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Abstract

Ultrasound imaging plays an important role in the diagnosis of cardiovascular
diseases. A trans-esophageal echocardiography (TEE) probe uses ultrasound waves to
image the heart in real time in three dimensions (3D) from inside the esophagus of the

patient.

The current design of the TEE scan head in this study requires manual assembly of
several prefabricated parts to provide key functions; heat spreading, electromagnetic
interference (EMI) shielding, electrical isolation, and biocompatibility. The aim of this
study was to develop new encapsulation concepts (based on materials, designs, or
processing methods) to reduce the number of parts. This could be achieved by a two-
layer encapsulation (e.g. metallized encapsulation, or encapsulation with two polymer
composites). Among the requirements for this device, thermal management is
important for the safety, performance, lifetime, and reliability. Therefore, this project

focused on the thermal performance of new encapsulation concepts.

The maximum surface temperature of the scan head (in contact with patient) must
be below 43 °C to avoid thermal damage to human tissue. A two-layer encapsulation
based on a metallized polymer structure was suggested for simplifying the assembly,
while accommodating the key functions listed above. Experimental results showed that
such an encapsulation could provide adequate heat transfer at low power levels.
Thermal simulations were in good agreement with the experiments, when two different
thermal contact conductance coefficients were used for the boundary condition in the
finite element model, one for the heat source surface and one for the remainder of the
scan head surface (the polymer encapsulation). The verified simulation model was used
to identify alternative materials for the outer layer of the encapsulation, to improve the
heat transfer at higher power levels. The preferred outer material is biocompatible and

electrically insulating, and has high thermal conductivity.

Thermally conductive polymer composites were therefore selected as the second

main research topic. Composites with hBN particles (thermally conductive and

<
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electrically insulating) were studied. Composite specimens were fabricated by injection
moulding, casting and 3D printing (powder bed fusion). The maximum practical hBN
loading was 65 wt% for injection moulding with TPU as matrix, 55 wt% for casting with
epoxy and 40 wt% for powder bed fusion with TPU. The injection moulded composite
with 65 wt% hBN obtained the highest thermal conductivity in this study (2.1 W/mK),
which was nearly 10 times higher than that of pure TPU. For a given hBN loading, casting
resulted in a higher thermal conductivity than the other two methods. Injection
moulding induced a preferred orientation of the platelets, with the platelet normal
along the thickness direction of the specimens. The orientation varied through the
thickness of the moulded specimens, and it increased with increasing hBN loading.
Casting resulted in a low preferred orientation, and powder bed fusion resulted in an
almost random orientation. The platelet orientation in injection moulded specimens
(characterized by X-ray diffraction) agreed qualitatively with numerical simulations of
the injection moulding process. The measured thermal conductivities were compared
with four models (the effective medium approximation (EMA) model, the Orddiiez-
Miranda model, the Sun model, and the Lewis-Nielsen model) to understand how the
conductivity was affected by filler loading and orientation. Selecting the filler loading in
the composite is a compromise; increasing the loading increases the thermal

conductivity, but reduces the mechanical ductility and increases the melt viscosity.

The heat transfer simulations also demonstrated the applicability of hBN/polymer
composites in the two-layer encapsulation of the TEE scan head. These composites could
be used in a metallized encapsulation, or in an encapsulation consisting of two layers
(an outer layer of hBN/polymer and an inner layer of a thermally and electrically

conductive polymer composite).

Keywords: ultrasound imaging medical device, trans-esophageal echocardiography,
thermal safety, thermal management, heat transfer simulations, metallized
encapsulation, electroplating, thermally conductive polymer composites, thermal
conductivity, hexagonal boron nitride, thermoplastic polyurethane, epoxy, injection

moulding, casting, powder bed fusion, filler orientation.
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Chapter 1.  Introduction

1.1 Background and motivations

1.1.1 Medical ultrasound probe and its encapsulation

Ultrasound imaging plays an important role in the diagnosis of cardiovascular
diseases. A trans-esophageal echocardiography (TEE) probe uses ultrasound waves to
image the heart in real time in three dimensions (3D) from inside the esophagus of
patient, see Figure 1.1a. TEE is an essential diagnostic modality for patients with poor
trans-thoracic echocardiographic windows (i.e. when using ultrasound to image the
heart from outside the patient’s body is difficult) or in case detailed imaging of
structures distant from the chest wall is necessary. During the TEE test, an ultrasound
transducer mounted at the tip of a gastroscopic tube passes through the patient’s
mouth into the patient’s esophagus for cardiac imaging. The proximity of the esophagus
to the heart provides a good acoustic window for ultrasound imaging, and hence

provides high quality images of the heart [1].

@ GE Healthcare

TEE ultrasound probe

TEE scan head

(a) (b)

Figure 1.1: (a) Transesophageal echocardiography (TEE) for cardiac imaging from inside the
human esophagus [2]; (b) A TEE ultrasound probe (from GE healthcare) for 3D heart imaging.

The TEE scan head, i.e. the tip of the TEE probe, shown in the inset is the focus of this study.

[EEN
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This project focuses on the scan head of the TEE probe (i.e. the tip of the TEE probe),
referred to as ‘TEE scan head’ or just ‘scan head’. The TEE scan head (as in Figure 1.1b)
contains the ultrasound transducer and beamforming electronics. Its current
encapsulation requires manual assembly of a substantial number of prefabricated parts,
as illustrated in Figure 1.2. These parts provide the TEE scan head with different
functions, such as thermal management, electromagnetic interference (EMI) shielding,

electrical isolation, biocompatibility, etc.

Scan head lid

Ultrasound transducer

Heat spreader
& EMI housing

Scan head shell

Cable

Figure 1.2: Schematic overview of the encapsulation of a simplified TEE scan head. “Heat

spreader and EMI housing” parts spread the heat from the ultrasound transducer and give EMI

|II

shielding for the scan head. “Scan head lid” and “scan head shell” define the outer shape of the

probe head and are in close contact with biological tissues [3].

A particular challenge in the assembly of the TEE scan head is the processing
temperature. The ultrasound transducer inside the TEE scan head includes a poled
piezoelectric material, which loses the polarization above its Curie temperature.
Therefore, manufacturing of the TEE probes should not expose the transducer to
temperatures higher than its depolarization temperature (in the range of 80 — 100 °C).
Adhesive bonding has been the primary method employed in the assembly steps of the
TEE scan head. Since the functional parts of the TEE scan head are relatively small in size,
with varying shape, careful alignment and manual application of a small amount of
adhesives on their surfaces are challenging and time-consuming. It is therefore desirable

to simplify the encapsulation design and the assembly of the TEE scan head to reach a

N
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more efficient manufacturing, while maintaining high image quality and healthcare

safety, e.g. protection from heat and electricity, biocompatibility and ease of cleaning.

1.1.2 New encapsulation concepts for medical ultrasound probes

New encapsulations for simplifying the TEE scan head assembly:

The PhD work aimed at developing a simpler encapsulation design and
manufacturing process to reduce the assembly complexity of the TEE scan head, without
sacrificing the multi-functional performance (i.e. protection from heat, electricity, EMI
and biocompatibility). The process temperature should be controlled to avoid the
complicated re-polarization step for the TEE ultrasound transducer. The simplification
of the probe assembly can be achieved by: (1) selecting materials and corresponding
packaging techniques suitable for automated processes (which might be obtained by a
single-layer encapsulation, see Figure 1.3a), or (2) reducing the number of process steps
by reducing the number of prefabricated parts (which might be obtained by a two-layer

encapsulation, see Figure 1.3b).

Ultrasound transducer

Ultrasound transducer

Inner layer
&

Two-layer encapsulation
AS
Outer layer

Single-layer encapsulation

(a) (b)

Figure 1.3: Cross-section schematics of the simplified TEE scan head (not drawn to scale),

with (a) single-layer encapsulation, or (b) two-layer encapsulation.

Two-layer encapsulation (as illustrated in Figure 1.3b) is a promising solution for
simplifying the assembly of the TEE scan head. It could result in the reduction in the
number of prefabricated parts. Separate parts in the current encapsulation of the TEE

scan head (i.e. heat spreader and EMI housing parts, scan head lid and scan head shell,

w
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as in Figure 1.2) can be incorporated into two encapsulation parts with the two-layer
structure. Prefabricated encapsulation parts still exist in the two-layer encapsulation,
but their number decreases, leading to the decrease in the number of process steps.
The reduction in the number of prefabricated parts, from four parts in the current scan
head to two parts with the two-layer encapsulation concept, can therefore simplify the

probe assembly.

Encapsulation of TEE scan heads and other interventional medical devices (such as
pacemakers, cochlear implants, implantable neuromuscular micro-stimulators, artificial
retina implants) is often made of at least two materials [4] to fulfil several functional
requirements; not only thermal safety, but also EMI shielding, electrical isolation, and
biocompatibility. To the best of our knowledge, there is no single material (e.g.
polymers, ceramics, metals, or their composites) for a single-layer encapsulation which
can satisfy all the requirements of the TEE scan head, especially the contradictory
requirements of electrical isolation and EMI shielding. Hence, a single-layer
encapsulation approach was notincluded in this PhD work. In general, the encapsulation
of a medical device usually composes of an electrically conductive material (e.g. metallic
based material) which provides EMI shielding [5] and heat transfer ability [6], due to
high electrical and thermal conductivity. The second material is commonly an electrically
insulating material which is responsible for electrical isolation and biocompatibility,
and/or heat spreading, e.g. a polymeric or ceramic based material, or composites of

these two materials.

A two-layer encapsulation could be based on: (1) a metal part with a polymer or
ceramic coating on the outside, or (2) a polymer-based part metallized on the inside, or
(3) two layers consisting of different polymer-based composites. In this thesis, the term
"composite" is used for a material with a polymer matrix containing functional

fillers/particles.

- Inthefirst case, a thin film of a biocompatible polymer or ceramic covers the outside
of a metal part. A metal part provides good heat spreading, EMI shielding and

mechanical integrity for the encapsulation. However, an encapsulation with metal

4
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as the main material may be heavier than what is needed for the function. In
addition, applying a uniform and smooth coating of a biocompatible polymer (e.g.
parylene coating) or ceramic (e.g. Al,03) on a metal part often requires complicated

fabrication processes, e.g. chemical vapor deposition, atomic layer deposition [7].

In the second case, the encapsulation consists of a metal layer deposited on the
inner surface of the prefabricated part made of polymer or polymer composite. This
encapsulation concept utilizes the advantages of polymeric materials, such as low
density, easy and flexible processing, and low cost [8]. Additionally, a metallized
encapsulation can be fabricated by combining well-established industrial methods,
such as e.g. injection moulding for the polymer-based part, and metallization by
vacuum metallization, electroless plating, electroplating, or even spray painting [9],
[10]. A thin metal film (in the micro- or nanometer range) can provide enough EMI
shielding for a TEE scan head and other non-radiation emitting medical devices [5],
[11], [12]. For example, the metallized encapsulation with 10 — 100 um Cu can
provide EMI shielding effectiveness (EMISE) higher than 100 dB in the frequency
range of (0.03 — 3) GHz, which is a common frequency range for testing EMISE of
medical devices used in professional healthcare facility environment [11]. These
values are above the shielding requirements for devices in the classification which
applies to TEE scan heads (group 1, class B in the electromagnetic compatibility
standards for medical electrical equipment, IEC 60601-1-2 [11] and CISPR 11 [12]).
For example, the peak limit for radiated disturbance of these devices, at a
measurement distance of 3 m, in the frequency range (1 — 3) GHz is 70 dB [12].
However, for a metallized encapsulation, the trade-off between metal and polymer
or polymer composite thickness needs to be considered, so that the encapsulation

can provide sufficient heat spreading, to avoid hot spots on the device surface.

In the third case, two composite layers are responsible for thermal management of
the encapsulation. The inner layer of the encapsulation can be made of an
electrically conductive polymer-based composite. The composite needs to contain

electrically conductive fillers (e.g. metals, carbon-based fillers), to provide the

(9]
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encapsulation with EMI shielding and good heat spreading. Meanwhile, the outer
layer is made of thermally conductive polymer-based composite, responsible for
electrical isolation, biocompatibility, and thermal management. The polymer
composite of the outer layer should contain thermally conductive but electrically
insulating fillers, (such as ceramic fillers, either metal oxides, e.g. alumina (Al>O3),
quartz (crystalline SiO;), or non-oxides, e.g. aluminium nitride (AIN), boron nitride
(BN), silicon nitride (SizNa), silicon carbide (SiC), etc.). Selecting filler(s) for the two
polymer-based composites is important, since the filler types and filler loadings
determine the properties (e.g. thermal conductivity, electrical isolation, EMI
shielding, etc.) and processability of materials. The two-polymer composite
encapsulation parts can be fabricated by common processing methods for polymer-
based materials, e.g. two component injection moulding. Thermal transfer and EMI
shielding effectiveness measurements of this encapsulation should be conducted at
material and product levels, to select the appropriate polymer composites and

thickness of each layer suitable for the device to operate properly.

Thermal management of the TEE scan head with metallized encapsulation is
presented in Chapter 2 and summarized in Chapter 4 (Article 1 [13], Article 2 [14],
Article 4 [3]). The applicability of polymer composites in two-layer encapsulation of

the TEE scan head has been evaluated by simulations in Article 3 [15].

1.1.3 Thermal management for medical ultrasound probes

Thermal management of a TEE scan head is crucial for patient safety, as heat is
generated by the transducer and the electronics in the scan head during imaging.
Therefore, the heat distribution on the surface of the scan head needs to be properly
managed to prevent hot spots. According to the standard for the safety and
performance of ultrasonic medical diagnostic equipment, IEC 60601-2-37, temperature
of medical devices in contact with the patient for 10 minutes or longer must not be
higher than 43 °C, to prevent thermal damage to biological tissue [16]. In addition,
proper thermal control is vital for the performance, lifetime and reliability of medical

devices [4], [9].

6
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Thermal management of medical devices can be based on active solutions (requiring
power, e.g. fans for forced convection, pumps for liquid cooling, refrigeration) or passive
solutions (e.g. heat sinks, heat spreaders, heat pipes, vapor chambers, phase change
materials) [4], [9], [17]. As technological advancements enable medical devices to
become more compact, implementing solutions such as heat pipes, vapor chambers,
fans, etc. for cooling the device will become more challenging due to space constraints.
Instead, the encapsulation of the device can act as an effective heat spreader to
dissipate heat generated inside the device. This solution has been applied in the
encapsulation of the current TEE scan head. Materials of such encapsulation should

hence possess high thermal conductivity to ensure effective heat transfer for the device.

The development of new polymer-based composite materials with enhanced
thermal conductivity has been driven by the miniaturization, integration, and
functionalization of electronics. Polymer composites have advantages of low density,
low cost, and processing flexibility via established methods, such as injection moulding,
transfer moulding, compression moulding, casting, 3D printing, etc. The polymer matrix
in a composite can be a thermoset (e.g. epoxy, silicone) or a thermoplastic, including
elastomers of either type. Most polymers possess low thermal conductivity, typically in
the range 0.1 — 0.5 W/m-K [8]. The most commonly used technique to increase the
thermal conductivity of a polymer material is to add thermally conductive fillers like
metal powders, ceramic powders and carbon-based materials [8]. Some fillers
improving thermal conductivity will not contribute to EMI shielding, such as ceramic
powder; either metal oxides, e.g. alumina (Al>0O3), quartz (crystalline SiO3); or non-
oxides, e.g. aluminium nitride (AIN), boron nitride (BN), silicon nitride (SizNa), silicon
carbide (SiC), etc. However, fillers such as metal powders (e.g. Cu, Ag, Al, etc.) and
carbon-based materials (e.g. carbon black, carbon fibers, carbon nanotubes, graphite,

graphene, etc.) will give both electrical conductivity and EMI shielding.

A study of thermally conductive and electrically insulating polymer-based composites

(for the TEE scan head encapsulation) is presented in Chapter 3 and Article 5 [18].

~
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1.1.4 Electromagnetic interference shielding for medical ultrasound

probes

Undesirable electromagnetic (EM) radiation emitted from electronics under
operation can interfere with the signals and cause malfunctions in electronic systems.
Emitted EM waves may endanger people’s health as well [19]. EMI shielding hence plays
an important role in electronics packaging to ensure the proper operation of electronics
devices and healthcare safety for humans. The shielding prevents the propagation of
both ingress and egress of EM waves and minimizes the unwanted signals passing
through a system either by reflection of the wave or by absorption and dissipation of
the radiation power inside the materials [5], [20]. The use of metallic sheets is a common
method for EMI shielding; and this is the solution utilized in the TEE scan head so far.
However, its drawback is poor mechanical flexibility, heavy weight, tendency for

corrosion, and limited possibility to tune the shielding effect.

In latter years, research focus in the field of EMI shielding materials has been
intensely directed towards the development of polymer-based materials to take
advantage of their variable EMI shielding effectiveness. Different strategies have been
proposed to achieve EMI shielding with polymer-based composites. Polymer composites
containing conductive fillers (e.g. nano metals, carbon-based materials as CNTs,
MWCNTs, graphene [20]-[22]; intrinsically conductive polymer [20], [22]; transition
metal carbides/carbonitrides (MXenes) [23], [24], etc.) are suitable for EMI shielding due
to their capabilities of reflecting incoming waves. Composites formed by loading
polymer with fillers having high dielectric constant and/or high magnetic permeability
(e.g. metal oxides, ferromagnetic metals and their alloys) can result in effective EMI
absorption [20], [25], [26]. Multilayer or porous polymer composites with large surface
area and interfacial area are suitable for shielding by multiple reflections [5], [20], [25].
Combining different fillers in the same polymer matrix can enhance the shielding
efficiency of the multifunctional composites thanks to synergistic effects [20], [25], [26].

Metallization of plastic surfaces is another common approach for shielding EMI. Metals

(0]
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can be deposited with different coating techniques, such as vacuum metallization,

sputtering, electroplating, and electroless plating, or spray painting [20].

One of the initial targets of this project was to develop a new multi-functional
polymer composite for the single-layer encapsulation (suitable for automated packaging
process) for simplifying the assembly of the TEE scan head, as well as satisfying all the
safety demands (i.e. thermal protection, EMI shielding, electrical isolation and
biocompatibility). However, the research target had to be adjusted due to the challenges
in selecting one material for the contradictory requirements of EMI shielding and
electrical isolation, and the lack of test equipment for evaluating the EMI shielding of

materials (at material level).

Instead, an EMI shielding polymer-based composite could be used in the inner layer
of the TEE scan head’s two-layer encapsulation. Both composites in this encapsulation
contribute to the heat transfer. The outer layer should be thermally conductive, but
electrically insulating and biocompatible. The EMI shielding inner layer should be

thermally and electrically conductive.

A study of the encapsulation consisting of two polymer composite layers for the TEE

scan head is presented in Article 3 [15].

1.1.5 Fabrication methods for polymer-based materials

Moulding is a widely utilized packaging technique in the industry today. There are
several processes employed for moulding of small parts (as the TEE scan head
encapsulation) using polymer-based materials, including injection moulding of
thermoplastics, transfer moulding or compression moulding of thermosets [9]. Injection
moulding is a well-established method for mass production of polymer-based products.
Transfer moulding and compression moulding with thermosets (e.g. epoxy, silicone,
etc.) can be conducted at processing temperature lower than the injection moulding
temperature. The curing (solidification) of the liquid resin into a solid thermoset (hard
or elastomeric) is a chemical reaction (cross-linking); so, the process temperature can

be adjusted based on the chemistry of the material. UV-induced curing can be used to
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avoid high process temperature, and it may be combined with thermal post-cure. In case
that the low processing temperature is required (as in the TEE scan head assembly), the

moulding with thermoset is an alternative.

Casting with thermoset-based polymer composites is another processing option for
the two-layer composite encapsulation. In a casting process, composites are produced
by mixing fillers into resins (such as epoxy, silicone, etc.), followed by pouring or injecting

the (filler/polymer) mixture into a mould for curing.

Three-dimensional (3D) printing, also called additive manufacturing (AM), has
emerged as a versatile technology platform for product design, rapid prototyping, and
manufacturing. This technology enables direct 3D fabrication without the need for
moulds or machining, and allows for the production of 3D structures with complex shape
across a diverse range of applications, such as aerospace, automotive, energy,
medical/dental, architecture and consumer products [27], [28]. 3D printing is a process
of building objects layer by layer from a 3D computer-aided design (CAD) model.
Customized parts from metals, ceramics, and polymers can be produced by 3D printing.
However, polymers are by far the most utilized class of AM materials. The range of
polymers compatible for 3D printing encompasses thermoplastics and thermosets
including elastomers and composites based on these. 3D printing technologies are
classified into different process categories as defined in a common ISO/ASTM standard
52900 [29]. The categories for polymer-based materials include vat
photopolymerization, powder bed fusion, material extrusion, material jetting, binder

jetting and sheet lamination [27].

In this PhD project, different processing techniques of polymer-based materials were
used to prepare samples for testing. Metallized polymer encapsulation was made by
material jetting (an AM process also referred to as PolyJet 3D printing) followed by
electroplating. Thermally conductive polymer composites were fabricated by injection

moulding, casting and powder bed fusion (an AM process).

10
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1.2 Objectives and thesis outline

1.2.1 Objectives

The PhD project was an integrated part of a collaborative research between
Department of Microsystems (IMS), University of South-Eastern Norway (USN) and GE
Vingmed Ultrasound, a manufacturer of real-time 3D TEE ultrasound probes in Horten,
Norway. The project aimed at developing packaging concepts (based on materials,
design, and processing methods) for simplifying the assembly of the scan head of the
TEE ultrasound probe, while satisfying the multi-functional demands for the device to

operate safely inside the patient’s body.

Simplification of a TEE scan head assembly could be achieved by a new encapsulation
design with fewer prefabricated parts, so that the number of assembly steps could be
reduced. Two-layer encapsulation (based on e.g. metallized polymer encapsulation, or
encapsulation with two polymer composites) is a potential encapsulation alternative for

a more efficient assembly of the TEE scan head.

Among different functions required for the TEE scan head, thermal management is
vital to the performance, lifetime, and reliability of the device, and especially the patient
safety (e.g. maximum surface temperature of the device not higher than 43 °C to avoid
thermal damage to human tissues). Therefore, this project focused on studying new
encapsulation concepts and materials for the thermal management of the TEE scan
head. The two main research topics presented in this thesis include: (1) thermal
management of the TEE scan head with two-layer encapsulation, especially metallized
polymer encapsulation, and (2) thermally conductive polymer composites. These topics

have been studied in detail through experiments, theories, and simulations.

1.2.2 Thesis outline

This thesis consists of five chapters and attachments (the five published articles).
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Chapter 1 introduces the TEE ultrasound probe (a medical ultrasound imaging
device) and the requirements for the encapsulation (thermal management and EMI
shielding), and the new encapsulation concepts suggested for a more efficient
assembly of the TEE scan head. This chapter also presents the research goals and the

thesis outline.

Chapter 2 presents heat transfer studies of several encapsulation concepts for the
TEE scan head, with the focus on a metallized polymer encapsulation (a promising
and easily implemented option). Thermal performance of the TEE scan head with
the metallized encapsulation was studied by both experiments and simulations. This

chapter is also the summary of Articles 1, 2 and 4.

Chapter 3 summarizes the experimental study of hBN/polymer composites. It also
presents the experimental study and simulations of filler orientation in the polymer
composites, and the comparison of the experimental thermal conductivity with
theoretical models. In addition, this chapter emphasizes the aspect not detailed in

article 5 (related to the surface treatment of hBN fillers).

The major achievements and contributions of the candidate are summarized and

highlighted in Chapter 4.

An outlook and future work are summarized in Chapter 5.

The research results of this PhD project were published in five papers; three papers

(Articles 1, 2, 4) focused on the thermal management of a TEE scan head with two-layer

encapsulation; and the remaining two papers (Articles 3, 5) focused on studying

thermally conductive polymer composites and their relevant processing methods.
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Chapter 2.  Heat transfer of an ultrasound scan head

with two-layer encapsulation

This chapter is adapted from the published Article 1 [13], Article 2 [14] and Article 4 [3].

2.1 Experimental study of a metallized polymer encapsulation

For the TEE scan head, thermal management is important for maintaining the
optimal performance, reliability, and lifetime of the devices, and especially the patients’
safety. In Article 1 (the preliminary study of new encapsulations for the TEE scan head)
[13], thermal performances of several new encapsulation concepts for the TEE scan
head were evaluated by heat transfer simulations. Single-layer encapsulation and two-
layer encapsulation (e.g. polymer-coated metal encapsulation, metallized polymer
encapsulation) were analysed. In addition to the main constraint for the maximum
surface temperature (not exceeding 43 °C to avoid thermal damage to biological
tissues), the new encapsulation is required to fulfil the demands of EMI shielding,
electrical isolation, and biocompatibility, as well as to simplify the assembly of the TEE
scan head. The study [13] indicated that a metallized polymer encapsulation is a
potential encapsulation concept for the TEE scan head. More details about the study

[13] are summarized in Article 1 in Chapter 4.

Thermal management of the TEE scan head with metallized polymer encapsulation
was assessed by both experimental work and numerical simulations, and presented in
Articles 2, 4. The metallized polymer encapsulation parts were fabricated by 3D printing
followed by Cu electroplating. The surface temperature of the test sample with
metallized polymer encapsulation was measured in a tissue mimicking thermal
phantom, which was stabilized at around 37 °C (human body temperature). The effect
of metal layer thickness (0, 10, 80, 150 um of Cu) for a 0.9 mm thick polymer
encapsulation part, for different heat source power levels (0.5 — 2.0 W), was studied by
experiments and simulations. The results give insight on the heat transfer of the device

and provide a basis for establishing design rules and selecting material alternatives for
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the outer layer of the metallized encapsulation, to further improve the thermal

performance of such medical devices.

The next sections in Chapter 2 describe the material selection, the fabrication of the
metallized polymer encapsulation (including 3D printing of polymer parts followed by
Cu electroplating), the preparation of test samples (representing the simplified TEE scan
head), and the temperature measurements in a tissue-mimicking phantom. All the

experimental work is described in detail in the Experiments section in Article 4 [3].

2.1.1 Materials and sample preparation

A test sample, representing a simplified TEE scan head, included a heat source, a
heat sink and a metallized polymer encapsulation, as in Figure 2.1. The heat source
represented electronic components generating heat within the scan head, such as the
ultrasound transducer and electronics. The geometry of the heat sink was similar to that
in a commercial device. The metallized polymer encapsulation consisted of a thin metal

layer deposited on the inner surface of the prefabricated polymer parts.

(a) (b) (c)

Figure 2.1: (a) Cu electroplated polymer part; (b) Heat source (resistive heating element)

bonded to an Al heat sink; (c) Test sample after assembly.

The encapsulation was fabricated by polymer 3D printing followed by electroplating.
Two mating parts (one part corresponding to Figure 2.1a) were 3D printed. A UV-cured
polymer material was used with the 3D printer Stratasys Objet30 Prime, which is based
on Polylet 3D printing technology [30], belonging to the material jetting process
category of additive manufacturing [29]. The biocompatible polymer material MED610

(from Stratasys) was selected, because this polymer has the thermal properties similar
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to polymer encapsulation materials commonly used for interventional medical devices
(e.g. PEl and PEEK), and it also provides electrical isolation and compatibility with
biological tissue. A metal layer with desired thickness (10, 80, 150 um) was deposited
on the inner surfaces of the polymer parts (0.9 mm thick) by means of sputtering
followed by electroplating. Copper (Cu) was chosen as the electroplating material due
to its high thermal conductivity (400 Wm™K?) [6], its effectiveness in EMI shielding [5],
and its low cost. Furthermore, Cu electroplating is a common industrial process [10].

Figure 2.1a shows one encapsulation part after Cu electroplating.

The electroplated parts were subsequently assembled around a heat source and an
aluminium (Al) heat sink by adhesives to make the test sample, as illustrated in Figure
2.1. The hole for the electrical wires at the tail of the sample, and the seams between
two mating electroplated parts, were sealed with a medical silicone. The remaining
volume inside the sample (containing electronic components and cables in a typical scan
head) was empty (air) for simplifying the simulations later and representing a worst-case

scenario with regards to heat transfer.

2.1.2 Temperature measurement in tissue-mimicking thermal phantom

The surface temperature of the test samples with attached thermocouples (as in
Figure 2.2) was measured for 80 minutes (about twice the duration of a common TEE
exam [16], [31]), when placed in a tissue-mimicking thermal phantom (National Physical
Laboratory, England), stabilized at around 37 °C (see Figure 2.3). Test samples with 0,
10, 80 and 150 um thick Cu layers were tested. The effect of the heat source power was

also considered.

10 mm

Figure 2.2: Thermocouples (T3, T, Ts) on the surface of the test sample.
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Figure 2.3: A test sample in a tissue-mimicking thermal phantom in a climate chamber.

Type T thermocouples were positioned at three different locations on the test sample
(as in Figure 2.2), to determine the maximum surface temperature during the test.
Thermocouple T1 was placed on the surface of the exposed heat source; thermocouple
T, was placed on the vertical surface, near the heat source; thermocouple T3 was placed
on the other vertical surface, a bit further away from the heat source. The temperature
of the thermal phantom was also measured with a thermocouple (T in Figure 2.3a). The
thermocouple T, was inserted into the thermal phantom ca. 46 mm away from
thermocouple T1, and at nearly the same depth as T1 (ca. 50 mm from the top surface
of the phantom). The thermocouples were logged (TCO8 and PicolLog 6, PicoTech) every
10 s for 80 minutes. The heat source was connected to a power supply (R&S NGE100,
Rohde & Schwartz), and four different power levels (0.5, 1.0, 1.5, 2.0 W) were applied

in the measurements.

Figure 2.4 shows an example of the results of the temperature measurement in the
tissue-mimicking thermal phantom. The maximum surface temperature of the test
sample (T1) appears on the surface of the heat source (not encapsulated). Thermocouple
T, shows a higher temperature than thermocouple T3, due to T, being closer to the heat

source of the test sample.
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AT is defined as the difference between the maximum scan head surface temperature
(T1) and the temperature of thermal phantom (T;), at steady state. Results showed that
the steady state AT (obtained by both experiments and simulations) increases linearly
with increasing power. In addition, AT decreases with increasing Cu thickness (better
heat spreading), following an exponential function. The experimental results also show
which combinations of Cu layer thickness and power that satisfy the temperature
criterion (T1 < 43 °C, i.e. AT < 6 °C). For a power level of 0.5 W, a Cu layer thickness
around 100 pm (on a 0.9 mm thick polymer encapsulation) is a good trade-off between
thermal performance and cost/time for the metallization process. More details can be

found in Article 4 [3].

43 - T I '
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Figure 2.4: Measured temperatures for a test sample with polymer thickness 0.9 mm, Cu

thickness 150 um, and heat source power 0.5 W.

2.2 Heat transfer simulations for a scan head with two-layer

encapsulation

This section summarizes the heat transfer simulations for the TEE scan head with
two-layer encapsulation (e.g. metallized encapsulation, two-polymer 