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SUMMARY

As the era of Bioelectronic medicines (BEms) evolves, new technological challenges are
generated, including miniaturized devices that are encapsulated with flexible materials
and energized by wireless power transmission (WPT) techniques. Among them, magne-
tostatic, also known as inductive is the most viable candidate for shallow applications of
peripheral nerve stimulation (PNS). However, the conductive nature of the human tissue
with high relative permittivity increases the parasitic components of the induction coils
and leads to power losses in the WPT link.

This study focuses on the influence of biocompatible, soft, polymeric materials, such
as polydimethyloxane (PDMS) and Parylene-C, on the electrical behavior of the afore-
mentioned externally powered receivers. Unlike previous works, this investigation em-
ploys a series of case studies which include various implantation environments, thin
and different encapsulation materials taking also into account the non-hermetic nature
of polymers. Analytical and simulation models are utilized to discriminate the effect of
various packaging schemes and to relate their influence on the inductive link design and
efficiency. Lastly, empirical measurements in air and phosphate buffered saline (PBS)
aim to verify the proposed methods.

The modeling and experimental results demonstrate that the soft encapsulation thick-
ness on top of the coil traces has a strong influence on the power transfer efficiency (PTE)
and its estimation. In addition, it is found that its behavior is strongly coupled with the
dielectric properties of the surrounding tissue, suggesting that they should be included
during the link design constraints along with the total volume of the implantable device.
Based on the above and the BEm requirement of miniaturization, this work provides
evidence that thin devices with efficient links can be realized in superficial soft tissue,
decoupling the polymeric material selection from the application-specific design con-
siderations. On the contrary, it is found that implantation in deep tissue requires thick
encapsulation materials with a low dielectric loss tangent, promoting the compatibility
of ultrasonic (US) transducers with the BEm packaging in this environment.
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INTRODUCTION

The aim of this introductory chapter is to present the motivation behind the initiation of
this study. Based on the recent technological advances and challenges for the realization
of bioelectronic medicines (BEms), the research objectives are defined and an overview of
this work is presented.

1.1. BIOELECTRONIC MEDICINE

Over the last decades, the scientific interest around the merge of electronics and biology,
a field of research that is known as bioelectronics, has grown immensely. The tremen-
dous clinical demands to expand the number of patients that benefit from neuromod-
ulation and the recent technological advances introduced a new term of therapeutic
agents, namely bioelectronic medicines (BEms). These devices are envisioned to be-
come a mainstay of medical treatment with less side effects from their pharmaceutical
counterparts that have a systemic influence on the human body [139].

Based on the recent insights on neuromodulation that focus on the peripheral ner-
vous system (PNS) [112], it is evident that BEms could intervene with it in several ther-
apeutic contexts (see Figure 1.1) in order to control biological processes or neuropros-
thesis [132]. Depending on the implantation site, they can cure chronic pain syndromes
[146], metabolic diseases [157], digestive disorders [19] and inflammatory responses [35]
such as chronic migraine, diabetes, gastroparesis and rheumatoid arthritis respectively.

Besides the therapeutic benefits for the patients, the BEm is reported [155] to have a
significant economic and social impact, as the prevalence of chronic diseases is contin-
uously rising [50]. According to the worldwide statistical surveying report of 2018 [199],
the current market of AIMDs was esteemed at $18.59 billion, whilst that of BEm $29.66
billion by 2023. In addition, pondering on the importance of patients’ safety, disability-
adjusted life year (DALY) and quality of life, the regulatory framework has been recently
changed. The new European Medical Device Regulation (MDR) in 2017 (Reg. 2017/745)
introduced new requirements for clinical evidence, upgrades to quality management
systems (QMS) and post market surveillance (PMS), rendering the compliance with the
relevant legislation more strict [41].
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Figure 1.1: Depending on the anatomical site BEms, can interface with i) the vagus, ii) bladder and iii) sciatic
nerve for iv) heart rate modulation, v) bladder control and vi) muscle pain alleviation. Image taken from [112].

Up to this point, one may argue why the BEms have not been realized so far. In order
to answer this question, one has to analyze the technology of the existing AIMDs (e.g.
spinal cord stimulators). Their main limitation relies on the utilization of bulky batter-
ies that even in the state of the art devices [86] capture almost half of the device space,
whereas their replacement requires the device explantation via invasive surgical proce-
dures. In addition, their hermetic packaging materials (e.g. metals) employed to protect
their electronics from the harsh physiological environment results into stiff devices that
restrict the implantation site and compromise their non-obtrusive operation.

As aresult, the BEm technology roadmaps have already been addressed [17] and col-
laboration between governments, industry, and academia will foster the development of
the next generation of implants, transitioning the multidisciplinary research into com-
mercial products. These include among other low-cost miniaturized devices with a total
volume less than 1cm? [66] that could be implanted via minimally invasive procedures
and conform with the mechanical properties of the human tissue. The aforementioned
requirements pose the cross-cutting challenges of merging soft, flexible and biocompati-
ble encapsulation materials and wireless powering solutions [112] in the next generation
of AIMDs. In this study, we will focus on these technological challenges, an overview of
which is presented in the following introductory chapters.

1.2. POWERING IMPLANTS

The next generation of AIMDs requires alternative and sufficient power solutions that
will replace the existing bulky batteries. This critical task raised the scientific interest
of many researchers in this field since 1958 when the first battery operated pacemaker
was developed [9]. It was including a nickel-cadmium battery that could last one week
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of operation and a receiving coil for recharging it. Nevertheless, there are many differ-
ent powering methods proposed since then, focusing on either electromagnetic (EM),
acoustic and energy harvesting solutions.

Starting from the latter, the ability to scavenge energy from the human body seems an
ideal solution for autonomous AIMDs. There are different approaches regarding the na-
ture of the harvested energy that can be converted into electrical power. Reports include
thermoelectric devices [150, 189] which leverage the body temperature gradients, piezo-
electric [40, 96] and triboelectric devices [13, 52] that convert kinetic energy from the
surrounding tissue and fuel cells [56, 94] that transduce chemical reactions. Nonethe-
less, these methods have the major drawback of limited power generation that lies in the
pn-Watt range [159] and the need of relatively large harvesting areas [70], promoting the
external power delivery as a more feasible solution.

One of the most studied wireless power transfer (WPT) method is that of EM power
transfer. In the early years of 20th century, the pioneer Nikola Tesla [182] demonstrated
its feasibility when he provided power to a 40 W lamp over 60 cm distance with two
magnetically coupled coils. Since then, the research around WPT is escalated, introduc-
ing alternative transmission methods that can be classified into radiative (or far-field
[51, 116]) and non-radiative (or near-field) EM coupling. The latter can be further distin-
guished into the near-field inductive [3, 87], resonant inductive [78, 100] and capacitive
[88, 174] coupling. All of these techniques have their own merits and their selection
depends on the effective transmission distance, the frequency of operation and the ap-
plication power demands [110].

The most promising techniques from the aforementioned though is that of near field
resonant inductive coupling (NRIC), which has been already approved by the Food and
Drug Administration (FDA) for powering cochlear [79] and retinal implants [39]. Fig-
ure 1.2a depicts its principle of operation. Based on the Michael’s Faraday discovery of
EM induction [53] an electromotive force (EMF) is induced on the receiving coil when it
is placed in the primary’s near field reactive region. A breakthrough that improves the
power transfer efficiency (PTE) over a larger distance from the non-resonant approach
was made from a research group of Massachusetts Institute of Technology (MIT) [110]
utilizing two high coils with high quality factors (Q-factors), that were tuned at the same
resonant frequency.

PZT
transducer

Mutual Coupling

N

Receiving
Device

\_ Receiving Coil

Transmii tting Coil T RE Magnertic Field

Transmirting T lant
Device mplan

Device

TYY Y

Tissue

Tissue

Air
Skin

(a) b)

Figure 1.2: WPT concepts of a) inductive and b) ultrasonic links. Images edited from [163] and [1] respectively.
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On the other hand, power delivery by means of acoustic waves is an alternative pow-
ering solution with notable advantages. The ultrasonic power transfer employs two ul-
trasonic transducers as illustrated in Figure 1.2b, where the external is attached to the
skin producing time-varying pressure waves that travel through the underlying tissue.
As a result, the impinged waves excite the receiver and its mechanical energy can be
converted in the electrical domain by the piezoelectric effect.

The great advantage of this technique is the low acoustic velocity inside the human
tissue and thus, the wavelength of the acoustic waves even at low frequencies (e.g 1.5mm
@1MHz) is comparable with the mm-sized acoustic transducers, rendering the energy
conversion more efficient [138]. In addition, the tissue attenuation of US waves is al-
most negligible (i.e. ~ 1dBMHz 'cm™' [89]) and thus, the maximum FDA-allowed
time-averaged intensity (i.e 7.2mW/mm) is even two orders of magnitude higher than
the safety exposure limits of EM WPT, which vary between 10-100mW depending on the
operating frequency and the implantation site.

In an attempt to verify the above, Denisov et. al. [42] made a comparative investi-
gation between optimized at reasonable frequencies US (1 MHz) and NRIC (13.56 MHz)
links. Their primary endpoint was to compare their efficiency in terms of transmission
distance and receiver size. Figure 1.3a illustrates the former comparison, where the NRIC
outperforms US only at short distance. In addition, it is evident from Figure 1.3b that as
the receiver size shrinks, US links achieve a higher efficiency over the NRIC link, indicat-
ing that US is a favorable candidate for deep implantation and miniaturized receivers,
whilst NRIC can be employed for shallow applications (i.e. <lcm [70]) with great results.

The question that still remains unanswered though in literature is their comparison
in terms of their performance compatibility with the polymeric packaging materials. In
this work, we will delve into this argument, investigating the impact of soft encapsulation
materials and their thickness on the efficiency of NRIC links, yet the following literature
review will provide all the relevant information to expand this study for US links.

= = =Inductive

— Acoustic
0.1 //_—
0.01 e

0.1

¥ 0.001 -2l
0.01 > s522

Efficiency (%)
’
Efficiency (%)
\
\

0001 TFR] 0.0001 e
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- = - Inductive
0.0001 0.00001
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(@ (b)

Figure 1.3: Efficiency comparison between ultrasonic and inductive links as regards with their a) transmission
distance and b) receiver size. Figures taken from [42].
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1.3. PACKAGING APPROACHES

Conventional AIMDs typically employ laser-welded enclosures to provide a mechani-
cally and chemically stable barrier over decades inside the hostile environment of the
human body. Hermetic packages (see Figure 1.4a) made of metals such as titanium (Ti),
platinum (Pt), tantalum (Ta) and their alloys [149] are currently vastly used to place the
AIMDs’ electronic components, accommodating the strict regulations of various clini-
cal applications. However, metal packages have certain limitations for the realization of
miniaturized BEms as they are bulky, rigid and high cost since their processing is com-
plex for mass fabrication.

ii metal packaging

‘

(@ (b) (c)

Figure 1.4: a) state of the art cardiac pacemaker employing hermetic metal packaging and bio-grade glass
feedthroughs (Boston Scientific INOGEN EL ICD, 2015) , b) first implanted pacemaker with a silicone rubber
cap [184] and ¢) BEm concpet employing a coil for inductive coupling [126].

Properties Metals  Bioceramics Polymers
Biocompatibility Good Good Good
Young Modulus High High Low
Hermeticity Good Moderate Poor

RF transparency Poor Good Good
Weight Poor Moderate Good
Ease of fabrication Difficult Difficult Easy
Cost High High Low

Table 1.1: Packaging materials comparison. Table taken from [149].

One other category of hermetic packaging materials is that of biograde glasses (e.g
Borosilicate) and bioceramics (e.g aluminum oxide, zirconia) that according to [90] were
employed in order to bypass the radio-frequency (RF) opaqueness of metal packaging,
allowing the communication with circuitry outside from the human body. Nonetheless,
all of the aforementioned materials lack of structural biocompatibility [72], that is re-
ported [7] to promote chronic inflammation from the mechanical mismatch between
the device and tissue. As a result, the implantation site is so far restricted to specific
areas (e.g. pectoral region) and most usually, extension wires and leads are utilized to
reach the target nerves. The aforementioned results in invasive implantation procedures
whereas the external components’ fatigue increases the critical hazards for the patient
safety [200].
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Most recently, flexible and soft encapsulation schemes have been utilized to real-
ize the concept of BEm. In general, the definition of soft materials refers to materials
with a Young Modulus lower than 10*MPa [161]. Polymers such as poly(p-xylylene) and
its derivatives (e.g Parylene-C), polydimethylsiloxane (PDMS), polyimide (PI) and liquid
crystal polymer (LCP) belong into this category and constitute some of the encapsulation
candidates due to their favorable properties. Hassler et. al. [72] have summarized some
of them, as shown in Table 1.1, underlying their low Young modulus that allows them to
conform with the human tissue, high resistivity that insulates the device from the con-
ductive nature of the surrounding environment, low density that results in lightweight
devices and their wafer level processing that reduces significantly the manufacturing
costs.

Concerning their favorable properties addressed above, one may wonder what is the
main drawback of these materials and why they are not utilized so far in AIMDs. In or-
der to investigate the aforementioned one has to look on the firstly cardiac pacemaker
of Figure 1.4b that was developed by Zoll et. al. [184] during 1958. This device utilized
a silicone rubber cap to encapsulate its electronics due to its ease of fabrication and
low processing temperature. Silicone rubber along with epoxy resins were the conven-
tional packaging until 1970. However, Maisel et. al. [121] report that the majority of
40,000 implanted pacemakers recalls were related with moisture ingress that resulted in
the corrosion of the underlying electronic components.
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/W ki
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Figure 1.5: a) Water vapor permeability chart for various classes of packaging materials [129]. b) Distribution
of E-field within the substrate,soft encapsulation and the human tissue [38].

According to Stieglitz et. al. [176], polymers are non-hermetic by nature with their
permeability being several order of magnitudes higher than other hermetic packaging
materials, as shown in Figure 1.6a. As a result, the inevitable moisture ingress inside
the soft encapsulation will change its mechanical [119] and dielectric properties [93].
Visweswaran et. al. [186] state that moisture will cause the polymer swelling and thereby
its mechanical stress at the interface with the adhered substrate will increase over time.
In addition, the introduced water vapor inside the polymer will alter its complex dielec-
tric constant, compromising the performance of the passive electronics that are housed
in it, as showed by [38].

One other basic limitation that the non-hermetic packaging introduces is illustrated



1.4. RESEARCH OBJECTIVES 7

in Figure 1.6b, where the electric fields of the induction coils are distributed inside the
surrounding materials and tissue. As a result, its highly conductive nature will electri-
cally load them [188] compromising their inductive link efficiency [91]. As a result, an
additional question that is introduced is how the soft encapsulation effectively insulates
the device from the surroundings and how different materials and thicknesses influence
the link efficiency. Concluding, although there are favorable advantages of using the
polymers as encapsulation materials, their utilization in devices powered from wireless
links consists a critical to quality (CTQ) parameter and thus, its consideration during the
design of the WPT links requires further investigation.

1.4. RESEARCH OBJECTIVES

The aim of this work is to provide further insights regarding the impact of the soft encap-
sulation on the WPT links for bioelectronic medicine, focusing on NRIC links. However,
since this effect is influenced by various factors the following research questions will be
answered throughout this study, starting from its primary endpoint:

* What is the impact of the soft encapsulation on the near field resonant inductive
link efficiency?

* What is the influence of the soft encapsulation on the electrical properties of the
induction coils?

* What is the influence of the soft encapsulation materials and thickness at different
implantation environments?

* Concerning the non-hermetic nature of polymers, what is the impact of moisture
absorption on the electrical properties of the induction coils?

1.5. THESIS OUTLINE

This study is structured as follows:

e Chapter 2: In this chapter, the design procedure for efficient NRIC links will be
given and the existing power losses in them will be presented, focusing on those
related with the soft encapsulation.

* Chapter 3: The same topics discussed in the previous chapter will be given for
ultrasonic links, enabling the qualitative comparison between the two of the most
promising WPT links. However, the ultrasonic links are out of this study scope, yet
this chapter sets the basis for further analysis.

* Chapter 4: This chapter analyzes the analytical and simulation models that were
employed to study the influence of the soft encapsulation on their inductive links,
including the in-vitro measurement setup for their validation.

e Chapter 5: This chapter shows detailed results of the soft encapsulation influence
on the inductive link efficiency.
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* Chapter 6: The novelty and conclusions of this work are given and accordingly,
recommendations for further research are proposed.



NEAR-FIELD RESONANT INDUCTIVE
COUPLING

This introductory chapter will firstly address the inductive link design procedure along
with the key parameters for its optimization. Then an overview of different coil types,
their geometry design, and modeling will be presented. Finally, the power losses that exist
in such links will be given, focusing on those that are related to the soft encapsulation
materials, thickness, and their moisture absorption.

2.1. LINK DESIGN

The design of efficient NRIC links is an iterative procedure, as shown in Figure 2.1, which
starts from the application-specific design constraints. These include the frequency of
operation, the maximum allowed dimensions of the receiving coil which is dictated by
the implantation site, the receiver load that defines the power transferred to the implant
and the working range of the link that is based on the PTE estimation and its tolerances.

Based on the above constraints, the geometry (e.g. conductor pitch) of the two mag-
netically coupled coils follows in order to extract their electrical parameters (e.g. quality
factor) and estimate the link targets. So far, the majority of the studies in this field in-
troduced state of the art power management electronics [99] and adaptive techniques
[18] to improve and maintain the PTE on the desired levels, yet the operation of the im-
plantable device is considered in free-space.

As discussed in the introduction though, the electrical performance of the induction
coils is altered from the dielectric properties of the human tissue and consequently, this
electrical loading will impact both the coil(s) geometry design and the link targets. It
is therefore understood that additional considerations regarding the technology aspects
are introduced. In this study we will delve into this effect, focusing on the the soft encap-
sulation impact on the NRIC link design and its PTE as the key metric of this evaluation.

9
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Figure 2.1: NRIC link design process which starts from the application-specific constraints and maximizes the
PTE based on the geometry design of the induction coils and their electrical parameters. Image taken from

[163].

2.1.1. KEY FACTORS FOR HIGH PERFORMANCE LINKS
The key factors for the performance of an NRIC link are the coupling coefficient kj »
between the coupled coils and their Q-factor [198]. A summary of those is given below:

* Coupling coefficient k; »: The coupling coefficient represents the portion of the
magnetic flux that is coupled between the two coils and is a function of their mu-
tual (M) and self inductances (L;, Ly), as given in equation 2.1.1.1. The former de-
pends on the coils displacement resilience which includes lateral and angular mis-
alignments, whereas the self-inductance on the coil geometry. Notably, it is found
[12] that the coupling coefficient decreases with the inverse cube of the coils sep-
aration distance, reasoning the poor performance of inductive links at distances
larger than 1cm.

M
ki =
VLiLy

* Quality factor: The Q-factor is defined as the ratio of the total energy stored (i.e.
reactance) to the energy dissipated (i.e. resistance) per cycle of oscillation, as
shown in equation 2.1.1.2. In NRIC, the utilization of high-Q coils is imperative
since at (parallel) resonance, the induced voltage in the receiver is maximized (see
Figure 2.2a). In addition, Schormans et. al. [163] demonstrated that the maxi-
mum theoretical efficiency of an inductive link could be high even if the k; » is low,
when the product of the transmitting and receiving coils q-factor is high (see Fig-
ure 2.2b). As a result, the geometry design that results in high-Q coils is one of the
primary concerns in NRIC links.

(2.1.1.1)

energy stored _Im(2)

energy dissipated " Re(?)
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Figure 2.2: a) Comparison of induced voltage between resonant and non resonant coils and b) Dependency of
Q-factor and coupling coefficient on the maximum theoretical inductive link efficiency [163].

2.2. INDUCTION COILS

The first attempts in inductive links utilized multi-stranded insulated wires [152], namely
litz wires since their twisting patterns equalize the current distribution in each strand, re-
ducing the skin effect [144]. However, at frequencies higher than 1-2MHz the proximity
effect increases significantly their effective resistance [179] compromising their Q-factor
and the efficiency of their links.

Other approaches include the utilization of solid wires in various shapes with that of
solenoid and flat spiral being the most frequently used. According to Buch et. al. [21],
in applications where the total volume of the implant is restricted, such as injectable
devices [196], solenoid coils are a better selection. The rational behind this conclusion
is their three dimensional design that enhances their Q-factor in comparison with the
spiral coils. For example, Ahn et. al. [4] utilized a solenoid coil in order to realize an
1 — cm?® implantable device that could fit in the grey matter of the human brain.

However, litz wires require special wound machinery that makes their batch fab-
rication costly and even imprecise for every coil winding [91], whereas the solenoid
coils integration on flexible substrates impose additional limitations. Therefore, planar
coils that could be lithographically defined with high detail were introduced in the last
decade, known as printed spiral coils (PSCs). PSCs can be found in various shapes such
as polygonal, rectangular, square or circular. Among those, the last two are often found
in literature due to their larger coupling area [46] and displacement resilience [57] re-
spectively.

Harrison et. al. [71] studied the use of PSCs in NRIC with realistic secondary coil
dimensions (i.e d,;;=1cm) and concluded that these coils are viable candidates for WPT
links, allowing the realization of flexible implantable devices that could conform with
the surrounding tissue. As a result, in this work the effect of the soft encapsulation will

be studied on PSCs.

2.2.1. GEOMETRY CONSIDERATIONS
The geometry design of the primary and secondary coils is based on the maximization
of their coupling coefficient and Q-factors utilizing iterative algorithms that are based
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on either analytical [82, 91] or finite element models (FEM) [55, 103]. In this study, a
PSC design was adopted from Salvia Bioelectronics B.V,, as depicted in Table 2.1, yet
the rational of its geometry was classified. Accordingly, other PSC geometries are listed
from literature, all of which are optimized for operation at 13.56MHz. This comparison
enables the reader to quantify similarities in the geometrical parameters for the coils
utilized in NRIC links.

Cross-Section

w
Parameter Symbol Value
Substrate Author This study [92] [131]
_ Hgr Shape circular  circular  rectangular circular
Outer diameter (mm) dout 30 10 10 11.6
Inner diameter (mm) din 24 7.2 5.5 0.5
d d;, Fill factor 0} 0.11 0.16 0.29 0.39
Number of turns N 5 4 5 8
Trace width (1 m) w 480 150 250 300
3 Spacing (¢ m) s 150 150 150 100
Trace thickness (¢ m) Ipsc 70 30 30 38
Figure 2.3: PSC
cross-section. Table 2.1: PSC parameters of this and other relevant studies in literature.

To start with, the first electrical parameter that is maximized through the aforemen-
tioned procedure is the inductance of the coils that enhances the Q-factor. For the case
of a PSC, this could be implemented by increasing its number of turns (N) and minimiz-
ing the separation distance s between them (see Figure 2.4a). However, the aforemen-
tioned, introduce two design trade-offs.

The first includes the coil fill factor, which describes the concentration of its turns on
the perimeter (i.e. ¢ = 0) or the center of the PSC (i.e ¢p = 1). In inductive links, ¢ is usu-
ally selected to be close to zero, as the inner turns do not contribute at the magnetic flux,
whereas introduce additional ohmic losses [54]. The second trade-off includes the self
resonance frequency (SRF) of the coil, above which it behaves as a capacitor and thus,
the whole link performance is vanished. As a rule of the thumb, the SRF should be atleast
10 times higher from the operation frequency [61] as a way to ensure that any additional
electrical loading can not harness its performance. Figure 2.4b depicts the aforemen-
tioned trade-off where the increasing number of turns reduces the SRF significantly, yet
maximizes the Q-factor.

Lastly, the coil conductor losses should be kept low. One way to mitigate this effect
is to decrease the operating frequency, as the losses relating to the skin depth will be
reduced in proportion with the v/w [194]. However, this is not usually feasible, since an-
other design trade-off is introduced between the frequency of operation w that is preal-
located within the frequency bands for medical applications (e.g. 13.56MHz ISM band)
and the magnetic field strength [1]. For this reason, the geometry of the conductor trace
is manipulated and more specifically, its width and thickness is increased in a way to re-
duce the losses from their finite resistivity. As it is clearly shown in the given table, the
majority of the coils employ a conductor width that is much larger than their thickness
in a way to increase their quality factors.
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Figure 2.4: a) Dependency of metal spacing on the self inductance [84] and b) Geometry design trade-off for a
solenoid coil. The increasing number of its turns results in a higher Q-factor and lower SRE[163].

2.2.2. INDUCTION COIL MODELING

The next step of the link design process is to extract the electrical parameters from the
induction coil geometry. The frequency response of the coil input impedance Z;,, can be
described using its series equivalent circuit model of Figure 2.5a.

Its imaginary part (ImZ) relates the energy storage within the near-field of the coil
and is a function of the reactive elements self inductance L and parasitic capacitance
Cp. On the other hand, the real part (ReZ) is related with the energy dissipation and
consists of the series resistance R; from the finite conductivity of the coil traces and the
dielectric loss Ry, which refers to the power dissipated into the surrounding materials
and/or environment, modeled in parallel with R;. In order to model the total losses
of the inductor, the parallel equivalent model of Figure 2.5b is often employed [2] and
in addition it is also used for the efficiency calculation [91] in the receiver, where the
parallel loss resistance Rj,gs is calculated from the series resistance and the quality factor
as follows:

Rioss = Rs(1+ Q)Z (2.2.2.1)

In general, inductors exhibit a non-ideal frequency response due to their self reso-
nance and non-linear current characteristics [122]. As a result, various authors in liter-
ature have been involved in order to provide analytical formulas that describe the elec-
trical behavior of the individual elements depending on their shape, geometry and fre-
quency of operation.

Starting from the self inductance, Wheeler et. al. [191] introduced a simple analytical
model in 1928 for the calculation of a radio coil inductance. Based on this model, Mohan
et. al. [128] give an analytical equation for a PSC on PCB, which can be modified to
study various coil shapes (e.g. spiral, square) noting that its accuracy is close to 8% in
comparison with real-world measurements.

Regarding the series resistance R;, analytical expressions that describe the skin and
proximity effects on various conductor shapes are given by Kuhn et. al. [109]. However,
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Figure 2.5: a) Impedance magnitude |Z| and phase q of an inductor over frequency. At low frequencies, its
impedance is purely inductive with a phase angle (q) of 90°. As the frequency increases though, the distributed
capacitance starts to contribute up to the resonance point (i.e SRF), where the impedance is purely resistive
and therefore maximized. From thereafter, the impedance decreases with a voltage phase shift of —90°, behav-
ing as a capacitor and thus, it cannot be employed for inductive coupling. Image taken from [181]. b) parallel
equivalent circuit

these equations were employed for spiral coils in integrated circuits (ICs), where the skin
depth is larger than the conductor thickness, introducing errors in the calculation of
R, at lower frequencies. Schormans et. al. [163] delved into this effect and provided
empirical factors to improve the accuracy of the aforementioned study for PSCs on FR4
substrates.

Moreover, the parasitic capacitance C, appears in parallel with the inductor, as its
coil windings are in close proximity with their neighbors and arranged in parallel. Em-
pirical formulas that include the effect of substrate are given by Jow et. al. [91] with good
accuracy. However, when the model includes a multilayer of substrate and/or super-
strate materials (e.g. soft encapsulation), the technique of conformal mapping is often
utilized. This method models the contribution of each dielectric layer as opposed to one
(i.e coil metal traces) [68].

The first effort to model C, with a lumped equivalent component was made by Pet-
tenpaul et. al. [143] who provided analytical formulas based on conformal mapping
for miniaturized spiral inductors on ICs, operating in the GHz frequencies. Gevorgian
et. al. [63] exploited this technique for its use in multilayer substrates and superstrates
providing analytical expressions for both the parasitic capacitance and parallel loss re-
sistance. In order to investigate the validity of these models, Ghione et. al. [64] address
their assumptions which include the use of perfect squared conductors with rounded
corners and substrate (or superstrate) layers whose dielectric properties decrease or in-
crease monotonically from the conductor traces. One other basic limitation for the cal-
culation of the R, is the skin depth, which has to be similar or larger than the thickness
of the conductor at the modeled operating frequency [62].

As a result, studies [97, 131] that model the parasitic elements from the effect of the
surrounding tissue utilize conformal mapping to find the effect of C,, since that of Ry, is
not valid for the majority of PSC geometries (see Table 2.1). Also, the novel study of Jow
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and Ghovanloo et. al. [92] who verified their analytical expressions (based on conformal
mapping) with measurements and simulations, explicitly state that the wide coil traces
deviate from the validity range of the employed model. A formula which can model the
finite resistivity of the coil’s superstrate is given by Olivo et. al. [136], yet lacks the ability
to capture the effect of multiple layers (e.g. soft encapsulation and tissue).

It is therefore understood that the validity of these models is not easily adapting on
the coils geometry for WPT. Thus, the majority of authors in this field [92, 95, 97, 131, 195]
suggest the use of numerical methods using finite element modeling (FEM) and more
specifically the high frequency structure simulator (HFSS). This three dimensional (3D)
full-wave simulator is usually preferred since it employs the flexibility of FEM to model
complex geometries with different material properties in the frequency domain [178]
and thus it is selected for the purpose of this study:.

2.2.3. DIELECTRIC RESPONSE OF A MEDIUM TO AN APPLIED E-FIELD

The alternating E-field in the MHz range of the induction coils will polarize the free and
bound charges of the dielectric medium (e.g. tissue) [20]. As a result, dipole moments are
formed (i.e dipolar polarization) that rotate to align with the applied E-field. However,
this rotation comes with an expense of energy that is converted to heat (i.e. dielectric
loss) since thermal agitation opposes the dipole orientation with a phase lag.

The dielectric response of a medium to an applied E-field can be described with its
complex relative permittivity [166] as given in Equation 2.2.3.1. Its real part also called di-
electric constant (¢}) is related with the amount of energy stored in the material, whereas
its imaginary part (¢”) describes the electromagnetic energy dissipation which is propor-
tional to its loss tangent (tand) according to Equation 2.2.3.2. As a result we can rewrite
the complex dielectric permittivity according to Equation 2.2.3.3 and the ac conductivity
according to Equation 2.2.3.4.

* .0 / . I
€, =€~ ]5 =€, — je (2.2.3.1)
€//
tand = — (2.23.2)
er
€y =€.(1- jrand) (2.2.3.3)
0 = wepe, tand (2.2.3.4)

Based on the above and employing a capacitor with a lossy dielectric, where A is the
area of its plates and d their distance, we can model with lumped circuit elements the
admittance of the dielectric medium with a parallel combination of a capacitance and
resistance R, = 1/G, as given in Equations 2.2.3.5 and 2.2.3.6 respectively. Note that,
the capacitance of the dielectric is proportional to the €/ whereas the parallel resistance
inversely proportional to its conductivity which includes both ¢/. and rand.
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2.3. POWER LOSSES IN INDUCTIVE LINKS

In order to investigate and discriminate the influence of soft encapsulation on the NRIC
link efficiency the apriori consideration of all the power losses in such links is required.
Leaving aside the losses related with the power electronics which are out of this study
scope, the major power losses in inductive links are briefly discussed below in order to
reason the selections made in this study, whereas those related with the soft encapsula-
tion will be further analyzed in the next chapter.

* Displacement resilience: The angular and lateral misalignments are strongly de-
pendent on the application and the separation distance between the coupled coils,
affecting as already mentioned their coupling coefficient and hence the link effi-
ciency. For example, in cochlear implants the coils are located in close proximity
their coaxial fixation is applicable. On the other hand, in applications where the
receiver is located out of the body other techniques are utilized. One approach
proposed in literature [140, 158] is the utilization of intermediate coil(s) between
the primary and the secondary in order to increase their coupling and hence the
effective operation distance [15]. However, this approach requires more size in
the implantable device and thus is neglected in this study. Other methods pro-
posed by Perkins and Donaldson et. al. [45] includes an optimum diameter for
the transmitting coil in order to reduce the displacement resilience. Moreover, the
bending movements of the flexible substrates (and encapsulation) will also have
an effect on the coils relative position, as studied by Misran et. al. [127] who found
a drop of 4.5% in their link efficiency over a 20 mm bending radius of their flexi-
ble substrate. In order to decouple the aforementioned losses from this study, two
co-axially aligned coils will be assumed that are printed on rigid substrates.

° Human tissue: The human tissue can be characterized as an inhomogeneous,
non-linear, anisotropic and dispersive medium [142]. Gabriel et. al. [58] explic-
itly states "biological matter has free and bound charges; an applied electric field
will cause them to drift and displace, thus inducing conduction and polarization
currents". As a result, the transmitting energy through the human tissue will be
attenuated, due to the frequency dependent dielectric losses'. According to [74],
at frequencies below 20MHz where the dipolar polarization mechanisms are dom-
inant, the tissue attenuation is almost negligible. The aforementioned is validated
in a variety of studies [131] investigated this effect, concluding that the SAR limits
of the of SAR; < 1.6W/kg (IEEE C95.1999) are satisfied. As a result, the indus-

1The magnetic permeability of the human tissue is almost equal to that of free space and thus the magnetic
field through the tissue will not attenuate.
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trial, scientific and medical (ISM) radio bands of 6.78MHz and 13.56MHz are most
commonly used in NRIC links. In this study that of 13.56 MHz will be utilized.
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Figure 2.6: Illustration of dielectric permittivity spectrum, where the €’ denotes the (real) relative permittivity
or the ability of dielectrics to store energy and €' its imaginary part that relates to power dissipation. The polar-
ization mechanisms from lower to higher frequencies include: a) ionic (< 10t H z), b) dipolar or orientational
(~101 =10 Hz), c) atomic (~10% -=10'3Hz) and d) electronic (~10'3-1015Hz) polarization [193]. In addition,
the dispersive properties of dielectrics are depicted, where at lower frequencies both the conductivity

» Conductor losses: The conductor losses of an induction coil includes the DC resis-
tance which is dependent on the conductor trace geometry (i.e width, total length
and thickness) and its material properties (i.e resistivity). However, when a high
frequency AC current is flowing into the coil, losses from the skin and proximity
effect are introduced [47]. More specifically, in high frequencies, the current den-
sity through the conductor is concentrated to its outer surface or 'skin), increasing
its effective resistance. In addition, the generated magnetic fields of the primary
or the adjacent conductors of the secondary will introduce eddy currents accord-
ing to the Lorentz law which oppose the current flow, increasing the power losses.
However, for induction coils implanted within the human tissue, besides the con-
ductor losses, the dielectric losses are expected to increase, as discussed in the next
chapter.

2.3.1. SOFT ENCAPSULATION

There are a few studies existing in literature that investigate the impact of soft encap-
sulation on the electrical properties of induction coils and their link efficiency. Table
2.2 depicts some of the most relevant studies, addressing their encapsulation thickness
on top of the coil traces, materials and implantation environments which are the main
factors where this study focus.

To start with the most relevant study, Jow and Ghovanloo et. al. [92] demonstrated an
optimization procedure for their PSCs including the dielectric properties of the muscle
tissue. Also, they varied the encapsulation thickness of both the transmitter and the
receiver, from which they found an optimum for their link PDMS of 270 um. Based on
the above, their Q-factor and PTE were degraded in comparison with free-space by 65%
and 73% respectively, whereas employing the optimized coils by 25% and 43%. However,
the quantification of the soft encapsulation impact in this study wasn't directly coupled
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Author Kim et. al. [101] Jow et. al. [92] Ginefri et. al. [67]
(@2.765MHz) (@13.56MHz) (@300MHz)

Coil type Litz wire PSC PSC

Coating Parylene-C (3um) Parylene-C (6um) PDMS (270um) PDMS (35um)

Environment PBS PBS Muscle Muscle opt. Saline

AQ-factor 10.6% 0.01% 65% 35% 75%

APTE - - 48.2% 38% -

Table 2.2: Literature review findings for the influence of soft encapsulation on the induction coils and their
links.

with its thickness, yet included the influence of the coupling coefficient reduction since
the link distance was increased two times the encapsulation thickness.

Moreover, since the focus of this work is coupled with the BEm requirement of minia-
turization, it would be relevant to address studies where thin polymers are utilized. As
an example, Ginefri et. al. [67] report a 70% reduction in their Q-factor for a PSC encap-
sulated with a 35um PDMS that was fully immersed into saline. In addition, Cheng et.
al. [31] compared two different PDMS encapsulation thicknesses of 100um and 500um
and concluded that the electric loading from the surroundings were reduced for the lat-
ter. However, they didn't report their influence on the Q-factor and the link efficiency
between those. With the same rational, Kim et. al [101] compared the electrical behavior
of two litz wire coils inside PBS encapsulated with 3 yum and 6 pum of Parylene-C. From
their findings they showed that the latter mitigated the effect of PBS whereas that of 3
pm resulted into a 10.6% drop of its Q-factor.

Of course, although the frequency of operation is low, their results come in a contra-
diction with the previous findings in literature. For this reason, one can conclude that
either the litz wires were coated with an additional ceramic layer, or the dielectric prop-
erties of Parylene-C insulate better the coils than PDMS. However, the latter opposes
with the dielectric properties shown in Table 2.3, which suggest that the loss tangent
of Parylene-C is higher than that of PDMS. Concerning the uncertainty of the dielectric
constant findings and their insulation behavior found in literature, it was selected to in-
vestigate further the comparison between PDMS and Parylene-C. As a result, since the
majority of the BEm candidate have comparable dielectric properties we will investigate
if their selection rise additional considerations for the PTE estimation.

Dielectric properties (@1MHz) PDMS Parylene-C Polyimide LCP SU-8 PEEK

Relative permittivity (e;) 3 2.95 3.6 3.7 3.2 3.6

Loss tangent (tand) 0.001 0.013 0.031 0.034 0.04 0.03

Moisture absorption (%) <1 0.06 0.8-1.4 0.03 0.55-0.65 <0.1
Table 2.3: Dielectric properties of potential candidates for the encapsulation of BEms [72], [92]

Concluding, it was shown that the impact of the soft encapsulation is strongly cou-
pled with the coil geometry design, the dielectric properties of the soft encapsulation
and the implantation site. Also, it is evident from literature that although the effect of
soft encapsulation on the electrical behavior of coils is known, there is no study that in-
cludes all the aforementioned factors having as the primary endpoint their impact on
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the PTE of a NRIC link when employing thin polymers. Finally, recalling the compari-
son between the NRIC and US links of Figure 1.3a, where the NRIC links are favored for
shallow implantation, there is no study so far that investigates the implantation within
fat which will be made in this work.

2.3.2. MOISTURE ABSORPTION

Based on the inevitable saturation of polymers with water vapor, one may wonder how
this effect could influence their dielectric properties and further, the electrical behavior
of the coils. In literature, there is no relevant study as regards with these type of coils
that operate at low frequencies. On the other hand, there are few of those that report a
drift over their resonant frequencies (f;) over time and attribute this effect on the mois-
ture absorption. For example, Warty et. al. [188] reports a f; reduction of 0.78% on its
antenna encapsulated with 400um thick PDMS.

Nevertheless, one has to look the properties of the encapsulation materials that are
coupled with this effect. Hassler et. al. [72] report the percentage of moisture absorption
by mass (%) of different polymers from which one can deduce that Parylene-C (0.06%)
outperforms that of PDMS (<1%) since the water vapor content within it is almost negli-
gible. This difference could be reasoned from the molecular structure of each polymer.
According to Hill et. al. [75] the degree of the polymers crystallinity affects their mechan-
ical (i.e. density, young Modulus) and barrier properties. As a result, the semi-crystalline
structure of Parylene-C that exibits both amorphous and crystalline regions results in a
more dense material that favors its low gas permeability, yet its stiffness limits the result-
ing thickness without being fragile to a few tens of microns [115].

In order to experimentally quantify the change of the polymers’ dielectric properties
due to the presence to moisture absorption, techniques that combine dielectric (DEA)
and solubility analysis are utilized. However, this technique requires the use of special
equipment while the polymer under test cannot be deposited on substrates. A more
straightforward approach is that of gravimetric analysis where the sample is placed in-
side a humid environment (e.g. water) and its mass increment is monitored until it sat-
urates (Myq). According to Hayward et. al. [73] the relative permittivity change A€,
of a polymer is analogous to the change of its mass (AM;,;) and as a result the effect of
moisture absorption can be directly quantified.

Besides the experimental methods, several analytical models that predict the effec-
tive dielectric properties of porous media in the presence of a permeant can be found in
literature. Examples include models based on the well established Maxwell-Garnet mix-
ing rule [60] and its variation [156] to study the effect of the permeant size. Other models
such that of Lichtenecker’s mixture formula that is derived from Maxwell’s equations was
employed by Curran et. al. [37] who studied the impact of moisture absorption a on a
dipole antenna coated with Polyimide. From the simulations performed they concluded
that a 2% moisture by mass decreased its f; by less than 0.2%, while a 4% of moisture
sorption by 0.7%.

One other mixing formula is that of Landau-Lifschitz-Looyenga (LLL) [118] which
assumes the water vapor absorption to be homogeneously distributed as spherical clus-
ters. Employing this formula, Giacomelli et. al. [65] verified their gravimetric experi-
ments, where the relative permittivity of the utilized Kampton film (M=2%) increased by
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0.7%. Based on the above, the mixing formula of LLL will be employed in this study, yet
for the experimental verification none of the aforementioned approaches could be uti-
lized due to the need of special equipment. As a result, the input impedance of the coils
will be monitored over time and will be verified using the LLL the model.



ULTRASONIC POWER TRANSFER

In this chapter, the US link design and its key parameters will be presented. Next, a re-
view around different ultrasonic transducers, their geometry design and the major losses
in ultrasonic links will be discussed, focusing on those related with the soft encapsulation.
Based on those, a qualitative comparison between the US and NRIC links will be given.

3.1. LINK DESIGN

Ultrasound is a method vastly used in medical imaging, where the propagating through
the human body sound waves can capture various tissue characteristics producing an
image. The basic principle of diagnostic ultrasound relies on the reduction of the trans-
ducers quality factors as a way to enhance their bandwidth. On the other hand, in ultra-
sonic WPT, transducers with high quality factors should be employed as a way to trans-
duce more energy for the implantable device [32].

Based on the acceptable acoustic attenuation levels and comparable wavelength with
the size of the receiver, the idea to use acoustic waves for wireless power delivery has
born since 1985. Cochran et. al [34] developed the first ultrasonically powered internal
fixation plate that could support bone fractures and accordingly stimulate osteogene-
sis. The aforementioned experiment spurred a considerable amount of research over
the last years that could enable the powering of implants at larger depths, which is the
main limitation of NRIC links.

A typical system level design of an US link is illustrated in Figure 3.1. It usually in-
cludes a transmitter and in its far-field, the implantable device. The latter consists of an
ultrasonic receiver, matching networks, power management electronics (e.g. rectifier)
and the application load(s). Under the assumption of operation at resonance though,
the matching network can be disregarded (i.e. 7match), Simplifying the calculation of the
soft encapsulation impact on the PTE.

Based on the above, the total PTE of the US link can be calculated according to Equa-
tion 3.1.0.1. Among those, we will focus on receiver’s aperture efficiency (frx-aper.), since
according to [10, 27] it can "capture the effect of the packaging and the interaction of

21
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the acoustic field". However, according to the author’s knowledge there is no study that
delves into the effect of soft encapsulation, yet other studies [170] argue on its shape
which is not the focus of this literature review.

Ttotal = T)TX-aper’]RX-aperT]AC-DC (3.1.0.1)
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Figure 3.1: Ultrasonic system level design [10].

3.1.1. KEY FACTORS FOR HIGH PERFORMANCE LINKS
The key parameters for efficient US links in energy harvesting applications are listed be-
low:

* Acoustic impedance Z;: The acoustic or characteristic impedance of a material is
a function of its density p and the sound velocity (v) within it, as given in equation
3.1.1.1. Since US links are based on the propagation of a sound pressure wave, the
acoustic impedance of the transmission medium and materials should be care-
fully taken into account to avoid power reflections in the acoustic domain.

Zacou =PV (3.1.1.1)

¢ Electromechanical coupling coefficient k;;: This coefficient is the ratio of the
converted (mechanical) acoustic wave energy to the electrical domain and vice
versa (see Equation 3.1.1.2). In energy harvesting applications, a transducer with
high k;; coefficient is desired, meaning that more of the excitation energy will be
converted to electrical energy. Its value is dependent on the transducer material,
volume and the generated strain [32]. However, Prasad et.al [148] states that this
coefficient does not represent the actual energy transduction efficiency of the sys-
tem, since the mechanical or electrical loadings should also be included for its
estimation.

Winech—
kij =1 —ech-out (3.1.1.2)
Welecfin

* Mechanical Q-factor: The mechanical Q-factor is the ratio of the vibrational en-
ergy stored (i.e reactance) to the energy dissipated (i.e resistance) during each
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mechanical oscillation of the transducer. The Q-factor is strongly coupled with
the transducer’s energy conversion efficiency and in general, materials with high
Q-factor should be selected for energy harvesting applications. However, care-
ful should be given in the fact that datasheets report the Q-factor’s value operat-
ing in air, which will be influenced from system integration and in-vivo operation.
Therefore, its value should be estimated considering all the losses related with the
transducer as will be analyzed in next chapters.

2nf Co(f2 - f?)

, where f, and f, are the resonance and antiresonance frequency, where the US
transducer exhibit minimum and maximum impedance respectively, Z, is the trans-
ducer impedance at resonance (or short-circuit impedance) and Cy is its intrinsic
capacitance.

Qm (3.1.1.3)

3.2. ULTRASONIC TRANSDUCERS

The US transducers can be categorized based on their fabrication technology into bulk
piezoelectric ceramics and micromachined ultasonic transducers (MUTs). The latter
can be further distinguished based on the transduction process into piezoelectric MUTs
(pMUTs) and capacitive MUTs (cMUTs).

Starting from the basic principle of the latter, cMUTs employ a thin membrane with
an electrode on top and a vacuum cavity in between with its substrate that features the
bottom electrode (see Figure 3.2a). When a sound pressure wave is impinged on the
membrane surface it is deflected and an AC signal is produced from the change in ca-
pacitance of the biased electrodes. The requirement of approximately 100V DC biasing
though [98] is the basic disadvantage of cMUTs, since it is not feasible in energy harvest-
ing applications. As a result, efforts to design cMUTs without the need of bias, namely
cMUTs in the collapsed mode [44] could be an alternative solution for US energy har-
vesting.

On the other hand, the piezoelectric ceramics and pMUTs are based on the piezo-
electric effect which is the property of crystalline materials to develop charge upon stress
or pressure (i.e direct piezoelectric effect) and vice versa (i.e converse piezoelectric ef-
fect) [22]. The difference between them relies on the mode of deformation, where the
piezoelectric ceramics deform in their thickness or length expansion mode, while the
pMUTs in the flexural mode of their thin piezoelectric film (see Figure 3.2b). In order to
understand the origin of this effect, one has to look at the molecular level of these mate-
rials. When an external force is applied, their crystal structure deforms and is no longer
centrosymmetric [175]. This effect leads to ionic charge displacement and as a result,
small dipoles are generated. That is to say, the material is being polarized generating an
internal electric field that is collected from the deposited electrodes.

The selection between pMUTs and the conventional ceramics is application depen-
dant since both have their own merits. More specifically, pMUTs are fabricated utilizing
the MEMs technology and thus, their batch fabrication, miniaturization and integra-
tion with electronics and substrates are some of their advantages [5]. On the other hand,
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Figure 3.2: Cross-section of a) cMUTs [48] and b) pMUTs [6].

since the transduced power is dependent on the volume of the piezoelectric material the
bulk piezoelectric ceramics can achieve higher efficiencies, progressing them for further
analysis in this study.

The piezoelectric ceramics are divided into two groups, the soft and hard ceramics,
depending their elastic properties. The former offer the advantage of high piezoelectric
charge d and electro-mechanical k coefficients, rendering them suitable for energy har-
vesting applications [167]. Examples include the widely used transducers based on lead
zirconate titanate such as PZT-5H and PZT-5A. However, lead is not biocompatible and
therefore materials such as aluminum nitride (AIN), zinc oxide (ZnO), barium titanate
(BaTiO3) and lithium niobate (LiNbO3) are alternative solutions [164]. In addition, ef-
forts to increase the k factor with the use of piezoelectric composites are also addressed
in literature [134] that are often neglected since they are prone to increased dielectric
losses.

3.2.1. GEOMETRY CONSIDERATIONS

The piezoelectric ceramics have to be processed in order to align their random oriented
dipoles in a specific direction, a process called poling. During this process, a high DC
electric field is applied from the deposited electrodes and leads to a permanent material
polarization. The piezoelectric materials due to their anisotropic nature, exhibit differ-
ent properties along the three orthogonal directions, as shown in Figure 3.3a.

Concerning the aforementioned, the geometry of US transducers and more specifi-
cally, their strain and poling direction should be taken into account in order to obtain a
higher electromechanical coupling [85]. Between the various geometries, the length ex-
pansion (Figure 3.3b and thickness mode (Figure 3.3c) offer the convenience to receive
(and transmit) longitudinal waves, generating an electric field that is parallel to their me-
chanical vibration (i.e 3-3 mode). This effect is also a limiting factor for the MUTs, where
the generated E-field is perpendicular to the generated strain (i.e. 3-1 mode). As a result,
in this study, US transducers in 3-3 mode will be examined.

Based on the above, the design of US links starts from the geometry design of the
US transducers, which determine the operating frequency of the links and the expected
converted energy on the implantable device. More specifically, the dimensions and the
piezoelectric properties (e.g. acoustic velocity, k33) of the US transducers determine the
operating frequency and its aperture size. The latter, introduces the design trade-off
between the incident acoustic intensity and the implant size [27]. Based on those, the
transducer input impedance Z;;, is determined and should be matched with the implant
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Figure 3.3: a) Coordinate system that describes the properties of polarization and expansion of the US trans-
ducers, b) transducer in length expansion and c) in thickness mode.

load for maximum power transfer.

3.2.2. ULTRASONIC TRANSDUCERS MODELING

There are several approaches existing in literature that model the piezoelectric transduc-
ers’ behaviour. The most commonly accepted among them are the models developed by
the pioneer Mason (i.e Mason model) [124], Krimholtz, Leedom and Matthaei (i.e KLM
model) [107] and Butterworth Van Dyke (i.e Van Dyke model) [102].

Sherrit et. al. [169] compared the KLM and Mason models and concluded that they
are equivalent and describe precisely the response of the ultrasonic transducers. The
difference between them is that the former utilizes an explicit transmission line analogy
while the latter, a T-network approach [187]. In addition, Mason model employs a not
physically realizable negative capacitance in its electrical port imposing modeling con-
straints [130] that could be bypassed using the modified Mason model of Redwood et.
al. [154], enabling its use for simulations with commercial software (e.g. LTspice) [192].

In this study, the Van Dyke model and the KLM model will be described since both
can be utilized to study the effect of the soft encapsulation. The former is proposed
by the IEEE standard on piezoelectricity in terms of simplicity [175] while the KLM is
prefered since it represents better the mechanical properties of multiple matching layers
[43, 151].

3.2.2.1. VAN-DYKE MODEL

The frequency response of an ideal piezoelectric transducer can be described near its
mechanical resonance by the Butterworth-Van Dyke model (see Figure 3.4a). This circuit
utilizes two branches. The electrical branch includes the clamped capacitance of the
PZT element and the mechanical one is modeled with a mass-spring-damper system
that is equal in the electrical domain, with an LCR resonant circuit as follows:

e C,istheintrinsic capacitance resulted from the electrodes and the dielectric prop-
erties of the PZT transducer.

e () is the motional capacitance, representing the energy introduced to the material
when an electric field or mechanical stress (e.g sound pressure wave) is applied.
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° L is the equivalent, in the mechanical domain, moving mass of the piezoelectric
element.

° R; is the motional resistance that illustrates the mechanical energy dissipation.

The Van Dyke model of Figure 3.4b though can be manipulated in order to model a mul-
tilayer piezoelectric transducer and hence, the effect of the soft encapsulation can be
captured. Based on [175], additional LCR branches (i.e. R,L,C; ... R,L,,Cp) can be in-
troduced in order to model the behavior of additional layers on top of the transducer.
Zhang et. al. [197] demonstrated its feasibility, validating the impedance response of
their multilayer transducer with FEM. Based on this modified model, Holland et. al. [81]
state that the electrical and mechanical losses can also be included when taking into
account the complex coefficients of the materials stiffness and permittivity.

3.2.2.2. KLM MODEL
Before describing the KLM model, it is first insightful to address its assumptions and
limitations, as reported by Kino et.al.[102]:

* The model is valid under the application of longitudinal waves, which are consid-
ered as one-dimensional.

* The ultrasonic receiver is either a large plate (thickness mode) or a thin bar (length
expansion mode) so that the stress from their sides (i.e x,y axis) is zero.

* The electrodes are deposited in opposite surfaces along the z direction, parallel to
the poling direction, assuming the electric field along the x,y axes to be zero.

Impedance
s

3
Frequency x10°
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Figure 3.4: The response of a piezoelectric receiver can be distinguished in three phases. The first one, is below
its mechanical resonance ( f3;), where the transducer behaves as a capacitor. Next, the point where the receiver
is oscillating most readily with minimum impedance is its resonance frequency. From this point, the phase of
the transducer impedance is purely inductive, until it reaches the point where its impedance is maximum, or
at its anti-resonance frequency f;. b) Modified Van Dyke model including additional mechanical branches to
capture the effect of soft encapsulation and/or additional layers which are noted with the subscripts from 2 to
n.
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* The model assumes an idealized transducer, without taking into account losses
arising from the piezoelectric material and mechanical dissipation due to struc-
tural damping or acoustic radiation. However, they could be included by inserting
additional elements in the acoustic or electrical ports of the model.

According to [102], the piezoelectric transducer can be represented as a three-port
network with two acoustic ports (i.e front and back) and one electrical port. The KLM
model in power receiving mode [107] is illustrated in Figure 3.5. In the front acoustic
port, a force source is loaded with the front characteristic impedance Zr, which rep-
resents the effective acoustic impedance of the soft encapsulation and tissue on top of
the US transducer. The ultrasonic energy is carried through the transducer’s acoustic
transmission line, with characteristic acoustic impedance Z¢ and sound velocity v, and
splitted to the back acoustic port, loaded with the back acoustic impedance Zp (i.e back-
ing), and the electrical port. In energy harvesting applications Zg should be close to zero
in order to ensure that no power leakage from the transducer backing occurs [10].

Next, the front acoustic port is connected to a frequency dependent transformer,
which converts the incident acoustic energy to the electrical domain, the motional ca-
pacitance C’ and intrinsic capacitance Cy. Finally, the electrical port is loaded with the
input impedance Z;,; of the power electronics interface.

Zr= 2 FA Acoustic Transmission Line Fg
Fe — v Vol &t
Zg=2gA
Zo= 2o pA Zo=2pA -
<« / > <« >
t2 t/2

Figure 3.5: Simplified KLM model in power receiving mode [10].

3.3. POWER LOSSES IN ULTRASONIC LINKS

In this chapter the power losses that exist in ultrasonic links will be briefly discussed
in a way to decouple their impact from the investigation of the losses related with the
soft encapsulation, which will be further analyzed in chapter 3.3.1. The dominant power
losses in a US link can be summarized below:

° Beam divergence: As a way to enhance and ensure that the transmitted power will
be delivered on the receiver interface, Christensen et. al. [33] showed that the ul-
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trasonic beam could be larger than the size of the receiver. In addition, Ozeri et.
al [138] demonstrated that the optimal distance between the two transducers is
the distance where the pressure field converges to a natural focus, which is known
as the Rayleigh distance. According to [137] in this distance, the receiver is inde-
pendent on the transmitter’s unstable near-field pressure waves that renders the
calculation of the delivered power uncertain.

 Tissue absorption: The propagating ultrasonic wave through the human tissue
will be attenuated, which refers to the reduction of its amplitude and thus to en-
ergy loss. The degree of this reduction is dependent on the tissue attenuation co-
efficient a which is almost equal for the majority of human tissues [10]. In addi-
tion, a is inversely proportional with the operating frequency and the propagation
distance (i.e. dB- MHz™'-cm™!). Since the resonance frequency is inversely pro-
portional with the transducer thickness, a design trade-off is introduced between
the size of the transducer and the tissue absorption. Suzuki et. al [180] argued on
the aforementioned and recommended an operating frequency around 1MHz.

* Support loss: The support losses are related with the transducer’s backing. As a
result, when the power receiving transducer is mounted on rigid surface (e.g. sub-
strate), the dynamics of its vibration are influenced and the clamped response of
the transducer is leading to the reduction of its Q-factor. Unfortunately, there isn’t
any study in literature, investigating an optimal mounting solution. Nonetheless,
there are some researchers that report these losses. For example, Dongjin et. al
[165] state that the experimental validation of their model was not overlapping the
analytical results, as the fixture employed heavily dampened the electromechani-
cal transduction of their US transducer, reducing more than 10 times its Q-factor.
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Figure 3.6: Impact of the US transducer integration on a rigid substrate on its aperture efficiency (7rx-aper)
that is referred in this figure as 1,c0u-rx- Image taken from [10].

Arbabian et. al. [10] in an attempt to investigate this issue, compared the operation
of its transducer with and without a mounting surface (i.e. substrate) satisfying the
air-backing requirement in both cases. From their simulation results (see Figure
3.6), they demonstrated that the aperture efficiency (NRX-aper) of the receiver was
significantly decreased (approx. 30%) and stated that, it remains a topic that needs
further investigation. As a result, in order to investigate the impact of the soft en-
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capsulation, the requirement of air backing Zj,.x = 0 should be satisfied or taken
into account before the transducer encapsulation.

* Front and back electrodes: Electrodes are deposited on opposite surfaces of the
transducer in order to collect the generated charge. Sittig et. al demonstrated [173]
that their thickness and bonding materials should be considered and kept small
compared to the ultrasonic wavelength, in a way to mitigate their influence on the
transducer’s impedance.

* Piezoelectric material losses There are several loss mechanisms in the piezoelec-
tric materials. Ceramic transducers exhibit dielectric, mechanical (e.g. internal
friction, thermoelastic dissipation) and piezoelectric losses, as a result of an ap-
plied electric field, stress or the coupling effect between them respectively. There
are many authors in literature, studying the transducer losses [81, 183] and their
relation with the electromechanical transduction [25, 125, 168], which is on of the
key element in energy harvesting applications. Last but not least, the aforemen-
tioned losses were investigated [135] for micro-scaled transducers and concluded
that bulk material losses are negligible in these dimensions.

3.3.1. SOFT ENCAPSULATION

Biocompatible materials such as PDMS or Parylene-C can be utilized in order to pro-
tect the device from the harsh physiological environment. However, to the best of the
author’s knowledge, the packaging considerations (e.g materials, thickness) and their
influence on US links have not been studied in literature, yet their importance has been
reported by Arbabian et. al. [10]. The losses related with the soft encapsulation could be
summarized as follows:

 Reflections: The soft encapsulation could be considered as a matching layer be-
tween the ultrasonic transducer (i.e. Z; =30MRayl) and the human tissue (Z; =
1.5MRayl). As a result, its acoustic impedance is of primer importance since the
power reflections lead in power losses [32]. An effective way to reduce them is
to introduce a quarter wavelength matching layer [105], a technique that is vastly
used in medical imaging applications. However, this technique reduces undesir-
ably the Q-factor [10, 30, 185] and as a result the aperture efficiency (acou-rx)-
As a result, the power reflections in US links are often disregarded since the re-
quirement of US transducers with high Q-factors is the primary requirement for
efficient links.

Acoustic radiation loss The acoustic radiation loss also known as the added (or
virtual) mass effect was introduced by the pioneer J.W. Strutt (a.k.a. Lord Rayleigh)
[177] while studying analytically the response of a vibrating disk inside an aqueous
environment. The findings of this study showed that the virtual added-mass has a
dependency on the transducer’s natural frequency of vibration, reducing markedly
its resonance frequency (see Equation 3.3.1.1) and introduce more losses. The vir-
tual mass can be described as the inertia added to the transducer as it vibrates
and displaces some volume of the encapsulation and the tissue (see Figure 3.7a).
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The subsequent experimental study of Lamb et. al. [111] validated Rayleigh’s find-
ings and accordingly determined that the corresponding acoustic radiation loss is
solely dependent on the characteristic acoustic impedance of the materials.

1 1

f = =
5 27T\/5Meff 21\ s % (MpzT + My—coar + My—tissue)

(3.3.1.1)

* Viscous drag: Kozlovsky et. al [106] investigated further the previous experiments,
studying the medium viscosity contributions on the virtual mass and the energy
dissipation at the front of the transducer. Their findings demonstrate that the vis-
cosity of the medium is inversely proportional to the transducer’s area and con-
tributes to the Q-factor reduction. Experiments made by [135] showed that when
a circular plate transducer was operating in ethanol in comparison with air, the
Q-factor became five times smaller, supporting Kozlovsky’s et. al. study.

After analyzing the above, we can progress the acoustic radiation loss and viscous
drag the primary losses coupled with the soft encapsulation. As already mentioned, the
effect of packaging on the US transducers’ impedance and their US link efficiency is not
studied yet. However, as can be seen in Table 3.1, Chang et. al. [26] report that the losses
in their measurements were higher than in calculations, since the latter did not include
the influence of the packaging as they are almost negligible. Also they did not report the
thickness of the encapsulation, yet state "a thin layer of PDMS is utilized". Notably, for
the case of BaTiO3, its ReZ was almost 130% higher than from calculations, whereas the
resonance frequency decreased according to the equation 3.3.1.1.

Author Chang et. al. [[26]] (@~1Mhz)

Encapsulation "thin layer of PDMS"

Material PZT5H BaTiO3 PZT4
Method Calc Meas A (%) Calc Meas A(%) Calc Meas A (%)
fsc MHz) 0.95 0.82 -13.7 149 1.45 2.7 1.06 0.96 -9.4
Ry. (k) 1.15 1.74 +51.3 194 446  +129.9 2.28 2.48 +8.06

Table 3.1: Chang et. al. [29] report the calculated and measured resonance frequency fsc and resistance Rsc
of their US transducers. It is demonstrated that during measurements both of the above deviated (A(%) from
calculations due to the impact of the soft encapsulation which was not considered in their calculations.

On the contrary, one may argue that the reason that this effect might be negligible
is that the employed soft encapsulation was as explicitly stated "a thin (tens of microns)
PDMS encapsulation”. Thus, its added mass was negligibly small due to the low thick-
ness and acoustic radiation impedance of PDMS (i.e 1.16 MRayl). The question however
that arises, is what is the influence of a thicker PDMS encapsulation and what is the
difference employing Parylene-C, which has a higher acoustic radiation impedance (i.e
2.84 MRayl). A quick answer for the latter would be that for the same coating thicknesses,
Parylene-C will introduce more losses, achieving a lower aperture efficiency.

Lastly, the effect described above should be considered in PZTs with various dimen-
sions, as the effect of added mass will be relatively larger for small PZT transducers. This
assumption could be verified from Charchad et. al. findings [27], depicted in figure 3.7b,
where the impact of soft encapsulation is more evident at thinner US transducers.
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Figure 3.7: a) Illustration of added mass effect on a PZT transducer (Mpz7) from the the tissue (M _tissue)
and the soft encapsulation (My—coq¢). b) Hlustration of the impact of the soft encapsulation on the resistance
of an US transducer. It is demonstrated that especially at small transducer’s dimensions the effect of soft en-
capsulation should be considered for accurate results [27].

3.4. CONCLUSION

Considering all the addressed factors in both NRIC and US links, one can elaborate con-
clusions. Table 3.2 gives a qualitative comparison based on the BEm requirements and
the effect of the soft encapsulation.

Starting from the basic requirement of BEms, that of miniaturization, it is evident
that US receivers surpass those of NRIC. The induction coils are small compared to the
operating frequency wavelength that renders their radiation resistance poor and thus
the power energy conversion [30]. On the other hand, US transducers are favoured for
miniaturization due to their comparable size with the wavelength at low frequencies.

Moreover, based on the technology aspects and associated power losses presented,
one can progress the integration capabilities of PSCs with flexible substrates a more fea-
sible solution that enables the batch fabrication, reducing the fabrication costs of BEms.
It was shown that the aperture efficiency of the PZT transducers efficiency is degraded
when mounted on a surface, even if the air-backing requirement is satisfied. Hence, al-
ternative receivers that are compatible with MEMS technology such as pMUTs or CMUTs
seem more realistic candidates.

Concerning the effect of soft encapsulation and based on the literature review find-
ings it was shown that in in both links, the proper selection of different polymers could
lead in a higher WPT link efficiency. Based on the materials focused in this study, we can
progress PDMS in both NRIC and US since they exhibit a lower loss tangent and acoustic
radiation impedance respectively.

In addition, it was demonstrated that the thickness of the encapsulation materials
will have an opposite effect on the behavior of the wireless powered receivers. In the
case of NRIC and based on literature, thicker encapsulation materials could effectively
mitigate the dielectric losses from the surrounding tissue. On the contrary, thin polymers
are selected to encapsulate the piezoelectric ceramic transducers as a way to avoid the
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acoustic radiation losses that degrade their Q-factors.

Concluding, it was found that utilizing ultrasound to wireless transfer power to the
implant is a method that besides the lower tissue attenuation at larger depths as regards
with NRIC links, it is also feasible to realize thin devices, satisfying the fundamental re-
quirement of BEms, that of miniaturization. However, the aforementioned conclusion
is purely based on the literature findings and still remains a topic that needs further in-
vestigation for the case of US links, since that of NRIC will be investigated further in the

next chapters.

Technology aspect NRIC US

Comments

Receiver miniaturization -

System integration +

Soft encapsulation material +

Soft encapsulation thickness -

+

US transducers are favored due to their comparable
size to the incident acoustic wavelength.

PSCs could be patterned with high accuracy using
MEMS technology. On the other hand, MUTs are
progressed over PZTs to satisfy the same criteria.

In both WPT links the material selection could lead
in higher link efficiencies. From the compared
materials we can progress PDMS over Parylene-C.

In US links, a thin encapsulation should be utilized
to avoid acoustic radiation losses, favouring
miniaturized BEms.

Table 3.2: Qualitative comparison between the NRIC and US links focusing on their wireless energized re-
ceivers and soft encapsulation, where the plus and minus signs depict the advantage and disadvantages re-

spectively.



NEAR-FIELD RESONANT INDUCTIVE
LINK CHARACTERIZATION

In this chapter, the methodology to study the impact of the soft encapsulation on the in-
ductive link efficiency will be given. Accordingly, the development of an analytical and
simulation model will be presented along with the steps followed for their experimental
validation.

4.1. ANALYSIS FLOW

In order to study the effect of the soft encapsulation on the PTE of an inductive link,
an analytical and simulation model were developed which were validated with experi-
ments. The analysis flow of this work is illustrated in Figure 4.1 and summarized below:

 Step 1. The inductive link under investigation is defined, addressing its specifica-
tions and assumptions.

* Step 2. Coil characterization in air: setting the reference values.

a) Characterize the electrical behavior of the coil printed on its substrate. Its
electrical properties and the PTE in air will be found and compared between
the developed models.

b) Characterize the encapsulated coils with PDMS and Parylene-C comparing
the behavior of each model on the soft encapsulation thickness. I t has to be
noted that in this study, the encapsulation thickness will be accounted from
the top of the coil traces.

e Step 3. In-vitro coil characterization using the HFSS model, showing the impact of
the following factors on the electrical properties of the coil and the PTE:

a) Dielectric loading from the surrounding tissue, where the developed simula-
tion model will be compared with the experimental measurements.

33
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b) Soft encapsulation thickness in fat and muscle tissue.

c) Different encapsulation materials, where the insulating behavior of PDMS
and Parylene-C will be compared in the aforementioned implantation envi-
ronments.

d) Moisture absorption.

Air without encapsulation : Air with encapsulation
: compare -
70um ' . TOum Enc. thk.
T Psctrace T |PsCtrace
Substrate Substrate
. X Set
Air I—-I Zin H Cp.Rp I—Pl Q |—>| PTE |—>
Design constraints: Methods: reference
- Coil geometry - Analytical 1
- dout=30 mm g -FEM

- Link distance - Experiments compare !
-d=10 mm 1

7opm Ene. thk.
T psCtrace |

Vary soft encapsulation:

- thickness (5pm - 1mm)

- materials (PDMS, Parylene-C)
- state: dry vs saturated

Substrate

Implantation environments:
_______ - PBS (Experimental validation) -
- muscle
- fat

Figure 4.1: Analysis flow, showing the different scenarios under investigation and the methodology steps that
were made to relate the effect of the soft encapsulation on the PTE.

4.2, SYSTEM LEVEL DESIGN

The system level design of the inductive link under investigation is depicted in Figure
4.2a and its equivalent circuit model in Figure 4.2b. It is modeled with two coils which
both employ the same geometry presented in chapter 2.2.1 and will be assumed to be
co-axially aligned over a 10mm distance.

The external coil (primary or TX) operates in air and the implanted (secondary or
RX) is encapsulated with soft materials and placed within different tissue environments.
These are the fat and muscle tissue, employing the realistic thicknesses of the human
forearm [11], whereas the simulation model developed in HFSS will be experimentally
validated within a PBS. However, although this environment is not realistic, since its total
thickness on top of the secondary will be around 50mm, it will enable the in-vitro coil
characterization representing the worst case scenario of dielectric loading. Also, in this
work the properties of the tissue will assumed to be homogeneous, isotropic and non-
magnetic.
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Figure 4.2: a)System level design of the inductive link and b) Schematic diagram of the inductive link with
lumped equivalent circuit components, where Cpp and Rj,s represent the total parasitic components from
the surrounding environment and materials.

The primary coil is driven by a class-E amplifier with a carrier frequency (wg) of
13.56MHz, that generates power from the dc supply of the external transmitter battery.
Implantable systems using the NRIC method typically employ capacitors (i.e. C;; and
Cy»), forming LC tanks that resonate at the same frequency, increasing the voltage gain
between them [15]. In order to constantly ensure operation at resonance, adaptive meth-
ods have been developed that could be either performed in the primary, adapting the
operating resonance frequency to match the detuning of the secondary [172], or with
adaptive matching networks at the receiver [99] that ensure resonance at wg. In this
study, the latter method will be assumed and thus, the C;, will change its value to in-
clude the introduced parasitics from the surroundings.

Moreover, the tuning capacitors in NRIC links are usually connected in a series-to-
parallel (SP) topology [24], due to the low input impedance at the transmitter and the
high output impedance at the receiver that results in more power dissipation at the load,
increasing the PTE [15]. In addition, the power is delivered with a low current and high
voltage, satisfying the rectifier operation [117] that is usually above 12V DC [163].

Lastly, the load Ry connected in parallel with the tuning capacitor Cy, represents the
effective load of the implantable device, including the effect of the adaptive rectifier that
presents a constant load to the secondary. Based on the above, if 12V is required after
rectification, the implant voltage requirements should be at least 13V. Also, selecting
10 mW as the nominal power demand of the implant, the calculation of its load includ-
ing the effect of the rectifier could be calculated according to Donaldson et. al. [45] as
follows:

VZ
Rp = — =8.45kQ (4.2.0.1)
2P
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Figure 4.3: Implantation environments under investigation, including a,d) the HFSS model validation in PBS,
b,e) fat and c,f) muscle tissue.

4.2.1. POWER TRANSFER EFFICIENCY
One of the quality metrics to assess the performance of a wireless link is its PTE, which is
defined [91] as the ratio of the power delivered to the load R to the power dissipated at
its source (i.e battery), including all the power stages in between. In implantable appli-
cations, efficient WPT links are typically preferred since the power losses (i.e heat gen-
eration) inside the human tissue are minimized and the life of the transmitter battery is
prolonged. However, it should be noted that a high PTE is not meaning a high power
delivered to the load (PDL). In this study though, we will focus only in the PTE.
Assuming the design of an efficient class-E amplifier (s = 1) and adaptive rectifier
(Mac-dc = 1) [120] and concerning the negligible tissue attenuation below 20MHz (n1 =
1), the PTE strongly depends on the partial efficiency of the transmitting (n;) and the
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implanted coil (172) as given below:

PTE=10sNk N7 N2 Nac-dc = NkN2 (4.2.1.1)

Figure 4.4 illustrates the inductive coupled circuit, in which the implanted device ap-
pears as a reflective impedance to the primary [14]. This impedance is dependent on the
coupling coefficient k; » (< 1) between the coils which can be modeled as a transformer,
comprised of the leakage inductance Ljeqr = (1—k?)L; (= L1) and the magnetized induc-
tance Lrmag = k?L, that represents the magnetic flux coupled with the secondary [113].

Rs1  CI

Vs L1

At wo +
i2L2 2 J_ Rloss RL = Rref=k2(LI/L2)RInss

Figure 4.4: Simplified inductive coupled circuit.

Under the condition of resonance at the carrier frequency wy, the series L;.,1C; tank
shorts and the parallel L, 44 C> tank opens, where Cy = Cp1+Cy; and Cp = Cp2+Cyz. Thus,
the current flowing in the primary will induce a voltage in series with the secondary,
which can be seen as a purely resistive (reflected) load R,.¢ which is dependent on the
coupling between the two coils (see Figure 4.4). As a result, the energy generated from
the primary will be dissipated within its resistive element R; and the reflected load R .

Moreover, the energy in the implantable device will be dissipated between the load
R; and the total losses of the secondary, modeled with the parallel loss resistance Rj,s;.
As aresult, a high value of R;,s; will render more power dissipation to the load, increasing
the PTE. Also, the total quality factor of the secondary Q) will be influenced from that of
the load, where Q7 = wR; Co.

Based on the above, the total PTE will be the product of the primary-secondary ef-
ficiency (n;) and the secondary (12) as given in Equation 4.2.1.2, while the reader is
prompted to the analysis of Baker et. al. [14] for its derivation.

Q2
Q+QL

Q.
Q2+Qr

k2 /
AQ ) 4.2.1.2)

1+ szlQé

PTE:TIk‘772=( ),Where Q=

4.3. ANALYTICAL MODELING OF INDUCTION COILS

The analytical model developed in MATLAB calculates the electrical parameters of the
secondary coil with and without the encapsulation materials. In the equations given
below, the numerical subscripts are discarded for simplicity. However, it has to be noted
that in order to calculate the PTE, the electrical parameters of the transmitting coil will
be the same as the secondary without encapsulation.
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4.3.1. COIL IMPEDANCE

Recalling the analysis flow presented in chapter 4.1, the analytical model will be em-
ployed in two different scenarios, with and without the soft encapsulation and only in
air environment, since it is not valid inside tissue. For both of those, it can be modeled
using the equivalent RLC circuit of Figure 4.5, where the self inductance L and series re-
sistance R; are in parallel with the parasitic capacitance C, and parallel resistance R,,.
The impedance of the coil is given in Equation 4.3.1.1, where the only frequency depen-
dant parameter is that of R; while the others are constants.

RsR, + jwLR,

Z(0) = - .
(Rs+ Ry — w2 LR, Cp) + jw(L+ RyRsCp)

(4.3.1.1)

For the case of the coils without encapsulation, the R, can be neglected since its
value is much larger than the admittance of the capacitor (R, > X,) [133].

Figure 4.5: Lumped RLC model of the coil input impedance.

4.3.2. SELF INDUCTANCE
The main electrical parameter that characterizes the behavior of the coil is its self induc-
tance. Mohan et. al.[128] gives the following equation for the case of a PSC:

dedv .
- % * (ln(%) +0.2¢°) (4.3.2.1)

L

, where i is the conductor’s magnetic permeability, N the number of its turns, dgyg =

(do + d;)/2 the average turn diameter and ¢ = (d, — d;,)/(d, + d;iy) the fill factor. This

formula calculates the self inductance with an error 8%, under the condition of s<3w,

while it looses accuracy when ¢ < 0.1 or N < 2. According to the geometry of this study;,
the aforementioned conditions are satisfied.

4.3.3. PARASITIC CAPACITANCE
The parasitic capacitance in free-space including the effect of the substrate only can be
calculated using the empirical formula of [91] as follows:

Ipsc
Cp = (aeqir + ﬁesub)eoT lg (4.3.3.1)
, where @ = 0.9 and 8 = 0.1 are empirical factors, €,,;, and €, are the relative permittiv-
ity of the FR4 substrate and air respectively, psc is the conductor thickness and I, is the
coil gap length found from [97].
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For the case of encapsulated coils with polymers the method of conformal mapping
will be employed. Figure 4.6 shows the cross section of the coil traces, comprised of the
substrate and the top encapsulation, satisfying the monotonic increment of the relative
permittivity from the top to the bottom materials (¢,1<€2) [62]. The total parasitic ca-
pacitance of the PSC can be found from the superposition of the partial capacitances as
oposed to the coil traces:

- - - - - |
| 0 \
! ! Iterwinding Top
(&0 Air X capacitance coating Substrate
R
ero=1 er1-1
X Co (] cz

Er Air ' ]

Figure 4.6: Method of conformal mapping, where the total parasitic capacitance is found from the superposi-
tion of the partial capacitance of the top and bottom coating and that of the substrate.

Cp =C0+C1+C2=€effCo (4.3.3.2)

The parasitic capacitance of the coil in free-space Cy is given using the Schwartz
transformation [63] as follows:

K’ (ko) 2s ,
Co = ko = dk)=+/1-Kk 433.3
0= O R k) 0T 2w o 0 ( )

, where K(kp) is the complete elliptic integral of the first kind. For more information
regarding its calculation, the reader is prompted to the work of Gevorgian et. al. [62].
The effective relative permittivity e’r —eff that takes into account the relative permit-
tivities and the thickness of each dielectric layer is given below:

K(ko)K(K}) 1 K(ko)K(K})

W + 3 €r2—€ro m (4.3.3.4)

1
/ —
er—eff =1+ E(erl —€ro

4.3.4. SELF RESONANCE FREQUENCY AND TUNING CAPACITANCE
After finding the inductance and the parasitic capacitance in the previous sections, the
SREF of the coil can be found from the following equation:

1
SRF = ——— (4.3.4.1)

2m\/LCy
Based on the above and the assumption of maintaining resonance at the secondary,
its tuning capacitor C; is found as follows:
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1

Ci=——-—
! w%L P

(4.3.4.2)

4.3.5. SERIES RESISTANCE
The series resistance R; of the coil is comprised of the DC and AC losses as given below:

Rseries = Rpc + Rac = Rpc + Rskin + Rprox (4.3.5.1)

The DC resistance is dependent on the conductor length Ipsc, width w and thick-
ness, and the material dependent resistivity p, which in this work is copper.

lpsc
wt

Rpc=p (4.3.5.2)

At higher frequencies the current density will be concentrated to its outer surface or
'skin’, increasing its effective resistance. The skin effect is dependent on the conductor
material, shape and frequency. Analytical expressions that describe the skin effect in
various conductor shapes are reported with high accuracy in [54], as follows:

R 1
Rskin = DL ( 7 ) (4.3.5.3)
51-e"3)) ‘l+y
,where the skin depth ¢ is found from:
P (4.3.5.4)

VI flrto

, where 1y and p, is the magnetic and relative permeability of free-space and copper
respectively. In addition, according to the Lorentz law, the generated magnetic fields
from the flowing currents will introduce eddy currents to the adjacent conductors. Kuhn
et. al [109] investigated the effect of current crowding in spiral coils, giving the following
equation:

Roady = —R (w) (4.3.5.5)
eddy = 10 DC Werit +9.9.

,where w.,;;, is the frequency at which the current crowding effect begins to become
significant:

3.1(s+ w)

-— Rgpeer (4.3.5.6)
How

Werit =

The equation above though approximates the losses from the proximity effect in IC

spiral coils where the skin depth is equal or larger than the conductor thickness. Schor-

mans et. al. [163] investigated this effect and gave an empirical factor for the sheet resis-
tance that is equal to 5m(Q as a way to bypass the introduced errors.
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4.3.6. PARALLEL RESISTANCE
The parallel resistance arises from the finite conductivity of the packaging materials,
which in our case is the soft materials PDMS and Parylene-C. According to [133], the
parallel resistance is found from the equation below:
tem:
Ry=——7— (4.3.6.1)
OencWlpsc
,where £, is the thickness of the polymer and o, is its conductivity at wy according
to Table 2.3, while the w and Ipg¢ is the width and total length of the coil trace.

4.4. DIELECTRIC COMPOSITE MODELING OF COMPOSITE MA-
TERIALS

In order to find the complex dielectric properties of the polymer with the water vapor

within it, the mixing formula of Landau-Lifschitz-Looyenga (LLL) that was experimen-

tally validated by [141] is employed. This model assumes that the permeant is introduced

inside the dielectric as spherical clusters, and its the equivalent dielectric constant is

given as follows:

6;15/3 _ vweluljlii +(1- vw)e’dlls (4.4.0.1)

,where e’ts is the total complex dielectric constant of the saturated with water va-
por polymer, €}, and 621 is the dielectric permittivity of the water vapor and dry poly-
mer respectively. Lastly, v,, (v/v) is the volume percentage of water absorption inside
the polymer, which is in relation with the percentage of the water uptake by mass m,,
(w/w) that is given in the polymer data-sheets and in Table 2.3. The above are related by
vy = My ! p, where p is the polymer density in g/ml (i.e. pppms = 0.965g/ml [145] and
PParylene-c = 1.289g/ml [36]).

4.5. FINITE ELEMENT MODELING (FEM) 1IN HESS

In this work, a simulation model was developed using the high frequency structure sim-
ulator (HFSS v.18). This full-wave simulation software provides both the electric (E) and
magnetic (H) fields simultaneously, by solving the Maxwell equations.

The steps that are followed during a simulation using FEM (see Figure 4.7) are given
briefly below and in more detail in the following chapters:

 Step 1: Draw the geometrical model and assign the material properties.

* Step 2: Set the simulation setup and boundary conditions to solve the Maxwell
equations for the E and H fields.

 Step 3: Subdivide the modeled geometry into small elements, namely the mesh,
where the gradient of the fields will be computed.

 Step 4: Obtain the electrical parameters (i.e. output variables) of interest.

» Step 5: Post-process the results, plotting the fields and the output variables.
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Figure 4.7: Numerical simulation steps in HFSS. Image taken from [8].

4.,5.1. DRAWING THE MODEL GEOMETRY

The first step in FEM is to draw the geometry of the simulated element. In this study, the
2D Gerber files of the fabricated PCB design were imported to the HFSS 2D layout pack-
age of Ansys electronic desktop. After its import, geometry corrections were automati-
cally applied to improve the volume approximation, as HFSS does not capture efficiently
curved surfaces [80]. As a result, the coil was subdivided into 26 segments improving the
accuracy of the fields calculation in the given volume.

Next, the 2D layout was exported to the 3D HFSS simulator by setting the appropri-
ate material thicknesses. That of metal conductors was set to t,s,=70 um and that of
FR4 substrate to £, =1.6 mm, generating the coil on top of its substrate. Moreover, the
source which generates the flowing currents through the inductor was set by introduc-
ing a shorting connection between the two interconnects and assigning a 50Q2 lumped
port. This step is necessary in order to define the current’s return path, satisfying the
continuity condition of Maxwell’s equations.

The design of the soft encapsulation follows, which was drawn on top and the bottom
of the PSC as shown in the cross section of Figure 4.8a. For both polymers its geometry
was subdivided into 5 areas. This will enable the mesh seeding in the regions where
the E-fields are expected to be stronger and reduces the aspect ratio of the mesh cells
[8]. As a result, the first layers called top_coating fill and bottom_coating _fill are 70pum

(@) (b) (c)

Figure 4.8: HFSS geometry design in HFSS depicting a) the cross section of the encapsulated PSC with PDMS,
b) the PSC top view and c) the top coating view.
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thick rectangular boxes on the top and bottom surfaces of the substrate respectively. On
top of them, the layers that represent the coating thickness that is going to be swept are
drawn ((fop_coating thk and bottom_coating thk)) and for the case of the top coating,
an additional circular layer on top of the coil traces (i.e. fop_coat_psc) is defined (see
Fig. 4.8c). Finally, an internal coating shape called coating spacing was drawn between
the coil traces. It has to be addressed though that for Parylene-C the aforementioned
subdivision deviates from reality since it is deposited conformally. However, concerning
the introduced errors when a thin sheet was applied it was bypassed.

The dielectric properties of the materials and their thickness are listed in table 4.1.
During their assignment, careful should be given in the way that the user inputs the
dielectric properties of each material, since in HFSS only the relative permittivity and
loss tangent should be specified, whereas the (bulk) conductivity should be defined as
zero [49].

Material FR4 PDMS Parylene-C PBS Muscle Fat Dryskin

o(S/'m) 1.33e-4 2.26e-6 2.89e-5 1.5 0.62 0.03 0.38
€r 4.4 3 2.95 80 136 11.82 177.13
tan(6) 0.04 0.001 0.013 25.49 6 3.4 2.87
A(m) 10.54 12.77 12.88 2.47 0.99 4.26 1.16

Table 4.1: Material properties at 13.56MHz, derived from [59] and [92].

4.5.2. SIMULATION SETUP

After constructing the geometry of the simulated structure the solution setup has to be
defined. HFSS uses an adaptive algorithm that reconstructs in each iteration the mesh
size in each material until the correct field solution is produced based on the maximum
change between two iterations of the S-parameters (AS). This iteration process refines
the mesh based on the wavelength of each material on the solution frequency. Also, an
initial mesh size could be defined before starting the simulation for each geometry of
interest, a process called seed meshing. As a rule of a thumb, [190] reports that an initial
value of 1/4 for the geometries that need to be described with high accuracy, and thus
this rule was set for the different areas of the soft encapsulation described earlier.

In this study, the solution frequency where the fields will be calculated was set to
13.56MHz, as this is the operating frequency of the coil where its Q-factor will be ob-
tained, while the frequency range was set 300kHz-100MHz simulated in steps of 10kHz.
The convergence criterion was selected to be AS =0.01 and an additional criterion was
set for both the ImZ and ReZ part of the coil input impedance, which were restricted to
vary by 3% for improved accuracy.

In addition, the following boundary conditions were applied in order to simplify the
geometric complexity of the simulated model:

» Radiation box By default, HFSS assumes that the solution volume is covered with
a perfect electric conductor, rendering the EM model closed. Simulating a radiat-
ing element though, an open model has to be defined, where the EM energy can
radiate infinitely away from the solution space, approximating the free space. Ac-
cording to the HFSS manual [123], for a week radiating element, the radiation box
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should be placed 1/10 away from the surfaces of the simulated element (i.e. coil).
In our case, that leads to a "radiation box" of 2.2 m from each side of the coil as
the wavelength at 13.56MHz is 22 m. Therefore, the number of mesh elements will
would extremely high, vanishing the available computational resources. In order
to compensate that, a "virtual box" which has half the size of the "radiation box"
was drawn, improving the accuracy of the mesh in close proximity with the PSC.

* Finite conductivity boundary According to Popovic et. al. [147], when the con-
ductor thickness (i.e 70um) is larger than twice the skin depth (e.g. 6 = 17) at
the operation frequency, the current density inside the conductor will be expo-
nentially decreased. In this case, the mesh inside the conductor will be extremely
small, producing a large number of mesh cells. Instead, the application of the fi-
nite conductivity boundary assumes a uniform current distribution from the con-
ductor surface to the skin depth calculating the surface resistance. For this bound-
ary condition, the following formula holds:

Etan = Zs(ft x Hyap) (4.5.2.1)

,where Z; is the surface impedance that is equal to the plane wave propagating
along the z axis into the conductor

L
Zi=—d 4y, 2R (4.5.2.2)
oo 20

,where 0,0 and p are the skin depth, conductor’s conductivity and magnetic per-
meability respectively. Also, examining the validity of this boundary condition,
the frequency at which the conductor thickness () is equal or larger than 2 skin
depths is found to be 3.53MHz, using the following formula obtained from [153]:

4
fi=———5— (4.5.2.3)
TUO Epgc

4.6. EXPERIMENTAL VALIDATION

The experimental validation of the analytical and HFSS models required a series of ac-
tions. These included the fabrication and encapsulation of the coils under test (CUTs)
with different polymers (i.e PDMS and Parylene-C) and thicknesses, ensuring accord-
ingly that any reliability issue arising due to contamination or adhesion loss is elimi-
nated. Then a measurement setup for their characterization was developed. The main
requirement of this setup was to conduct repeatable and reproducible measurements,
which was satisfied after investigating the systematic, drift and random errors.

4.6.1. COILS UNDER TEST (CUTS)

To start with, the CUTs were fabricated from the PCB design of Figure 4.9a. As can be
seen, it employs two interconnects with a length similar to the coil diameter, as a way
to minimize the parasitic effects from the mounted SMA. The commercial 1.6 mm FR4
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substrate was selected for its rigidity and low fabrication costs, as the investigation of
flexible or thin substrates was out of this study scope.

Ref 1 Ref2

(@ (b) (©)

Figure 4.9: PCB design of a) the fabricated CUTs and their b) open and c) short fixtures for de-embedding.

Accordingly, the interconnects in an open (Fig. 4.9b) and short (Fig. 4.9c¢) fixture
were also realized in order to remove the parasitics added from them and the SMA, as
described in the next chapter 4.6.2. In this way, the measured reference plane "ref2"
(Fig. 4.9a) after de-embedding will include only the electrical properties of the CUTs in
the reference plane "refl", complying with the analytical and simulation model.

After their fabrication, they were encapsulated with PDMS and Parylene-C of differ-
ent thicknesses. In each one of them, an identification number (ID) is given as shown in
Table 4.2, that reveals their coating material and thickness on top of their copper traces.
For example, the sample PC5 translates to a sample encapsulated with Parylene-C with
a 5um thickness on top of its traces.

ID Material Thickness (pm)
UCA - 0

PC5 Parylene-C 5

PC15 Parylene-C 15

PD35 PDMS 35

PD50 PDMS 50

PD65 PDMS 65
PD360 PDMS 360

Table 4.2: Coils under test with their ID, material and coating thickness measured on top their copper traces.

It has to be mentioned that the initial goal was to have thin encapsulations of equal
thicknesses, enabling the comparison between PDMS and Parylene-C. However, for the
latter, the maximum thickness that could be deposited within the Else Kooi Laboratory
(EKL) was 15um, whereas the dip-coating process that was utilized for the PDMS encap-
sulation is uncontrolled as regards with the final thickness.

4.6.2. ONE PORT DE-EMBEDDING

The one port de-embedding technique [104] was utilized in order to decouple the par-
asitic effects of the interconnects and the SMA from the measured electrical properties
of the CUT. More specifically, it will be decoupled from the introduced series inductance
(L1, L2) and shunt capacitance (C;, C,), as shown in Figure 4.10a. Since the latter is in
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parallel with the CUT, the admittance (Y) of the open fixture Y, ., (Fig. 4.10b) is mea-
sured and subtracted from the admittance of the CUT, Yr,;;. Next, the series compo-
nents (L, Rs) are removed by subtracting the admittance of the open fixture Y,pe, from
the short Y., . The resulting de-embedded impedance (Zcy7,,) is found from:

1 1
Zcuty, = - (4.6.2.1)
¢ (qull - Yopen) (Yshort — Yopen)
Ll L2 LI L2 LI L2
111 CcuT 0 T'm—- — T T T dk ]k T

I Cl v c2? I I Cl c2? I I cl 2 I
(@) (b) (c)

Figure 4.10: One port de-embedding method, where the parasitics posed to the a) CUTs, were decoupled from
the b) stray capacitance and c) self inductance and series resistance.

4.6.3. PDMS DEPOSITION BY DIP-COATING
The procedure of the PDMS encapsulation can be discretized in four phases, that of the
cleaning, PDMS preparation, dip-coating and curing process. Recalling that the surfaces
where the soft encapsulation materials will be deposited have to be particle-free, the first
step of the PDMS encapsulation starts from their thorough cleaning, as shown in Figure
4.11. Initially, the samples were placed in Pyrex dishes and cleaned with an acetone swab
to remove the excess solder flux. Then, they were ultrasonically cleaned inside acetone
and Isopropyl Alcohol (IPA) for 5 minutes each, at 45°C. After this cleaning process, they
were blow dried with a nitrogen gun and placed into the oven for 2 hours at 50°C in order
to ensure the moisture evaporation.

Next, the PDMS Nusil MED-6215 was prepared for the dip-coating process. This low
viscosity elastomer, is a two-part component kit with a 10:1 (A:B) analogy of Part A, the
base, and Part B, the catalyst. Therefore, 8 small containers of 14g:1.4g were weighted

- —
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Figure 4.11: Cleaning process: a) swab the samples’ surface with Acetone, b) US cleaning with Acetone and IPA
for 5mins, ¢) blow drying and d) drying for 2 hours at 80°C.
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(c)

Figure 4.12: PDMS processing: a) catalyst and base of the utilized PDMS Nusil MED-6215, b) weight measure-
ment, ¢) speed-mixing for 2min at 2000rpm and d) PDMS pouring into a particle-free container.

and then placed in a speed mixer for 2min at 2000rpm. The thoroughly mixed elastomer
is then poured into a particle-free container, where the CUTs were immersed.

Moreover, care should be taken to minimize voids or air bubbles at the interface be-
tween the PCB substrate and the encapsulant. Therefore, after the dip-coating process
the container was degased into a vacuum concentrator for 1 hour. As can be seen in Fig-
ure ?2, at the start of this process a lot of air bubbles are emerged to the surface, while at
figure 4 is after 1 hour were the degased PDMS can be observed. Lastly, the samples were
carefully released from the degased PDMS container and hanged in order to remove the
excess polymer. The time of their hanging determines the resulting thickness of the poly-
mer. More specifically, it was found experimentally, that in order to produce 35,50 and
65um PDMS thick samples, they were hanging for 30, 20 and 10 minutes respectively.
After this time period the samples were cured in the oven overnight at 70C.

(@ (b) (© (d)

Figure 4.13: Dip-coating and curing processes: a) degassing, b) bubble formation at the first minutes of the
degassing procedure, c) sample after degassing and d) sample hanging to remove excess PDMS and define its
final thickness.

Lastly, for the 360um thick PDMS sample (i.e. PD360), the procedure described
above was repeated two times. More specifically, after its initial dip-coating, it was hanged
for 5 min. and placed inside the furnace for 30 min. in order to increase its viscosity and
make its surface to adhere to the second layer that was deposited repeating the same
dip-coating process.
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4.6.3.1. PDMS THICKNESS MEASUREMENT

Following the PMDS encapsulation procedure described above, the coating thickness
was measured in order to compare the experimental results with that of simulations and
calculations. A small incision was made close to the SMA (see Figure 4.15) to ensure
that after their immersion into PBS, the solution will not penetrate inside it. Then, a
step profilometer was used in the EKL cleanroom facilities and the measurement results
depicted in Figure 5.13.

The total encapsulation thickness for the samples PD35, PD50, PD65 and PD360 was
found 105.77 pm, 119.40 um, 135.86 um and 433.66 um respectively. However, in this
study the coating thickness is specified as the polymer that exists on top of the coil traces,
which is reflected to the small bump of the figures at approximately 25 mm distance from
the incision point. Concerning the 70um of the CUT'’s trace, the coating thickness on top
of the traces is 35um, 50um, 65um and 360um for the samples mentioned before after
rounding their thickness for simplicity.

80 PD35 PD50 PD65 PD360

Coating thickness [1um]
o
Encapsulation thickness [;:m]

Encapsulation thickness [ium]
Encapsulation thickness [1m]

-100 -400
o 2 % o 5 10 15 20 25 30 35 0 5 10 15 25 30 35 0 5 10 15 20 25 30
Distance [m] Distance [um] Distance [jim] Distance [im]

(@ (b) (© (d

Figure 4.14: Total coating thickness on top of the CUT: a) PD35, b) PD50, ¢) PD65 and d) PD360

Figure 4.15: PDMS thickness measurement

4.6.4. PARYLENE-C DEPOSITION
For the Parylene-C deposition, the same cleaning process was followed as described in
the previous section 4.6.3. The procedure of the polymer deposition was made by chem-
ical vapour deposition (CVD), using the Gorham [69] process of Fig. 4.16 in the facilities
of Else Kooi Lab (EKL), TU Delft.

Figure 4.16 illustrates this process, where in the first step (stage 1) the dimer precur-
sor in powder form is heated to change into a vapour state. Then, the vapour is heated
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Figure 4.16: Parylene-C deposition process using the Gorham process.

at elevated temperatures (above 550°C), until it vaporizes (stage 2). The outcome is a
monomer gas that fills the substrate that exists in the deposition vacuum chamber (stage
3) and is polymerised at room temperature; an advantage that enables its deposition in
heat-sensitive substrates without thermal damage. Finally, the excess gas travels from
the deposition chamber into a separate container (stage 4).

The resulting thickness of the pin-hole free film is then calculated based on the dimer
precursor that was used. In this work, the samples PC5 and PC15 were coated with
Parylene-C using 10g and 30g of dimer respectively.

4.6.5. MEASUREMENT SETUP FOR IN-VITRO EXPERIMENTS

The main goal of the developed measurement setup of Figure 4.18a was to make repeat-
able and reproducible measurements. For the one port measurement of the coils, the
network analyzer HP 8753E with a frequency range of 30kHz-6GHz was employed. This
type of measurement yields the reflection coefficient S;;, from which the impedance of
the coils can be calculated as follows:

Z 1+S11

, where Zj is the 50Q characteristic impedance of the network analyzer port. How-
ever, the above equation becomes inaccurate (see Figure 4.17), when the Sy, is close to
-1 or 1. According to [83], when the measured impedance is within the range of 2 Q to
1.5 kQ, it is measured with an accuracy of approximately 10%, whereas when its value is
close to 50 Q with 1%.

The aforementioned accuracy though require an adequate calibration (i.e open, short
and load) which was made using the high precision HP 85033C calibration kit before
starting a series of measurements. Also, in order to reduce the random errors [171] and
improve accuracy during measurements and calibration, the intermediate frequency
(IF) bandwidth was set to 100Hz and an averaging factor 10 was selected. Also, the net-
work analyzer was warmed up for 2 hours before conducting measurements, in a way to
mitigate the drift errors that usually arise from temperature fluctuations of the instru-
ment’s electronic components.

Regarding the structure of the measurement setup, an 1m long coaxial cable was fix-
ated on the table so that it is stable during calibration and measurements and in a safe

(4.6.5.1)
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Figure 4.17: Relationship between the reflection coefficient (I') and the measured impedance. As shown, the
measurement lacks of sensitivity when the measured impedance is much smaller or larger than the character-
istic impedance of 50Q2 [83].

distance from the network analyzer. Then a big container for protection was placed on
the table and a smaller one (60 mm x 120 mm x 70 mm) was mounted within it, where
the coils were fixated using plastic straps. The material of these containers is a low den-
sity Polyethylene with a low complex dielectric constant of 2.2(1-j0.0001) and therefore
the parasitics introduced on the samples expected to be negligible. For the in-vitro mea-
surements, the small containers were filled with 0.5L of 1X PBS (Gibco, pH 7.4) at room
temperature so that the coils are covered up to their reference plane "ref 1" (see Figure
4.9a.

Moreover, the distributed elements of the RLC model described in chapter 4.3 cannot
be obtained directly during measurements. Instead, its effective series resistance (R;)
and apparent inductance L’ are returned as shown in their RL model of Figure 4.18b,
which include the effect of the parasitic capacitance Cp. The parallel equivalent circuit
model that will be employed in this study, where the the parallel loss resistance Rjygs can
be found from its series equivalent model [83] using the Equation 4.6.5.2.

In addition, when the parasitic capacitance is comparable with the impedance of the
measured electrical component and the SRF is known, the following corrective equa-
tions can be used [114]. The aforementioned equations will be employed only in free-
space in order to compare them with the analytical model. Finally, it has to be noted
that the apparent inductance is measured at 1 MHz and the Cp._¢o is found using equa-
tion 4.3.4.1, where the SRF is obtained from the frequency where Im(Z) = 0Q.

R, =R,(1+Q)>* (4.6.5.2)
L=1/(1- (wﬂ]z) (4.6.5.3)
0

Ry = Rg(l - (a%)z)z (4.6.5.4)
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Figure 4.18: a) Measurement setup, b) Distributed RLC model of analytical methods and its equivalent series
and parallel model, obtained during measurements.
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INFLUENCE OF SOFT
ENCAPSULATION

In this chapter, the research questions of this study will be answered. Initially, the coils will
be characterized in free-space and then inside the human tissue. In all the aforementioned
scenarios, the electrical behavior of the coils will be related to the PTE of the inductive link.

5.1. COIL CHARACTERIZATION IN FREE SPACE

In this section, the electrical properties of the coils will be compared in two different sce-
narios: a) without (Figure. 5.1a) and b) with soft encapsulation (Figure. 5.1b), where its
series equivalent circuit model is depicted in Figure 5.1c. In every scenario the simula-
tion and calculation models will be compared with the empirical measurements, which
represent the real behavior of the coil. Before starting the aforementioned comparison
though, the steps followed to ensure reproducible measurements will be presented first.

Coil Encapsulation
y T T T TTTTTh 1
..................................... 1 1
DA - : 1 1
: Air © AN © R 1 !
70um Dl c |=th I —1 :
[ - Topm oat_t J 1
1 [PSC trace . T PSC trace p— 1 — |
] Cp-int . Cp-enc Rp-enc |
Substrate L | =er-enc *«1/g-enc !
1 1
el | xthkeenc octhicenc 1
| 1
I 1
(a) (b) (©)

Figure 5.1: Scenarios under investigation in air environment including a) coil on its substrate and b) encapsu-
lated coil on its substrate. Their series equivalent circuit model is shown in c¢) where the effect of encapsulation
is neglected in the first scenario and that of substrate in both for simplicity. The proportionality factors as re-
gards with the encapsulation thickness (i.e. thk-enc) will be reasoned in the following sections.
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5.1.1. INVESTIGATING THE MEASUREMENT REPRODUCIBILITY

The first step of the experimental measurements started from the identification of the
systematic and random errors that should rely within a specified margin. Starting from
the former, the network analyzer with the 1m coaxial cable were calibrated using the
settings of section 4.6.5. Then, the coil UCA was measured, but a repeatable and time in-
variant error was showing between the frequencies 28-35 MHz. For this reason another
coil (dyy,:=20 mm) for WPT was examined, changing also the coaxial cable as shown in
Figure 5.2a. In both of these measurements, the same error occurred (see Figure 5.2b),
implying that either a systematic error or a form of resonance exists from the measure-
ment setup and will appear in all of the following measurements.

—Full-UCA
— Full-test-d20|

i
0 3% 20 40 60 80 100
Frequency [MHz]

(a) (b)

Figure 5.2: a) Measurement of a different coil for WPT with an outer diameter of 20 mm, employing also a
different coaxial cable and b) the same error occurs between the frequency range of 28-35 MHz.

Before analyzing the random errors, the reference plane of the fabricated coils has to
include only the inductor and not its interconnects, complying with the other methods
(i.e. "refl"). After performing the one-port de-embedding as described in section 4.6.2,
the interconnects and SMA added 26 nH inductance, 75 mQ resistance and 2.21 pF para-
sitic capacitance, as shown in Table 5.1. These values are in an expected range, since the
effective inductance loop area of the interconnects is negligibly small, while the effect of
their finite conductivity, soldering and SMA is similar to the works of [77, 163].

However, the parasitic capacitance of the de-embedding fixtures is in the same order
of magnitude with the inductor’s inter-winding capacitance. As a result, the introduced
parasitics increased the SRF by 31.87%, from 60.71 MHz to 83.73 MHz, demonstrating
that the influence of the interconnects and measurement setup was not negligible. The
effect of de-embedding is illustrated in the plot of Q-factor over frequency (see Figure
5.3a), from which one can deduce that indeed, its value is slightly higher at w after de-
embedding, while the biggest the difference occurs at the point it gets zero, or at its SRE

Next, the measurement relative uncertainty was determined by calculating the mean
value of 10 consecutive measurements for the uncoated sample UCA and its difference
from the maximum and minimum values. As a result, the ReZ is measured with a rela-
tive uncertainty of £92 mQ (9.38%), while the imaginary part with +0.1 Q, which trans-
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Parameter Full De-embedded Rel. Uncertainty (+) Rel. error (%)

L (uH) 1.47 1.44 0.0015 0.1
Rs (Q) 1.05 0.98 0.092 9.38
Rp (kQ) 15.88 15.68 6.87 1.39
Cp (pP) 4.71 2.50 0.01 0.50
SRF (MHz)  60.71 83.73 0.28 0.29
Q-factor  120.07 123.66 5.7 4.61

Table 5.1: In this table the measured (i.e full) and de-embedded values of the coil "UCA" is shown along with
the measured uncertainty range and percentage and accuracy.

lates into a £0.01 pF (0.5%) uncertainty in C, and +0.38 MHz (0.29%) in SRE Lastly, the
Q-factor is measured with a relative error of 4.61%. Reviewing the reported errors, the
low values of the real part of impedance at wy fall into the already mentioned in chapter
4.6.5 error of 10%. Therefore, when the investigated factors (e.g polymeric materials, sur-
rounding environment, moisture ingress) that can influence the electrical performance
of the coil deviate from the reference values by a value that lies within the specified un-
certainty, its impact will be assumed negligible, or undetectable.

Lastly, it was ensured that all the fabricated coils before depositing the encapsulation
materials had the same electrical properties. Their relative difference was found to be
within the measurement uncertainty of UCA, as illustrated in Figure 5.3b. Therefore,
their electrical properties in air environment that are shown in the second column of the
Table 5.1 represent the reference values upon which the different case studies that follow
will be compared.

Measured vs de-embedded Q-factor Uncoated CUTs* in air

—Full
—De-embedded

Q-factor

0 135620 40 60 80 100 0 135620 40 60 80 100
Frequency [MHz] Frequency [MHz]

(a) (b)

Figure 5.3: a) Measured vs de-embedded Q-factor of the test sample UCA and b) validating that all coils before
encapsulation have the same electrical properties.

5.1.2. EXPERIMENTAL VALIDATION IN FREE-SPACE
Revising the methods followed in this study, the mathematical model employs the calcu-
lation of the frequency dependent series resistance and the constant self inductance, ca-
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pacitance and parallel resistance. On the other hand, obtaining the coil impedance from
the S-parameters during measurements and simulations yields into the apparent induc-
tance, equivalent series resistance (ESR), that will be referred as ReZ, and self resonance
frequency (SRF), from which the parasitic capacitance Cp is found. In all methods, the
parallel loss resistance of the parallel equivalent circuit is calculated through Equation
2.2.2.1.

The electrical properties of the uncoated coil on its FR4 substrate are listed in Ta-
ble 5.2, in which the relative difference between simulations and calculations from the
measurements is depicted in the columns A(%).

Method Measurements Simulations Calculations
Parameter Value Value A (%) Value A (%)
L(uH) 1.44 1.39 3.47 1.31 9.03
R (Q) 0.98 0.87 11.22 0.83 15.30
Rjpss(kQ) 15.68 1679 7.08 1635  4.27
Cp(pF) 2.50 2.81 12.40 2.91 16.40
C:(pF) 92.88 96.10 3.47 101.86 9.66
SRF(MH?z) 83.73 80.35 4.04 81.28 2.93
Q-factor 123.66 136.89 10.70 136.02 9.99
M(uH) 0.22 0.22 0.22

ki 0.151 0.159 0.169

Nk (%) 98.53 98.75 98.93
12(%) 64.90 66.41 64.97
PTE (%) 63.95 65.59 64.27

Table 5.2: Electrical properties of the coils and inductive link characteristics in free-space between measure-
ments, simulations and calculations.

Starting from the measured, simulated and calculated (apparent) inductance of Fig-
ure 5.4a, one can deduce that their values are in good agreement since at 1 MHz they are
1.44 uH, 1.39 pH and 1.31 uH respectively. The latter, is close to the expected 8% accu-
racy of the equation 4.3.2.1, varying by 9.03% from the measured one. In addition, from
Figure 5.4b we can validate the inductive behavior (q=90°) of the coils below their SRE
Note that, the phase angle (gq) of the mathematical model does not employ a frequency
dependant reactive behavior and thus, it drops abruptly when g becomes resistive (i.e
q=0°).

The measured Cj, is higher by 12.4% and 16.4% than simulations and calculations
respectively that results in a deviation of 4.04% and 2.93% in their SRE The latter is
related with the stray capacitance added to the open measurement fixture during de-
embedding, resulting in a lower de-embedded Cp,.

Regarding the real part of impedance, one can see in Figure 5.4c that all of the se-
lected methods have the expected frequency response. More specifically, at low fre-
quencies the R; is relatively low, because the skin depth is thicker than the conductor
and thus, the current is evenly distributed inside it. At higher frequencies though, the AC
resistance manifests, increasing its value with the square root of frequency (v/w) since
the flowing current in the conductor is confined on its edges. Moreover, it is clearly
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Figure 5.4: Comparison between measurements, simulations and calculations over frequency (300kHz-
100MHz) for a) apparent inductance, b) phase angle, c) ReZ and d) Q-factor.

demonstrated that at the operating frequency, the R; between measurements (i.e 0.98
Q), simulations (i.e. 0.87 Q, A = 11.22%) and calculations (i.e. 0.83 Q, A = 15.30%) is
in reasonable agreement concerning also the reported manufacturing variations for the
conductor thickness (i.e. 50 um-70 um), surface roughness and conductor shape that
result in higher losses [76]. Consequently, the Q-factor from simulations and calcula-
tions vary approximately by 10% from the measured Q-factor of 123.66, denoting a good
approximation with the real-world behavior of the coil.

Finally, employing the MATLAB script "CuCCo" given by Schormans [162] one can
calculate the coupling coefficient and the mutual inductance of the coupled coils, which
depends on their (co-axial) alignment and thus its value of 0.22 uH is the same in all
methods. Moreover, the slight differences between the measured, simulated and calcu-
lated inductance leads to a small deviation in their coupling coefficient k; », being 0.151,
0.159 and 0.169 respectively. Based on the high k; », the primary-secondary efficiency
Nk is maximized to 98.63% and thus the PTE of the link will be strongly dependent on
the efficiency of the secondary 7,. Based on the previous findings and employing the
equations of section 4.2.1 the PTE is found to be 63.95% in measurements, 65.59% in
simulations and 64.27% in calculations.
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5.1.3. INFLUENCE OF SOFT ENCAPSULATION IN FREE-SPACE

In this section, the encapsulated coils with Parylene-C (5 um and 15 pm) and PDMS (35
pm, 50 um, 65 um and 360 pum) will be characterized in air environment. Comparing
the results between measurements, simulations and calculations (see Tables B.2, B.1 in
Appendix B) will help us to a) study the impact of the encapsulation thickness on the
electrical properties of the coil, b) validate that all methods can capture the aforemen-
tioned effect and c) understand the uncertainty and accuracy of each model.

Figures 5.5a and 5.5d illustrate the dependency of the encapsulation thickness on the
measured, simulated and calculated C, and ImZ respectively. Itis evident that as the soft
encapsulation becomes thicker, the parasitic capacitance increases, rendering the ImZ
to slightly surge. Note that in calculations different equations were employed for the coil
with and without encapsulation and thus, the C), of sample UCA, is drastically increased
from UCA to PC5.

The trend of C, and ImZ in simulations though is rather fluctuating within the 3%
of the additional convergence criteria that was set, as shown in Figure 5.5d. The afore-
mentioned can be reasoned by looking the relative difference of the measured sample
PD360 from UCA. Its ImZ deviates by a mere of 2.7% implying that in simulations this
difference will be computed within its relative error. In addition, one can notice that the
measured sample PC5 has a high C, (i.e 4.4 pF) that according to the other methods had
to be close to that of UCA. The nature of this discrepancy relies on the high aspect ratio
of the mesh produced within the soft encapsulation thickness (see Appendix A); an issue
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Figure 5.5: Influence of the soft encapsulation in air environment on a) parasitic capacitance Cp, b) parallel
loss resistance R;, s, €) Q-factor, d) ImZ, e) ReZ and e) PTE.
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that according to [123] may lead to erroneous results.

On the other hand, the presence of thin polymers on top of the coil traces introduces
minor resistive losses that renders their ReZ at wy to slightly surge from its reference
value (i.e. without encapsulation), as shown in Figure 5.5¢. This effect can be explained
monitoring the parallel loss resistance R, and leaving aside the erroneous result of
the simulated PC5, one can notice that as the encapsulation thickness increases, R;gss
follows the same trend. The same fluctuating effect is noticed for both ReZ and Rjygs
since it can be seen in calculations that for the PDMS samples, the change on their ReZ
is less than 5 mQ. Lastly, in all methods one can see that for the coil PD360 approaches
the reference values of the uncoated coil since it provides a high resistance in parallel
with the coil that renders its ReZ unaffected.

Beyond the above observations on the coils input impedance, one has to look these
effects on their Q-factor, as a way to analyze the influence of soft polymers on the wire-
less power reception. Figure 5.5c illustrates that in all methods the presence of thicker
encapsulation materials results in a Q-factor that is almost equal to that of UCA, while
the thinner encapsulations of Parylene-C result in a Q-factor reduction, complying with
the findings of Ginefri et. al. [67]. However, it can be seen that this effect is almost neg-
ligible. For example, the PTE of PC15 (Fig. 5.5f) decreased from its reference value by a
mere of 0.49%, 1.34% and 4.21% in measurements, simulations and calculations respec-
tively.

5.1.4. CONCLUSIONS

Based on the above, we can draw the following conclusions for the encapsulated coils in
air environment:

¢ The total parasitic capacitance Cp_yo, is proportional to the effective relative per-
mittivity ;o of the multilayer structure and proportional to the soft encapsula-
tion thickness (o< thk-enc).

* The parallel loss resistance Ry is inversely proportional to the effective conduc-
tivity oo and proportional to the soft encapsulation thickness (x thk-enc). These
proportionality factors are illustrated in the studied parallel equivalent model of
the coils as shown in Figure 5.6. However, it has to be noted that the aforemen-
tioned factors in this circuit model are only valid in air environment.

L E Rioss g Cp—mt ::

o 1/g-eff o gr’-eff

= thk-enc = thk-enc

Figure 5.6: Parallel equivalent circuit model in air environment, including the effect of the soft encapsulation.
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* The introduced parasitic elements from the soft encapsulation has a negligible ef-
fect on the Q-factor of the coils and the PTE in air environment, coinciding with
the findings of Kim et. al. [101].

* Comparing the utilized models, the same behavior is obtained as the thickness
of the soft encapsulation increases, yet one has to take into account the reported
uncertainties of each method.

5.2. IN-VITRO COIL CHARACTERIZATION

In this section, the encapsulated coils will be implanted in tissue (see Figure 5.7a) re-
sulting in the equivalent circuit model of Figure 5.7b. Initially, the insulating behavior
of the soft encapsulation will be studied in PBS and accordingly, the HFSS model will be
compared with the experimental measurements. After its validation, the investigation
in realistic implantation environments (i.e. fat and muscle) follows, where the impact
of soft encapsulation thickness, different materials and moisture absorption on the PTE
will be given.

Cail Encapsulation Tissue

ccgr'-enc o<1/g-enc o< gr'-tis o« 1/o-tis

octhk-enc ethk-enc e 1/thk-enc othk-enc
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Figure 5.7: a) Encapsulated coil inside the human tissue b) its series series equivalent circuit model. The pro-
portionality factors as regards with the encapsulation thickness (i.e. thk-enc) will be reasoned in the following
sections.

5.2.1. INSULATING BEHAVIOR OF SOFT ENCAPSULATION

Let us now delve to the scenario of encapsulated coils immersed into PBS, which enables
the comparison between the developed model in HFSS and the experimental measure-
ments. Figures 5.8a, 5.8b and 5.8c illustrate the measured and simulated SRE ReZ and
Q-factor in PBS over a variable encapsulation thickness, from which the thicknesses of
5 um and 15 um refer to the samples encapsulated with Parylene-C (i.e. PC5 and PC15)
and the rest with PDMS. In addition, the measured and simulated Q-factors over fre-
quency, along with the electrical properties of the coils and the inductive link character-
istics are given in Figure B.1 and Tables B.1, B.2 of Appendix B .

The high relative permittivity of PBS e] ¢ increases the effective permittivity e/ off
of the coils and as a result, their total parasitic capacitance Cp.tor. The latter, leads to
a severe reduction of their SRF especially when a thin encapsulation is employed. For
example, as can be seen in Figure 5.8a, the SRF of the sample PC5 is lower than the oper-
ating frequency in both measurements and simulations and thus, its inductive behavior
is vanished (Qpcs = 0).
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Figure 5.8: Comparing the electrical parameters a) SRE b) ReZ and c) Q-factor between the HFSS model and
experimental measurements in PBS. It has to be noted that the encapsulation thickness of 5 and 15 microns
refer to the samples with Parylene-C and the others with PDMS.

On the contrary, the presence of soft materials on top of the coil traces alleviates the
dielectric loading of the surrounding medium, since their relative permittivity is much
lower than that of PBS (€] ¢ < €] ppg); an a effect that is strongly coupled with the en-
capsulation thickness [92]. More specifically, employing thicker polymers, the Cp.to¢ is
drastically reduced (see Figure 5.8a) and hence the SRF levels to higher frequencies, ap-
proaching 52.01 MHz in measurements and 48.88 MHz in simulations for the sample
PD360.

In the same fashion, the soft encapsulation conductivity is much lower than that of
PBS (0enc.< opps). As a result, as the encapsulation thickness is increased, the parallel
loss resistance follows the same trend and thus the ReZ is drastically reduced, as shown
in Figure 5.8b. Examining the aforementioned for the coil with the thicker encapsula-
tion (i.e. PD360), its Q-factor is significantly higher than the others (see Figure 5.8¢), yet
still lower from its reference value in air environment, by 61.62% in measurements and
63.56% in simulations.

Summarizing the above, we can state that the soft encapsulation insulates the coils
from the surrounding medium. In addition, it was shown that R;,, is analogous with
the encapsulation thickness, whereas the C,— ., follows the opposite trend. The afore-
mentioned can be illustrated in the parallel equivalent circuit model of Figure 5.9, where
the introduced proportionality factors are valid for encapsulated coils inside the human
tissue.

L E Rioss § Cp-tot
o« 1/g-eff o gr’-eff
ethk-enc o 1/thk-enc

Figure 5.9: Parallel equivalent circuit model in tissue, including the effect of the soft encapsulation.
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However, the aforementioned investigation consists the worst case scenario of di-
electric loading as already addressed in section 4.2. Thus, the realistic implantation en-
vironments of fat and muscle tissue will be investigated further, using the HFSS model.
Before analyzing the aforementioned though, we will compare the HFSS model accuracy
with the experimental measurements in the next section.

5.2.2. NUMERICAL SIMULATION MODEL (HFSS) VALIDATION

In this section we will argue on the accuracy of the simulation model developed in HESS.
Table 5.3 includes the relative difference of the HFSS model from the experimental mea-
surements listed in the columns SimA e, for SRE ReZ and the Q-factor of the encapsu-
lated coils under test in PBS. Accordingly, it includes the relative difference of measure-
ments and simulations from their reference values in air environment in the columns
"MeasAai;" and "SimAg; " respectively. Based on the given table we can report the fol-
lowing accuracies:

SRF ReZ Q-factor
Mea. Agir(%)  Sim. Agir(%)  Sim A jeq (%) Mea. Agir(%)  Sim. Agir(%)  Sim Apea(%) Mea. Agir (%) Sim. Agir(%)  Sim Apea (%)

PC5 85.43 84.91 0.65 26635 30015 45.15 100 100

PC15 77.69 76.55 2.19 4502 5084 62.26 95.30 89.97 136.31
PD35 57.97 68.79 28.75 511 582 22.70 79.67 74.60 38.26
PD50 55.21 64.21 23.33 439 507 32.00 77.61 69.96 48.51
PD65 47.21 60.72 28.59 298 348 18.97 71.39 67.30 26.54
PD360 37.88 37.82 4.29 187 223 10.32 61.62 63.56 5.12

Table 5.3: Investigation of the HFSS model accuracy in PBS.

* The SRFis simulated with an accuracy between 0.65% (Apc5=0.08 MHz) and 28.75%
(Apc35=10.12 MHz).

* The ReZis simulated with an accuracy between 10.32% (Appsgp=1.79 Q2) and 62.26%
(Apc15=28.08 Q).

* The Q-factor is simulated with an accuracy between 5.12% (App3g0=2.43) and 136.31%
(Apc5=7.92).

* The biggest deviation for ReZ and Q-factor occurs for the Parylene-C samples PC5
and PC15, where their SRF is close to the operating frequency.

However, the above difference between measurements and the simulations is hin-
dered due to following factors:

* The dielectric properties of both the PBS and the polymers were not obtained
via dielectric spectroscopy, yet from literature. More specifically, the conductivity
range of PBS is given between 1.5-1.7 S/m [16, 23, 108], whereas for PDMS different
brands of polymers were employed from the literature findings. Also, it is known
that the dielectric properties of PMDS is coupled with the variation between the
mixing ratio of the base and the catalyst [28] introducing another uncertainty fac-
tor.
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» The dip coating process results in a non-uniform thickness distribution [4]. Ad-
ditionally, the thickness of PDMS was defined by a single measurement covering
only the first encountered traces proximal to the SMA (see Figure 4.15) and not the
whole coil diameter. As a result, the PDMS thickness might be thinner from the
reported.

* The mounting method of the coils in the PBS container (see Figure B.1b) could
possibly led in a small portion of interconnects covered with PBS. As a result, con-
cerning also the above uncertainty factors, the dielectric loading in measurements
was higher than simulations, as can be seen in the figures of section 5.2.1 and the
Table B.1 and B.2 of Appendix B.

Concluding, although the HFSS model is not accurate enough with the experimental
measurements, it can effectively capture the soft encapsulation thickness. More specif-
ically, it was shown that for the main electrical parameter of interest (i.e. Q-factor), the
relative difference from its reference values in air environment (see columns "MeasA,j;"
and "SimA,;;") is comparable between the two methods. Hence, we can be confident
that the developed HFSS model can be utilized for further investigating realistic implan-
tation environments, that of fat and muscle.

5.2.3. IMPACT OF ENCAPSULATION THICKNESS IN FAT AND MUSCLE TISSUE
In the previous sections it was demonstrated that the dielectric loading from the sur-
rounding environment is evident. However, this effect is highly dependent on its dielec-
tric properties, where the parasitic elements Cy_js and Ryp.4is of Figure 5.7b are a function
of the tissue relative permittivity and conductivity respectively.

Figure 5.10 compares the SRF of the encapsulated coils with PDMS in muscle and fat
tissue. The latter, has an order of magnitude lower relative permittivity (e} ., = 11.82)
from muscle (e; ., = 136) and hence, even when a 15 um PDMS is utilized, the coils
could withstand the impact on their SRF with an approximately 50% drop from the air
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Figure 5.10: PDMS dependency on the SRF in fat and muscle tissue. For the case of fat, the simulated thick-
ness of 5um did not converged and thus, it is not shown, whereas that of 15 um was found increasing the
convergence criteria to 6 % for ReZ and ImZ.
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environment, whereas in muscle approach the wy. As a result, it is shown that the in-
fluence of the encapsulation thickness is different in these environments. For example,
when the PDMS thickness is swept from 15 um to 30 pm and 45 pum, the SRF in muscle
improves by 31.84% and 13.43%, whereas in fat by a mere of 6.87% and 4.57% respec-
tively.
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Figure 5.11: a) Influence of soft encapsulation thickness on the Q-factor and b) volume loss density of dissi-
pated power that is converted into heat, demonstrating the dielectric losses from the surrounding tissue.

Moreover, it was shown in the previous section 5.2.1 that when the parallel loss re-
sistance drops, the total losses (i.e. ReZ) increase. It has to be noted though, that the
aforementioned is not attributed with the conductor losses which are the same as the
air environment, yet with the dielectric losses. These account the dissipated power that
is converted to heat (see Figure 5.11b) within the tissue layers where the coils are im-
planted.

The aforementioned is reflected on the Q-factor (see Figure 5.11a) of the coils where
their degradation within muscle tissue is more severe due to its higher conductivity.
Comparing the simulation results with the study of Jow et. al. and Ghovanloo et. al. [92],
it is found that at 270um the Q-factor of their optimized coils was reduced by approx-
imately 35%, whereas in this work by 20%. Obviously, a direct comparison is not valid
since different coil geometries were utilized. On the contrary, it indicates a comparable
Q-factor reduction, concerning also the fact that in their study the thickness of muscle
tissue on top of the coil traces was 50 mm as opposed to the 7 mm (i.e. 3 mm muscle, 3
mm fat and 1 mm dry skin) of this one. As a result, the influence from the surroundings
in their study was higher [160].

Moreover, employing the simulated Q-factors of Figure 5.11a and Equation 4.2.1.2,
the PTE of the link can be calculated and plotted over a variable PDMS thickness in Fig-
ure 5.12. As can be seen, at thicknesses lower than 100um, the soft encapsulation has
a strong dependency on the PTE. As shown previously though, the encapsulation thick-
ness behaves differently in these two implantation environments. As a result, varying the
encapsulation thickness from 15 ym to 45 pm with a step of 15 um, the PTE is enhanced
by 4.18% and 2.4% in fat whereas by 12% and 4.18% in muscle respectively. Besides the
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Figure 5.12: Influence of the soft encapsulation thickness on the PTE in fat and muscle tissue.

different behavior though, we can deduce that thin devices with high PTE can be real-
ized in fat tissue, since even with an encapsulation of 15 um, the PTE dropped by an
acceptable percentage of almost 12% as regards with the operation in air environment.

Summarizing the above, it was demonstrated that the consideration of the soft en-
capsulation thickness should be carefully accounted, especially when the device minia-
turization is a priority. Also, it was shown that the impact of the encapsulation thickness
is highly coupled with the dielectric properties of the surrounding tissue. Based on the
aforementioned, we can argue upon the selections made in study of Ghovanloo and Jow
et. al. [92], who state that an optimum encapsulation thickness was found and employed
for implantation in both muscle and saline. Based on the findings of this study though,
the optimum value of the encapsulation thickness will be different in each implantation
site.

As a result, these findings signal the attention during the PTE optimization process.
More specifically, we can clearly state that the definition of the inductive link constraints
should include a) the dielectric properties of the implantation environment and b) the
total volume of the implant including the substrate and the thickness of the coil traces
in order to determine the maximum available encapsulation thickness that could be uti-
lized to alleviate the impact from the surrounding medium.

5.2.4. INFLUENCE OF SOFT ENCAPSULATION MATERIALS IN FAT AND MUS-
CLE TISSUE

As demonstrated in previous sections, as the soft encapsulation thickness is increased
the parasitic elements from the surrounding tissue are effectively reduced. This reduc-
tion though, besides the dielectric properties of the human tissue, is also a function of
the encapsulation relative permittivity (analogous to Cp.enc) and loss tangent (analogous
to Rp_enc), as can be seen in Figure 5.7a. Thus, we will now investigate the aforemen-
tioned comparing the effect of PDMS and Parylene-C on the electrical behavior of the
coils in fat and muscle tissue.

To start with, since the relative permittivity of PDMS and Parylene-C are almost the

same (i.e. € ppyvs = 3, 6; Parylene-C = 2.95), their SRF is almost equal. The SRF of the
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Figure 5.13: Dependency of the soft encapsulantion materials’ a) relative permittivity on the SRE b) loss tan-
gent on the ReZ and c¢) PTE within fat and muscle tissue. In all plots, the thickness of 5 um is neglected since
in fat this thickness was not simulated and in muscle, the SRF was below the operation frequency.

coils though does not impact their PTE, yet it matters when it approaches the operating
frequency. Concerning the comparable relative permittivity of the polymeric candidates
for the BEm encapsulation (see Table 2.3), we can deduce that their selection as regards
with the €/, is not of primary importance.

The biggest deviation between the investigated polymers though is expected in their
ReZ, since according to the literature review findings, the lost tangent of PDMS is by
one order of magnitude lower (i.e. tand = 0.001) than that of Parylene-C (i.e tandé =
0.013). From Figure 5.13b one could deduce that the difference between them is evident
especially below 200 um. Notably, employing a 15 um thick PDMS results in even 30%
lower ReZ than Parylene-C in muscle tissue, whereas in fat it lies within 12%.

This effect is also depicted in the PTE of the link where employing a 15 um PDMS
results in almost 7.5% more efficient link in muscle and a mere of 3% in fat. At higher
thicknesses than 200 m though, the difference in PTE is in the order of 1-2%. As a result,
one can deduce that the selection between the polymeric materials should be taken into
account only when the coils are placed into a high conductivity environment and if the
total encapsulation thickness is restricted, whereas in fat the optimization of the PTE can
be decoupled from the material selection.

On the contrary, recalling from section 5.2.3 that the Q-factor within muscle was
severely degraded when employing a PDMS encapsulation of 15 um, we can deduce
that the primary concern in the design of a NRIC link is limited to the consideration of
the encapsulation thickness.

5.2.5. INFLUENCE OF MOISTURE ABSORPTION
The moisture ingress in the soft encapsulation is expected to alter its relative permittivity
and loss tangent. In order to investigate the aforementioned, the SRF and ReZ of the
encapsulated coils were compared between their first measurement in PBS (#y.pgs) and
after three days (fsat-ps), assuming their saturation with water vapor that is reported [28]
to occur within the first 20 hours.

The results of this experiment did not quantify any changes in the aforementioned
electrical parameters which were within the measurement uncertainty of 0.29% for SRF
and 9.38% for ReZ. However, this effect could be explained from the fact that the ex-
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pected minor changes (as discussed in chapter 2.3.2) are small compared with the para-
sitics introduced from the surrounding environment. In addition, in a few samples the
measurements were not reproducible since a lower ReZ was obtained that could possibly
caused due to PBS evaporation.

As a result, another experiment was conducted, where the samples were taken out
from the container (fs,t-air), Wiped with a tissue paper and measured after 1 hour in
order to ensure that the excess amount of PBS was not present on their outer surface.
Then, their electrical behavior compared with the initial measurements in air environ-
ment (fy_g4;ir). Figure 5.14a illustrates the findings from the aforementioned experiment
from which one could deduce that their loss tangent was unaltered or cannot be quan-
tified, since the ReZg, of all the samples were measured within the specified error of
9.38%.
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Figure 5.14: Comparison between air vs air sat.

However, the SRF of all the samples decreased above the accuracy range of 0.29% as
illustrated in Figure 5.14b. In addition, it can be noticed that even the least permeable
PC5 and PC15 were influenced more than the PDMS samples. In order to explain this
effect, we investigate the case of Parylene-C, employing the LLL model to estimate the
dielectric properties of the encapsulation assuming their moisture absorption of 0.06%
by mass. Next, using the analytical model we can calculate the SRF of PC5 and PC15
which were decreased by a mere of 0.1%, 0.22% respectively and thus, they did not ap-
proach the measured relative change on their SRF of 1.15% and 0.99% respectively.

As a result, we could deduce that this effect is not related with the moisture absorp-
tion, yet on the presence of PBS on top of the encapsulation. On the contrary we can
also claim that the analytical model does not capture accurately the change of the €. as
regards with the real world measurements. In fact, as observed in Figure 5.5a of Sec-
tion 5.1.3, the parasitic capacitance in measurements was increased from PC5 to PC15
by 4.92% whereas by a mere of 1.04% in calculations.

As aresult, we investigate further this effect in order to reason the smaller deviation of
the sample PD360 in comparison with the thinner PDMS samples (i.e. PD35, PD50 and
PD65). Figure 5.15 illustrates the estimated (using the LLL model) change of the effec-
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Figure 5.15: Dielectric composite modeling and its comparison with the SRF of the coils.

tive relative permittivity €/.__,, as a function of the moisture absorption by mass, within

the given [72] range of 0.01%-1%. Next, employing the analytical, it was found that in
order to result in an SRF change of 0.94%, 0.81% and 0.94% for the samples PD35, PD50
and PD65 respectively, the corresponding moisture absorption by mass is 0.39%, 0.34%
and 0.33%, whereas for the PD360 a mere of 0.1%. As a result, the moisture ingress in
the thicker encapsulation of PDMS was less than the others, resulting in a lower relative
change in its SRE

Concluding, investigating the effect of the moisture ingress within the soft encapsu-
lation materials it was found that a negligible change on the coil SRF and ReZ occurs. As
aresult, we can state that satisfying a particle-free polymer depositon, the non-hermetic
nature of the soft materials does not impact the electrical properties of the coils in their
operation frequency and thus, the PTE.



DISCUSSION

In this chapter, the selections made during the inductive link design will be revised and
the influence of the soft encapsulation upon different design approaches will be given.

6.1. INDUCTIVE LINK DESIGN

Considering the assumptions made in the system level design of the inductive link (see
section 4.2), one can quantify design alternatives that can improve the PTE. As a result,
we will argue on the influence of the soft encapsulation on the load optimization proce-
dure or when an external coil with a high Q-factor is employed.

6.1.1. LOAD OPTIMIZATION

The power demand of the implantable device was set to 10 mW that resulted in a load of
Ry =8.45kQ and a PTE of 65.39% in air environment. However, when the main require-
ment of the NRIC link is to maximize the total PTE based on a set of coupled coils and
their Q-factors, an optimal load can be found as shown by Baker et. al. [14]. Under this
condition and employing the same system level design, an optimum load of 1125 Q for
the uncoated coil in air environment (i.e. UCA) can be calculated in order to maximize
the PTE to 86.57%, as illustrated in Figure 6.1.

Employing the measured Q-factors of the encapsulated coils into PBS, we will argue
on the impact of the soft encapsulation on the R; optimization. Table 6.1 depicts that
indeed, considering the dielectric loading of the surrounding medium and estimating
the influence of the encapsulation thickness, the optimum value of R; is different. No-
tably, the calculated load for the sample PC15 was half than that of UCA. In addition, it
is shown that for all samples the PTE using this method is higher than that of fixed load.
For example, the PC15 resulted in a PTE reduction of 34.70% when its optimum load of
480 Q was utilized in comparison with the other approach which reduced by 50.53%.
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RL optimization
100

R; optimization R; =8.45k Q

Rp (Q) PTE (%) |Apre|(%)  |Apre| (%)

UCA 1125 86.57 - -

PTE (%)

PC5 - - - -
PClI5 480  51.87 34.70 50.53
PD35 583 7252 14.05 34.81
PD50 599  73.64 12.93 33.18
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Figure 6.1: Optimum load variation considering the Table 6.1: Absolute difference of the PTE between the
impact of the soft encapsulation and the losses inside ~ NRIC with optimized load versus the case of constant
the human tissue. load that provides 10mW to the implant (i.e. 8.45k€).

6.1.2. INFLUENCE OF THE EXTERNAL COIL Q-FACTOR

In the inductive link under investigation, we employed an external coil that was co-
axially aligned with the secondary and separated over a 10mm distance. This selection
rendered a high coupling coefficient (k; »=0.151) that maximized the primary-secondary
efficiency 1y to 98.63%. Considering the above and maintaining the same system level
design of Section 4.2, we increase the transmission distance to 30 mm in order to reduce
the n; and decouple the dependency of the PTE solely on the efficiency of the receiver
7n2. This modification in air environment results into a k; 2, 7y and PTE to 0.023, 63.36%
and 44.23% respectively.

In addition, we use the scenario of the worst dielectric loading within PBS and vary
the Q-factor of the external coil from 135 to 250, 500 and 1000 as a way to investigate
the influence of the soft encapsulation in this scenario. Figure 6.2 illustrates the total
PTE over a variable Q-factor of the external coil and Table 6.2 their PTE. As it is clearly

Qrx 136 250 500 1000

PTEyca(%) 44.23 53.10 6031 64.71
PTEpcs(%) - - - -

PTEpcis(%) 327 594 814 11.27
PTEppas(%) 1498 21.82 2572 29.70
PTEpps0(%) 16.36 23.51 27.49 31.49
PTEppss(%) 2031 28.19 3235 36.38

0 50 100 150 200 250 300 350 400 PTEppsso(%) 2623 3523 3975 43.99

Encapsulation thickness [pm]

Figure 6.2: Influence of external coil Q-factor. Table 6.2: PTE in air (i.e. UCA) and PBS under a vari-
able Q-factor of the external coil.
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shown, the total PTE in all scenarios is slightly improved, yet the degradation from the
surrounding environment is still evident and even when an external Q-factor of 1000 is
employed and a 360um thick PDMS, the PTE is still degraded up to ~20%.

Based on the above scenarios on the inductive link design, one can conclude that the
effect of the soft encapsulation and especially its thickness should be carefully consid-
ered during the PTE optimization of an NRIC link.







CONCLUSIONS AND
RECOMMENDATIONS

7.1. CONCLUSIONS

Reviewing the research questions of Chapter 1.4 and starting from the primary endpoint
of this study, the following conclusions can be drawn:

What is the impact of the soft encapsulation on the near-field resonant inductive cou-
pling (NRIC) link efficiency?

This question constitutes the main goal of this work. The results of the comparative
case studies demonstrated it is imperative to include in the link design constraints the
dielectric properties of the surrounding tissue and the total volume of the implant, as a
way to estimate and/or improve the PTE of the inductive link.

In addition, we can draw conclusions based on the bioelectronic medicine require-
ments. This work provides evidence that implantation in superficial soft tissue allows the
realization of thin devices with efficient links, decoupled from the selection among the
BEm polymeric candidates. On the contrary, employing inductive links for deep AIMDs,
necessitates the utilization of thick polymers with a low dielectric loss tangent. As a re-
sult, this study provides a preliminary conclusion that US links, besides the low attenu-
ation of the acoustic waves, could be further promoted for deep implantation since the
quality factors of their ultrasonic transducers are not influenced when a thin encapsula-
tion is utilized.
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What is the influence of the soft encapsulation on the electrical properties of the in-
duction coils?

In this study, we demonstrated that the soft encapsulation alleviates the dielectric
loading from the surrounding tissue as follows:

* The soft encapsulation relative permittivity is lower than that of tissue. As a re-
sult, the effective relative permittivity of the coils drops and their SRF increases,
satisfying their inductive behavior.

* The soft encapsulation conductivity is lower than that of tissue, reducing the ef-
fective conductivity of the coils. As a result, their parallel loss resistance, quality
factor and thus the PTE are improved.

Based on the above, we can conclude that predicting the electrical performance of
the coils under in-vivo conditions, the optimization of the inductive link efficiency could
be made. The latter is coupled with a series of design choices for the PTE improvement,
including the coil geometry or load optimization and the use of an external coil with a
high Q-factor.

What is the influence of the soft encapsulation materials and thickness at different im-
plantation environments?

Regarding the influence of the soft encapsulation materials and their thickness it was
found that they are coupled with the dielectric properties of the implantation environ-
ment. As a result we can draw the following quantitative and qualitative conclusions for
implantation in fat and muscle tissue:

* The influence of the soft encapsulation thickness is different in fat and muscle
tissue and in addition, it is critical when the device miniaturization is a priority.
For example, for thicknesses on top of the coil traces between 15 um and 100 um,
the implantation in fat resulted in a drop from the air environment (AptE.air) from
12.5% to 4% respectively, whereas in muscle from 27.5% to 5.5%.

* The impact soft encapsulation materials is also different in fat and muscle tis-
sue and it is critical when employing thin polymers at high conductivity environ-
ments. From the comparative studies results, it was shown that utilizing PDMS
over Parylene-C and for thicknesses between 15 um and 100 pm, the PTE in mus-
cle tissue is higher by ~7% to ~3.5%, whereas in fat from ~3% to ~2% respectively.

* Based on the above, we can decouple the link design from the material selection
for shallow applications, and in addition we can promote the consideration of the
soft encapsulation thickness as the design constraint that should be carefully ex-
amined.

Concerning the non-hermetic nature of polymers, what is the impact of moisture ab-
sorption on the electrical properties of induction coils?
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From the experiments made, we can conclude that the impact of the moisture ab-
sorption leads to a negligible impact on the electrical properties of the induction coils at
their operation frequency that lies in the MHz range. Satisfying a particle-free polymer
deposition, we can state that the Q-factor of the coils remain unaltered and hence, the
PTE is decoupled from this effect.

7.2. OWN CONTRIBUTION

In this work, the bioelectronic medicine requirements were initially drawn, the electrical
parameters of the induction coils inside the human tissue were extracted, including the
influence of the soft encapsulation thickness and different materials. Based on those,
the efficiency of the NRIC link was evaluated and as a result, we can draw the following
conclusions regarding the novelty of this study:

 Starting from the literature review, an end-to-end comparison regarding the im-
pact of the soft encapsulation on the PTE of ultrasonic and inductive links was
given, which according to the author knowledge is not existing in literature. In this
comparison, different technology aspects were reviewed, including different types
of externally powered receivers, their geometry design and integration feasibility
on flexible substrates. Also, the most important losses in the previous links were
reported, introducing a methodology that decouples them from the investigation
of the soft encapsulation.

* A simulation model in HFSS was developed. Concerning the limited computa-
tional power that was available (i.e. 8 GB RAM) and the small simulated sizes (i.e.
5 um) compared to the wavelength at the operation frequency (i.e 22 m @13.56
MHz), various techniques were applied to reduce the computational demands and
model effectively the geometries of interest (i.e. soft encapsulation). As a result,
this model can be employed to accurately estimate the performance of the device
inside the human tissue, including its system integration and packaging.

e Although a few authors studied the impact of soft encapsulation on the PTE of
inductive links, we made an investigation that exploited its behavior in different
scenarios. More specifically, realistic scenarios that do not exist in literature were
studied, while focusing on the BEm requirement of miniaturization. More specif-
ically, we investigated the a) implantation in fat tissue b) comparison of the PTE
over a variable encapsulation thickness and c) comparison of different encapsula-
tion materials which are candidates for the BEm packaging.

7.3. RECOMMENDATIONS FOR FUTURE WORK

Based on the findings of this work and the developed models, the following recommen-
dations can be given as future research proposals:

¢ In this work, we focused in depth on the the effect of the soft encapsulation in res-
onant inductive links. However, the same methodology can be applied in order to
study its effect on the ultrasonic transducers and their links efficiency, introducing
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a novel comparison between these WPT methods as regards with the BEm pack-
aging. Based on the literature review findings in Chapter 3, it seems that utilizing
thin polymers the operation of US transducers remains unaltered, whereas the dif-
ference between various polymers is expected to be more significant, since their
acoustic radiation impedance significantly differs. Also, it was found that the main
drawback of the bulk ceramic transducers relies on their integration on flexible
substrates which compromise their mechanical vibration. As a result, one could
also investigate various transducer integration schemes or to make a comparative
study between the aforementioned and pMUTs. In addition, it was found that a
FEM software should be employed, since the assumptions made in the analytical
transducers models (e.g. KLM model) can not capture these effects. Based on the
research made, the software "Onscale" is proposed, since it automatically extracts
the dynamics of the transducer in electrical parameters that can be employed to
find its input impedance and thus, to estimate the PTE of US links.

The developed HFSS model could be employed to capture the total losses of the
implantable device, considering both the system integration and packaging. For
example, thin and flexible substrates can be modeled and their misalignment based
on their maximum allowable bending radius can be found. As a result, combining
the aforementioned with the findings of this study the total expected variations
in the PTE can be estimated and its optimization can be realized finding an opti-
mum combination between the technology aspects and the coil geometry design.
For the latter, the Q-factors computed in this study could be employed in order to
optimize their geometry in fat or muscle tissue.

Based on the uncertainty factors of the developed measurement setup and the
samples under test, one can realize a dedicated in-vitro test setup. More specif-
ically, the PDMS thickness can be deposited with methods such as spin-coating
where its total thickness would be known. In addition, the coils can be fabricated
on thin and flexible substrates, whereas dielectric spectroscopy can be applied for
the materials which dielectric properties are uncertain. In addition, interdigitated
capacitors (IDCs) can be employed to study more precisely the effect of moisture
ingress, extracting the variation of the polymer’s dielectric properties. Finally, real-
istic tissue phantoms can be realized and a better mounting solution for the coils
inside them can improve the measurement accuracy as regards with the devel-
oped models. Finally, the external coil can also be included in order to enable the
in-vitro inductive link characterization.



INSPECTING THE MESH OF THE
SIMULATED SOFT ENCAPSULATION

In Section 5.1.3, the simulation of the coil employing a 5 um PDMS resulted in erro-
neous results in the estimation of ImZ. In order to investigate this behavior, the mesh for
encapsulation thicknesses of 5 um, 15 um and 360 um is illustrated in Figures A.1a, A.1b
and A.1c respectively. As already mentioned in Section 4.5.1, the soft encapsulation was
discretized among others to an area between the coil traces (i.e. "spacing") and one that
represents its thickness (i.e. "top_coat_thk").

Figure A.1 illustrates that for the spacing between the conductor traces, the aspect
ratio is relatively small and more than 2 mesh cells were produced in its volume. On the
contrary, it is shown that for the encapsulation thickness of 5 um, only 2 mesh cells were
produced in the "top_coat_thk" which also have a high aspect ratio. According to the
HFSS manual [8] this may lead to the unexpected results, as observed in Section 5.1.3. In
addition, it is shown that at higher thicknesses the aspect ratio was significantly smaller
with more mesh cells. For example, when the thickness was 360 um, the number of the
mesh cells produced on the encapsulation thickness were more than 6. As a result, the
meshing of the air on top of the encapsulation was also captured more accurately.

7
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(b)

(c)

Figure A.1: Mesh size for PDMS encapsulation of a) 5 um, b) 15 pm and c) 360 um thick. From the top to
the bottom are depicted the following: substrate in green, coil traces in yellow, encapsulation spacing and
encapsulation thickness (i.e. "top_coat_thk") in gray, whereas the light green color on top of the encapsulation
thickness represents the surrounding air.



EXPERIMENTAL MEASUREMENTS IN
PBS

In the following tables and figures, the detailed results of the different case studies of Chap-
ter 5 are presented.
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Figure B.1: Q-factors over frequency in air and PBS for the coils under test a) PC5, b) PC15, c¢) PD35, d) PD50,
e) PD65, f) PD360.
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Sample ID UcA PD35 PD50 PD65 PD360

Environment  Air without encapsulation Air with encapsulation PBS Air with encapsulation ~ PBS Air with encapsulation PBS Air with encapsulation PBS
Method Mea. Sim. Cal. Mea. Sim. Cal. Mea.  Sim. Mea. Sim. Cal. Mea.  Sim. Mea. Sim. Cal. Mea.  Sim. Mea. Sim. Cal. Mea.  Sim.
L (um) 1.44 1.39 131 1.44 1.39 1.31 1.45 1.36 1.46 1.399 1.31 1.45 1.46 1.39 1.31 1.44 1.46 1.4 1.45 1.37
ReZ (Q) 1 0.89 0.83 1.06 0.97 0.87 5.99 4.63 1.06 0.94 0.87 5.28 3.59 1.03 0.95 0.87 3.90 1.02 0.90 0.87 2.81 2.52
Rp (MQ) - - - - - 1.25 - - - - 1.49 - - - - 1.61 - - - - 5.13 - -
Rloss (kQ) 15.68 16.79 16.35 16.04 15.49 15.71 4.09 5.93 15.57 15.98 15.74 4.35 6.38 16.02 15.69 15.75 5.16 6.62 16.28 16.70 15.86 6.60 6.54
Cp (pF) 25 2.81 291 2.99 3.25 3.92 14.05  29.56 3.09 3.14 3.98 12.38  22.36 3.24 3.15 4.01 8.95 18.52 3.65 3.24 4.58 6.38 7.37
Ct2 (pf) 92.88 96.10 101.86 91.67 95.23 100.86 80.60 71.48 91.08 95.34 100.79 82.34 78.17 91.05 95.62 100.74 86.34 81.84 90.52 95.01 100.20 88.22 92.75
SRF (MHz) 83.73 80.35 81.28 76.07 74.56 70.07 35.19 25.07 74.76 75.87 69.52 37.50 28.75 73.08 75.94 69.25 44.2 31.56 68.84 74.60 64.85 52.2 49.99
Q 123.66 136.89 136.02 118.23 125.31 133.02 25.14 34.76 120.15 129.39 133.20 27.68 41.11 123.54 127.36 133.26 35.37 44.76 124.86 134.70 133.39 47.45 49.88
k 0.151 0.159 0.169 0.15 0.158 0.169 1.499 0.163 0.149 0.158 0.169 0.150 1.62 0.149 0.159 0.169 1.509 1.61 0.149 0.158 0.169 1.49 1.61
PTE 63.95 65.59 64.27 63.20 63.79 63.98 29.14 39.26 63.70 64.50 64.03 30.77 41.24 64.34 64.08 64.04 3525 42.24 64.70 65.47 64.19 41.75 41.93

Table B.2: Measurement, simulation and calculation results for the ucnoated sample UCA and the PDMS PD35, PD50, PD65 and PD360.
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