group 4:
Control Group Day 15 / ControlGroup_6
e

Figure 4.15 : After the wound was generated, measurements were done and photographed on the wounds of the rats in all
groups during the 14-day application period.
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Results of Wound Healing Process Measurement by Days

Measurements were meticulously recorded from each experimental group over
14 days. The wound size, initially established at 2x2 ¢m?, exhibited varying degrees
of reduction across the different groups throughout the healing process. Given the
asymmetrical nature of wound shrinkage, short and long-side measurements were
taken to ensure accuracy. The comprehensive results from all groups are illustrated
in Figure 4.16, where the daily average measurements are indicated beneath each
respective group. Upon analyzing Figure 4.16, it is evident that the most significant
reduction in wound size occurred in the Lorentz fields group. This was followed
by the ultrasound group and the static magnetic field group, which demonstrated
notable improvements as well. In contrast, the control group exhibited the least
change in wound size. Such findings highlight the varying efficacy of the different

treatment modalities employed in promoting wound healing.
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Analysis of Wound Healing Process Measurement Results by Days

The measurement results obtained on the 1st day, 6th day, 9th day and 15th day
were then analyzed. As a result of these analyses, it was observed that during the
entire experimental period (days 1-15), the LF group showed a statistically signifi-
cant improvement in short edge and long edge measurements (*p<0.05), while the
US group showed a lower but significant improvement compared to the LF group.
These results suggest that LF application may be an effective method for wound
healing and US may support this process. Since all edges of the wound did not
shrink equally, short-edge and long-edge measurements were taken as references
when preparing the figures. All measurements were compared with the first-day

measurement results.
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Figure 4.17 On the first day, wound healing rates in all groups were similar at baseline. There was no significant difference in
long side (Is) (a) and short side (ss) (b) measurements, and no statistically significant difference was observed
between the groups at the beginning of the healing process.
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Figure 4.18 Sixth day analyses showed a significant improvement in the healing rates of Lorentz Field (LF) and Ultrasound
(US) groups compared to the control and Static Magnetic Field (SMF) groups (*p<0.05). It was observed that
the healing rate increased in both long side and short side measurements in LF and US groups. This indicates
that LF and US applications may accelerate wound healing.
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Figure 4.19 Between days 6-9, a statistically significant decrease in short side (ss) measurements was observed especially
in the LF group (*p<0.05, indicating that the recovery rate was faster compared to the control and SMF groups.
Although a similar trend was observed in the US group, a lower effect was observed compared to the LF group.
In the SMF group, a slight improvement was observed compared to the control group, but this difference was not
significant.
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Figure 4.20 The LF group showed the highest healing rate between the 9th and 15th days (*p<0.05 and a significant
reduction was observed especially in the short side (ss) values. The US group also continued to heal during this
period, but showed a lower effect than the LF group. The SMF group tends to improve, although it does not
make a statistically significant difference compared to the control group.
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Figure 4.21 During the entire experimental period (days 1-15), statistically significant improvement was observed in the short
side and long side measurements in the LF group (*p<0.05), while the US group showed a lower but significant
improvement compared to the LF group. These results suggest that LF application may be an effective method
in wound healing and US may support this process.
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5. DISCUSSION AND CONCLUSION

This thesis proposes a new method to accelerate wound healing. This method is
based on Lorentz fields generated by ultrasound-induced magnetic fields. The char-
acteristics of the proposed approach are revealed by leveraging the multiphysics
properties (acoustic, piezoelectric, and electromagnetic) involved in its different
stages. Fundamental field equations governing the behavior of time-varying acous-
tic and electromagnetic fields are utilized. The resulting pressure variations and
current density are analyzed. The effect of different angles of orientation on healing
has been observed. This thesis investigates the effects of Lorentz fields on the
healing process of chronic wounds. It explores the effects on parameters through
various modeling. A realistic skin wound, consisting of layers of skin, wound, ul-
trasonic transducer, and air, has been modeled in detail. This model allows for a
more realistic evaluation of the effect of Lorentz fields on wound healing. The study
determined how different angle orientations affect electric potential and current den-
sity. Further research is needed to understand how these findings translate into
clinical practice and their impact on patients. Additionally, it is essential to consider
individual differences and long-term effects. Comments and discussions on different
phases of this study are listed below.

Mathematical Modeling: This thesis has a hybrid method that involves multiphysics
problems. Therefore, electromagnetic and acoustic fields need to be solved simul-
taneously. The mathematical background includes electromagnetic and acoustic
equations. Electromagnetic field equations are given in section 2.1. Electromag-
netic fields are calculated as time-varying using Maxwell’s equations. Basic acoustic
field equations to simplify our analysis, let us assume a source-free and lossless
environment. Initially, we consider a one-dimensional (1D) scenario. In the static
case, the pressure within the body remains constant and is represented by p0. The
body’s mass density po(x) is considered to be position-dependent.

Numerical Studies: The proposed method for enhancing wound healing involves
the generation of Lorentz fields, achieved by applying ultrasound within a static
magnetic field environment. To solve the problem numerically, the software COM-

SOL Multiphysics is used. This software package is designed to analyze and
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simulate diverse physics and engineering problems. It utilizes advanced finite el-
ement analysis techniques to handle complex multiphysics phenomena and solve
partial differential equations [70]. In our problem, the acoustic, piezoelectric, and
electromagnetic modules are solved simultaneously. Each module is character-
ized by specific physics properties with coupling parameters. Pressure acoustic
module addresses issues in acoustics, acoustic-structure interactions, pressure,
vibrations, acoustic fields, and other acoustics-related areas. The Pressure Acous-
tics Module, located within the Acoustic Module category, analyzes the acoustic
properties within each subdomain and evaluates boundary conditions. In this study,
only two-dimensional numerical models are used. The piezoelectric module: In
the piezoelectric module 16-element linear phased array transducer are modeled
with PZT-5H material. The inverse piezoelectric effect is performed by exciting each
transducer with time-varying electrical potentials. Electromagnetic module involves
solving Maxwell’s equations. Initially, there is only a static magnetic field. When
this static magnetic field combines with an acoustic signal, it generates a Lorentz
electric field and current density in the tissue.

Animal Experiments:

In this study, animal experiments played a critical role in evaluating the effec-
tiveness of the novel wound healing method utilizing the Lorentz field, ultrasound,
and static magnetic field applications. Conducted on four groups—Static Magnetic
Field, Ultrasound, Lorentz Field, and a Control group—these experiments provided
essential insights into the impact of each treatment on wound healing rates.

Each treatment method demonstrated unique healing effects, with the Lorentz
Field group showing promising improvements compared to others. This outcome
aligns with theoretical expectations that combining a static magnetic field with ultra-
sonic stimulation generates a Lorentz electric field, which may promote cellular ac-
tivities conducive to healing. Furthermore, the different groups allowed for compar-
ative analysis, reinforcing Lorentz Field’s enhanced effect in accelerating the wound
closure process.

Despite these encouraging results, the ethical considerations associated with an-
imal testing were taken into account, ensuring that experiments were designed and

conducted under strict ethical guidelines. The use of a control group and specific
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treatment protocols ensured the reliability of the findings while minimizing unneces-
sary harm to the animals. Future studies might expand on these findings, exploring
alternative models or minimizing the use of live animal subjects where possible.
Safety Current Values
IEC 60601-1 (Medical Electrical Equipment) and BS 5724 (British Standard) specify
a maximum safe leakage current of 100 A for electrodes attached to the skin sur-
face and 10 A for electrodes connected to the heart [89] [90]. Precautions must
be taken to ensure that the excitation potential of ultrasound transducers remains
below a certain threshold to avoid destructive heating. Ultrasonic transducers de-
signed for diagnostic use do not produce harmful heating effects in the human body
[100]. In our simulations, the ultrasonic transducers are activated at a frequency of
1 MHz, which is well within safe limits and does not pose any risk to body tissues.
The induced current density in the body should also be under the safety limits. In
our simulations, current densities are below the safety limits at 1 MHz [101].
Current Values for Healing Process

After an injury, the process of wound repair begins with the movement of electric
charges. This movement results in the formation of an electric current after a few
days. These electric fields facilitate the migration of fibroblasts, macrophages, and
keratinocytes, which are actively involved in wound healing. The application of the
electric field to the wound can either speed up or slow down the healing process. It
can be likened to a battery in human skin, with an electric current of 140 mV/mm at
the wound edge on the skin of porcine guinea pigs. In humans, the voltage difference
between the outermost layer of skin and the dermis has been measured at -23 mV.
The hands and feet have a higher skin battery than the back and shoulders. There is
a peak current density of 22 1 A/cm? after fingertip amputation in children. The skin’s
pacemaker and electric fields are crucial for wound healing. Reversing the polarity
of the physiological electric field when an external electric field is applied delays
the wound-healing process. This indicates that the electrodynamic field should be
maintained for skin wound healing. Within the first 24-28 hours after injury, the
center of the wound becomes positively charged compared to the healthy tissue
at its periphery. The electrical potential drops after 24-48 hours, and the wound

gradually becomes negatively charged compared to the surrounding tissue. This
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lasts for about 8-9 days. Then, the current reaches its maximum value. On the 10th
to 12th day after the injury, there is a drop in current values, which return to the
original pre-intervention values after the 15th to 16th day. Therefore, wound healing
is accompanied by a change in the direction of the electrodynamic field [91].

In a study conducted by Konstantinou et al. [101], it was found that a low direct
current of 2 uA increased the growth and migration of fibroblasts into the wound,
thereby accelerating wound healing. Similarly, in research by Merriman et al. [102],
the application of a direct current ranging from 0.4 to 400 A was observed to have
a bacteriostatic effect, inhibiting bacterial growth during the inflammation phase of
the wound. Additionally, in a study by Bourguignon et al. [103], the application of a
50 1A pulsed direct current to the wound for 20 minutes led to an increase in DNA
synthesis for fibroblast proliferation during the proliferative phase of the wound. Ex
vivo stimulations from as low as 300 A up to 1 mA have been reported by various
groups to show an effect on the inflammatory processes. However, in the case of
human skin tissues, the amplitude is found to be much lower, around 10-100 pA,
showing a bactericidal effect. Various effects of current stimulation on the prolif-
eration stage of wound healing have been reported in many works which include
the increase of fibroblasts, collagen secretion, and migration of epithelial cells. DC
stimulations are seen to have ranged from 20 to 300 p.A in different works involving
the growth and proliferation of fibroblasts. In studies on the treatment of chronic
wounds, such as pressure sores, diabetic wounds, and venous ulcers, Wirsing et
al. discovered that applying a current of 1.5 A to a chronic ulcer wound resulted
in a reduction of the wound area. The range of applied currents varied from 200 to
800 A and was found to decrease the wound area [104]. The magnitude of DC
stimulation ranges from 200 to 800 pA, contributing to a reduction in wound area
[93-97].

In a 2006 study published in Nature [88], using a variety of techniques, consis-
tent and continuous outward electrical currents were confirmed in wounds in human
and rodent corneas and skin. A current density of 44A4/cm? was measured at the
wound edges of rat cornea and human skin. This current was observed to gradually
increase to 10 uA/cm? during the healing process of the wound and then decreased

to 4 - 8 uA/cm?. It was also observed that the direction and magnitude of the
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Table 5.1 : Stimulation parameters having similar effects [104].

Effect Stimulus parameter
Migration of fibroblast 2 uADC

25-100 mV/mm DC
Proliferation of fibroblasts 2 uADC

2—-100 A 11 ppm pulsed DC
Antibacterial effect 0.4-400 A DC

500 ©A DC

current were independent of the wound size. Looking at the current densities in
Figures 3.17, 4.21 and 3.19, it can be seen that a current density of approximately
0.27 mA/cm? occurs in the wound area, which is sufficient for the wound healing
period and also within the safety limits.
Future Work: The following topics can be further investigated:

» Utilization of the proposed approach using other ultrasonic transducers.

» Changing the identified wound type (diabetic foot ulcers, etc.)

* Testing the proposed method in different treatment modalities (e.g. pain relief).

* In this work, the steering and focusing properties of linear phased array and
single-element transducers are used to steer electric currents inside a conducting
body. The methodology can be further extended to obtain wound treatment modal-
ities. This will certainly increase the effectiveness of the resulting healing data and

the proposed method.
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