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ABSTRACT
Reconfigurable Electronics Platform: Concept, Mechanics, Materials and
Process
Asrar Damdam

Electronic platforms that are able to re-shape and assume different geometries are attractive for
the advancing biomedical technologies, where the re-shaping feature increases the adaptability
and compliance of the electronic platform to the human body. In this thesis, we present a
serpentine-honeycomb reconfigurable electronic platform that has the ability to reconfigure
into five different geometries: quatrefoil, ellipse, diamond, star and one irregular geometry. We
show the fabrication processes of the serpentine-honeycomb reconfigurable platform in a
micro-scale, using amorphous silicon, and in a macro-scale using polydimethylsiloxane
(PDMS). The chosen materials are biocompatible, where the silicon was selected due to its
superior electrical properties while the PDMS was selected due to its unique mechanical
properties. We study the tensile strain for both fabricated-versions of the design and we
demonstrate their reconfiguring capabilities. The resulting reconfiguring capabilities of the
serpentine-honeycomb reconfigurable platform broaden the innovation opportunity for
wearable electronics, implantable electronics and soft robotics.
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1

Chapter.1: Introduction

1.1 Review on the Reconfigurable platforms
Along with the advancement in the biomedical technologies, functional devices with certain
electrical, mechanical and biomedical functionalities are demanded for many application,
such as in soft robotics, wearable electronics, implantable electronics and tissue engineering
[1]. Reconfigurable electronics plays an important role in the distributed sensory networks
that are crucial for in-vivo and in-vitro biomedical devices, where body compliant electronic
platforms will facilitate the innovation of new essential biomedical technologies that can be
used for health monitoring, diagnosis and healing [2]. Electronics platforms for biomedical
devices needs to be compliant to the human body, meaning that the adaptability to the body
curvatures and the ability to expand when needed without compensating the device
performance. Hence, the stretchability and flexibility are important device parameters for
biomedical device. The reconfigurable platforms are concerned with the ability of the
structure to change its shape, which requires high mechanical capabilities such as the ability
to fold and elongate. In addition to the biomedical devices, the reconfigurability feature is
crucial for the advancement of robotics, where an important progressing aspect in soft
robotics is the shape changing feature [3], which can gain significant capabilities upon the
development of new reconfigurable platforms.

Many researches have focused on the development of reconfigurable structures using
different materials. Zhao et al. presented complex geometrical reconfigurable structures that
are made of a shape memory polymers [4]. The shape memory polymer network is thermally
actuated, where the complex geometrical manipulation was achieved by inducing cumulative
plasticity behaviour at some segments of the polymer’s molecular chain. The plasticity
behaviour refers to the permanent reshaping of these segments, and was achieved by applying
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a temperature of 130°C, resulting in a permanent bird shape as shown in Figure 1.1.
However, the elasticity behaviour of the shape memory polymer was the key behind the
shape reconfiguration, where applying a temperature of 55°C to the structure results in a
temporary expansion which can eventually recover [4].

Figure 1.1: Shape reconfiguration of the shape memory polymer by distinct plasticity and elasticity manipulation [4]

Origami and kirigami opens the door for additional technological capabilities to the
stretchable and flexible electronics by shape reconfiguration. Origami and Kirigami are
ancient techniques for making paper-based artworks. Origami produces 3D objects by folding
a 2D sheet in certain ways, while Kirigami describes the ability of producing more complex
geometries that are achieved by making some cuts in the 2D sheets. Many researches have
presented complex 3D reconfigurable structures that are inspired by Origami and Kirigami
using different materials, including paper, silicon and polymers [1].
Filipv et al. presented an origami paper-based reconfigurable structure, shown in Figure 1.3,
that was inspired by the zipper working principle. Origami tubes were coupled in a zipper
faction, which increases the stiffness of the structure. The structure has only one deformation
mode that allows for only one degree of freedom, where its reconfiguration can be obtained
by applying a manual force at any point as shown in Figure 1.2 [5].
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Figure 1.2: The paper-based reconfigurable structure obtained by coupling origami tubes in a zipper fashion [5]

Lamoureux et al. presented an kirigami based structure for optical tracking. The kirigami
structure was attained by making a specific linear pattern of cuts in a flexible gallium arsenic
solar cell. The reconfiguration of the structure was obtained by applying an external-tensile
actuation force that is tunable, which produces buckles in the substrate upon pulling it, as
shown in Figure 1.3 and allows for an accurate solar tracking [6].

Figure 1.3: Kirigami based solar tracking reconfigurable platform [6]

Rojas et al. produced an interesting silicon-based reconfigurable platform, where an array of
hexagonal islands that are interconnected via double spiral springs was presented. The islands
can be used to host the electronics, where the spiral springs provides the structure with the
required stretching capabilities for reconfiguration. The fabricated structure achieved a
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remarkable area expansion that can reach up to 450% of the original area as shown in Figure
1.4, hence, demonstrated the ability of forming irregular geometries [2].

Figure 1.4: The spiral expansion tests of different arrays of hexagons [2]

However, Rehman & Rojas presented a silicon-based serpentine-spiral spring, shown in
Figure 1.5 and studied its mechanical properties via finite element analysis. The serpentine
arms in the spiral springs contributed in reducing the stress up to 55% in comparison with the
regular spiral arms that were presented in Rojas et al. work. Hence, incorporating serpentine
geometry in the interconnects reduces the overall stress and allows for extra starching
capabilities [7].

Figure 1.5: The Spiral springs with serpentine arms (a) released (b) stretched [7]

In addition, Hussain et al. showed a copper based thermal patch for thermotherapy. The
thermal patch is composed of an array of square islands interconnected via stretchable springs
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that are shown respectively in Figure 1.6 (c) and (a). The thickness of the structure is only 8
um, making the device flexible, hence can quickly adhere to the human skin due to van der
Waals force. The device is stretchable due to the serpentine springs, which can be stretched
up to 300% of its original length, providing the structure with a 2D reconfigurability feature
upon applying a tensile strain. The flexibility and stretchability features of the array makes
the device non-invasive and compliant to the human body [8].

Figure 1.6: The design of islands and springs of the stretchable thermal heater [8]
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2

Chapter.2: The Serpentine-Honeycomb Reconfigurable platform

2.1 The concept
The idea of the serpentine-honeycomb reconfigurable platform was inspired by the human
heart geometry. We were looking for a geometrical design that can adapt to heart shape and
can mimic its transduction functionality, meaning that its ability to expand and recover along
with the heart’s expansion and contraction behaviour, and can hold electronic components.
We considered different geometries in nature, such as the rosette, spiral and the beehive
architectures, however, we found out that the beehive is one of the nearest geometries to the
human heart geometry. Hence, we decided to implement the serpentine honeycomb
architecture, where the honeycomb architecture provides adaptability to the heart’s shape
while the serpentine springs add the stretchability feature to the structure, which is necessary
to sustain the expansion and contractor behavior of the heart. Afterwards, we noticed that the
serpentine-honeycomb design can be reconfigured to give different irregular shapes, which
can lead to many technological advancement in soft robotics and biomedical devices.
Therefore, this thesis focuses on the fabrication of the serpentine-honeycomb reconfigurable
platform using organic and inorganic materials and the mechanical characterization for the
design configurations.

The design, shown in Figure 2.1 is characterized by three main elements: the honeycomb
geometry, circular Islands and the serpentine springs that constitutes all the honeycomb sides
and the honeycomb-islands interconnects. The islands are integrated in the design to serve as
a host for the electronics, where the serpentine springs serves as mechanical and electrical
interconnects between islands. The combination of these three elements provides the
proposed design with distinguishable geometrical properties that will be discussed in the
following subsections of this chapter.
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Figure 2.1: The design of the serpentine-honeycomb reconfigurable platform

2.1.1

The Honeycomb geometry

The honeycomb is a net of regular hexagons; which is a six-sided polygon that is equilateral
and equiangular, with all the internal angles measure 120° degrees, that has reflection and
rotational symmetries [9]. One of its unique attributes is it efficiency in terms of the
utilization of space and construction material, where in a net of hexagons, like in honeycomb,
each three hexagons shares one vertex and three sides, forming a net that is free of gaps [10].
An important attribute of the hexagonal geometry is its large area, which it is defined by
Equation 2.1 [11]:
𝐴𝑟𝑒𝑎 =

3√3 2
𝑡
2

= 2√3𝑟2

Equation.2.1

Where t is the side length of a regular hexagon and r is the radius of the inscribed circle as
shown in Figure 2.2. The large area of each hexagon is valuable factors, where the inscribed
space can be utilized for the integration of large islands, hence more electronics and greater
device capabilities [11].
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Figure 2.2: Regular hexagon [11]

2.1.2

The serpentine shape

The serpentine shape is one of the commonly used fractal-shape-structures in stretchable
electronics. One of the main challenges in biomedical electronics is achieving high
performance along with high strain capabilities [12], knowing that the biological tissues can
be stretched up to 20%, the electronics platforms that are employed in vital signs monitoring
devices needs to have a stretchability of at least 20%. However, high performance electronics
requires the use of inorganic material such as silicon and oxides, which are very fragile and
crack at a very little strain (<1%) [12,13]. Therefore, patterning the inorganic materials in
fractal design geometries minimizes the deformation seen by the inorganic material under
large strain, resulting in a high stretching capabilities. Hence, serpentine shape is frequently
used to provide stretchable configuration for the rigid inorganic materials. Figure 2.3 shows a
unit cell of the serpentine shape, which consists of an arc and its upside-down mirror
connected via and arm of length 𝑙. Four important geometric parameters define the
characteristics of the unit cell of a serpentine structure: the width 𝑤, the arm length 𝑙, the arc
radius 𝑅 and the arc angle ∝ . The applied strain resulting from the tensile displacement 𝑢𝑜 at
each end of the serpentine structure is defined by Equation 2.2 [13]:
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𝜀𝑎𝑝𝑝𝑙𝑖𝑒𝑑 =

2𝑢𝑜
𝑆

Equation 2.2

Where 𝑆 is the end-to-end length, or the lateral length, of the unit cell, that is defined by
Equation 2.3:
𝑙

𝑆 = 4(𝑅 𝑐𝑜𝑠 ∝ − 2 𝑠𝑖𝑛 ∝)

Equation 2.3

Figure 2.3: The unit cell of a serpentine shape [13]

However, the applied strain defines to the relative change in length. Hence, Equation 2.4 can
be used to calculate it, where it represents a different form of Equation 2.2 [13].

𝜀=

𝐿2 −𝐿1
𝐿1

Equation 2.4

Where 𝐿1 is the original length of the structure and 𝐿2 is the length after applying a tensile
force. However, in case of a serpentine geometry, when it is stretched to its maximum
capacity, or up to 𝐿2 , the value of 𝐿2 can be approximated by the total length of the serpentine
structure, which is (2 × 𝐴𝑟𝑐 + 𝑙). Hence, the stretchability of the serpentine structure can be
approximated by Equation 2.5 [8]:
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𝑆𝑡𝑟𝑒𝑡𝑐ℎ𝑖𝑏𝑖𝑙𝑖𝑡𝑦 =

𝐿𝑡
𝑆

× 100

Equation 2.5

Where 𝐿𝑡 is the total length of the serpentine structure which is defined in Equation 2.6:

𝐿𝑡 = 2𝜋𝑅 + 𝑙

Equation 2.6

There are two critical mechanical parameters in the serpentine shape: the stretchability, which
is the applied strain beyond which the material tears, and the effective stiffness, which is the
ratio between the applied force P and the applied displacement 2𝑢𝑜 . The effective stiffness is
governed by Equation 2.7 [13]:

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 =

𝑃𝑆(1−𝑣 2 )
2𝐸𝑤𝑢𝑜

Equation 2.7

Where 𝐸 is the Young’s modulus of the material used to fabricate the serpentine structure and
𝑣 is the Poisson’s ratio [13]. In addition, the thickness 𝑡 of the serpentine structure plays an
important role in terms of deformation. It was observed that a serpentine with a large widthto-thickness ratio buckles out-of-plane upon applying a tensile strain, which would result in a
quick fracturing of structure if it is fabricated using a material that has a large Young’s
modulus, such as silicon. However, it was noticed that the deformation of the serpentine
structure that has a small width-to-thickness ratio is completely in-plane [14]. Hence,
serpentine structures with greater thicknesses can produce stretchable electronics with a
greater sustainability.

2.2 The Different configurations that can be assumed using the
honeycomb-serpentine reconfigurable platform
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One of the extraordinary attributes of the serpentine honeycomb structure is its ability to
assume different configurations than the original one that was shown in Figure.2.1. The
different configurations are obtained by stretching the design from different points, we call
them reconfiguring nodes. Figure 2.4 shows the reconfiguring nodes in the original
serpentine-honeycomb configuration, where original refers to the design in its relaxed state,
meaning without applying a tensile strain force at any point. Figure 2.4 shows the eight
reconfiguring nodes that will be used to demonstrate the in-plane reconfiguration capability
of the design. However, additional reconfiguring nodes can be employed, where every vertex
of each hexagonal can be used as a reconfiguring node, which would allow for further inplane and out-of-plane reconfigurations. Six different design geometries: ellipse, star,
quatrefoil, diamond and an irregular geometry, that were obtain by reconfiguration, will be
illustrated in the subsequent subsections of this chapter.

Figure 2.4: The serpentine-honeycomb design in its relaxed state with the reconfiguring nodes highlighted

2.2.1

The quatrefoil geometry

The quatrefoil geometry, shown in Figure 2.5, was obtained by applying a tensile strain force
at the reconfiguring nodes 1,3,5 and 7 simultaneously. The blue-colored serpentine springs
indicate the springs that perceive high stress while stretching the node to obtain this
configuration.
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Figure 2.5: The quatrefoil geometry

2.2.2

The Ellipse geometry

The ellipse geometry, shown in Figure 2.6, was obtained by applying a tensile strain force at
the reconfiguring nodes 1,3,5 and 7 simultaneously. However, although the same
reconfiguring nodes that were used to obtain the quatrefoil configuration were used to obtain
the ellipse configuration, a higher tensile force needs to be applied in order to obtain the
ellipse geometry. Consequently, the blue-colored springs in this configuration perceive a
higher stress compared to the quatrefoil configuration.

Figure 2.6: The ellipse geometry

2.2.3

The star geometry

Here, different reconfiguring nodes, 2, 4, 6 and 8, were used to obtain a four-pointed star
geometry as shown in Figure 2.7. This configuration exhibits the highest stress on the design
springs with respect to the other configurations, since obtaining shape edges requires higher
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tensile forces. However, the blue-colored springs that connect node 4 and 8 with the islands
are the ones that perceive the highest stress in this configuration, since the nodes in the
vertices of the honeycomb design, such as node 4 and 8, can tolerate higher tensile forces in
compression with the ones located the middle of the springs, such as node 2 and 6. Hence,
nodes 4 and 8 were stretched more than node 2 and 6, resulting in a larger lateral length for
this configuration.

Figure 2.7: The star geometry

2.2.4

The diamond geometry

The diamond configuration can be obtained by applying different amounts of tensile forces at
all the reconfiguring nodes as shown in Figure 2.8. In this configuration, the number of
serpentine springs that perceive high stress is larger with respect to all the other
configurations, since all the 8 reconfiguring nodes are utilized to obtain this geometry.
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Figure 2.8: The diamond geometry

2.2.5

An irregular geometry

Figure 2.10 shows an irregular geometry that was obtained by stretching node 3 and 7
simultaneously. This configuration is shown in order to highlight the capability of the
serpentine-honeycomb design to assume irregular geometries, which might be needed to
satisfy the requirements of some applications.

Figure 2.9: An irregular geometry
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2.3 Finite element analysis
Several design elements were considered in the design of the serpentine-honeycomb
reconfigurable platform. Prior the fabrication of the structure, the validation of the strain
distribution and the weak points identification was carried out using finite element analysis.
Figure 2.12 shows the displacement distribution over the structure upon applying a lateral
tensile force from its two horizontal ends. As shown in the figure, the maximum
displacement occurs at the stretching ends while the minimum displacement occurs at the
spring in the middle of the design. Hence, a very little strain can be applied in order to avoid
the failure at the horizontal ends. Figure 2.11 verifies that, where it shows that the maximum
principle strain that can be applied is 0.008.

Figure 2.10: The prescribed displacement

Figure 2.11: The maximum principle strain
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3

Chapter.3: The Design and Fabrication of the serpentine-honeycomb
reconfigurable platform

3.1 The choice of materials
The honeycomb serpentine structure can be fabricated using a variety of materials. However,
the main two requirements for the reconfigurable electronic platforms are the flexibility and
stretchability. The stretchability requirement can be achieved by patterning the planer
material in fractal designs as discussed in chapter.2 [5]. Nevertheless, the flexibility feature is
a matter of the material and its dimensions, where some organic materials, such as polymers,
can be easily flexed, but most of the inorganic materials, such as silicon and oxides, are rigid
or/and brittle. However, since the high-performance electronics utilize silicon as a device
layer, flexible versions of monocrystalline, amorphous and polycrystalline silicon and silicon
dioxide were demonstrated by Rojas et al. using conventional microfabrication techniques
[16] in order to produce flexible- high performance electronics. The flexibility feature is
crucial for the advancing biomedical technologies, where conformal and invasive integration
of electronics with the human body and organs is required [15]. Though, the internist
flexibility, low cost and the simple fabrication processes of polymers make the polymeric
substrates favorable for the biomedical applications [15,16]. Therefore, in order to further
study demonstrate the capabilities of the honeycomb-serpentine reconfigurable structure, we
chose to fabricate two versions of the design: a silicon-based version and a polymer-based
version.

3.1.1

Silicon

Silicon is the most widely used material for today’s electronics. 90% of the electronic devices
utilizes silicon substrates due to its unparalleled properties, such as the high thermal budget,
low cost, high electrons mobility, stability and the excellent semiconducting properties
[2,15,16,17]. The monocrystalline form of silicon is the most commonly used base material
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in todays electronics due to its high mobility, cost effectiveness and good semiconducting
properties [21]. Monocrystalline silicon films are grown using the high temperature-epitaxial
deposition, which is a costly method and can not be used to obtain a flexible monocrystalline
silicon layers [22]. However, flexible monocrystalline silicon layers can be obtained from the
expensive SOI wafer by etching the buried oxide layer and release the top monocrystalline
thin film [16,21]. A cost-effective approach is by creating deep pores all over the bulk
monocrystalline silicon wafer by anisotropic RIE/DRIE etching, covering the side walls of
the holes by a hard mask that is selective to silicon, such as silicon dioxide, them isotopically
etch the uncovered parts inside the holes to lift-off a thin flexible layer of the monocrystalline
silicon [22]. Yet, the pores formation is essential to obtain a low cost/flexible monocrystalline
silicon film. Considering the other forms of silicon, the amorphous and polycrystalline, the
amorphous silicon comes after the monocrystalline in terms of electrons mobility and the
semiconducting property [23], and exceeds it in terms of cost effectiveness [24]. Amorphous
silicon has all the semiconducting properties, such as doping, photoconduction and junction
formation, and having the same chemical covalent bonds as the crystalline silicon permits the
utilization of the same microfabrication processes, that are commonly used for
monocrystalline silicon, for amorphous silicon films. In addition, amorphous silicon thin
films can be easily obtained by the plasma enhanced chemical vapor deposition (PECVD),
which is a low temperature, highly pure and uniform deposition process [23]. Since the
PECVD can be used to fabricate large-scale films, a-Si is widely used for display, scanners,
x-ray and solar cells technologies [25]. Moreover, flexible a-Si thin films can be easily
fabricated by making a virtual SOI wafer that has an a-Si layer on top, then isotopically etch
the oxide layer to release the flexible a-Si thin film [16]. Furthermore, amorphous silicon
carbide (a-SiC) was reported as an excellent biocompatible material that can be used for invivo biomedical devices [26]. The a-SiC films can be easily deposited using the PECVD,
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which an excellent deposition method for the MEMS applications due to its low temperature
[27]. The bio and hemo compatibility feature of a-SiC permits its usage for neural coating
applications as an insulating film. Hence, its suitability as a biomaterial can broaden its
integration into biosensors and the advancing bio-MEMS technology [26]. Since we intend to
employ the serpentine-honeycomb reconfigurable platform in biomedical application, we
have decided to fabricate the structure using amorphous silicon.

3.1.2

Polydimethylsiloxane (PDMS)

Organic/polymeric composites were typically used to achieve stretchable and flexible
electronics due to their excellent mechanical properties and cost effectiveness. Although their
electrical properties are incomparable to the silicon-based electronics, many technological
advancement were accomplished in display technologies by the utilization of
organic/polymer-based electronics. To overcome the electrical properties restrictions of
organic/polymeric composites with attaining their excellent mechanical properties in
electronics, polymeric substrates can serve as a mechanical support, where inorganic
electronics can be fabricated, released and then transferred into the polymeric substrate [2].
Polydimethylsiloxane (PDMS) is widely used elastomer for electronics devices due to its
biocompatibility, flexibility, stretchability, transparency, cost effectiveness and simple
fabrication method. It is frequently used as a substrate or as an encapsulation layer for
biomedical devices [28]. Hence, we decided to fabricate a large-scale version of the
serpentine-honeycomb reconfigurable platform using PDMS.
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3.2 Micro-scale: Amorphous silicon-based structure
3.2.1

Design

The mask used in the nanofabrication process, shown in Figure 3.1, was designed using
Tanner L-edit IC layout software. The mask was designed for a 4-inches wafer, and it
contains the honeycomb-serpentine drawing duplicated 30 times, each 6 duplicates have a
common interconnects width. The interconnects widths that were used are: 4um, 6um, 8um,
10um, 12um and 14um as shown in Figure 3.2. Circular pads were integrated in the design to
facilitate the further stress/strain measurements. The circular pads were positioned in two
different locations as shown in Figure 3.3, we call them diagonal pads and axial pads, in
order to visualize the different configurations that can be assumed by the structure during the
mechanical characterization, where different tensile strain nodes are required.

Figure 3.1: The mask design
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Figure 3.2: The different interconnects widths (a) 4um (b) 6um (c) 8um (d) 10um (e) 12um (f) 14um

Figure 3.3: The serpentine-honeycomb design with the axial pads (left) and diagonal pads ( right)

The overall dimension of a single structure is 6 mm× 3.5 mm, where the diameter of the
circular islands is 0.8mm and the diameter of the circular pads is 1.6 mm as shown in Figure
3.4 (a), (b) and (c) respectively. However, since the circular pads are large in area, an array of
holes was made in order to accelerate the isotropic wet-etching process during the release of
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the structure. The dimeter of each hole is 8um, with a separation of 42 um between every two
holes as shown in Figure 3.4(d).

Figure 3.4: (a) The overall dimensions of the micro-scale serpentine-honeycomb design in mm (b) the diameter on the
circular islands in um (c) the diameter of the circular pads in um (d) the diameter of the holes in the circular pads and the
separation between every two holes in um

3.2.2

Fabrication processes

The conventional microfabrication techniques were used to fabricate the silicon version of
the honeycomb serpentine structure. The processes that were performed in the cleanroom
were as follows:
Step.1: The formation of the virtual SOI wafer
Step.2: Hard mask deposition
Step.3: Photoresist coating and soft baking
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Step.4: Patterning the photoresist by exposure and development
Step.5: Patterning the hard mask by reactive ion etching
Step.6: Patterning the amorphous silicon by deep reactive ion etching
Step.7: Photoresist removal
Step.8: Hard mask wet etching
Step.9: Releasing the structure by wet-etching the buried oxide layer

3.2.2.1 Step.1: The formation of the virtual SOI wafer
Silicon on Insulator (SOI) wafers are multilayered semiconductor/insulator wafers that are
commonly used in the advanced semiconductor electronics and MEMS technology. The
insulating layer provides many advantages such as reducing the leakage current, the parasitic
capacitance and the heat dissipation, hence elevating the performance of CMOS technology
and allowing for the utilization of MEMS technology in high temperature environments
[18,19]. SOI wafers are composed of an oxide layer sandwiched between two silicon layers,
the silicon layer in the bottom is thick bulk silicon, where the top layer is an ultrathin
monocrystalline silicon layer [19]. SOI wafers open the door for flexible silicon-based high
performance electronics, where the top ultrathin monocrystalline silicon layer is flexible by
itself, and can be easily released by etching the buried oxide layer [16, 20]. However, SOI
wafer are extremely expensive [20], and since we intend to obtain a flexible amorphous
silicon based structure, a virtual SOI wafer [16], that has an amorphous silicon layer on the
top instead of the commercially available SOI with the monocrystalline silicon layer on the
top, was generated. In the virtual SOI, the dielectric layer acts as a sacrificial layer, where it
will be completely etched in order to release the flexible top layer [16]. A 500um thick (100)
bulk silicon wafer was used a base layer, then the dielectric layer was formed, as shown in
Figure 3.5, by deposited 10um of silicon dioxide (𝑆𝑖𝑂2 ) using the Plasma Enhanced
Chemical Vapor Deposition (PECVD). Table 3.1 shows the deposition recipe.
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Figure 3.5: The formation of the oxide layer of the virtual SOI wafer

Parameter

Value

Deposition rate

64nm/min

Deposition time (for a 10um thick layer)
Temperature

10𝑢𝑚
= 2.6 ℎ𝑜𝑢𝑟𝑠
64𝑛𝑚/𝑚𝑖𝑛
300 ° C

Chamber pressure

1000 mTorr

RF power

20 W

Gasses

𝑆𝑖𝐻4

𝑁2 𝑂

𝑁2

Mass flow

6 sccm

850 sccm

162 sccm

Table 3.1: The silicon dioxide deposition recipe

The amorphous silicon (a-Si) layer was deposited on top of the 𝑆𝑖𝑂2 layer using PECVD.
However, since we intend to study the thickness effect on the mechanical properties of
serpentine honeycomb structure, four virtual SOI wafers with the same 𝑆𝑖𝑂2 thickness but
different a-Si thicknesses were formed. The deposited a-Si thicknesses are: 5um, 10um 15um
and 30um. The deposition recipe for the 10um a-Si layer is shown in Table 3.2. Figure 3.6
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shows the complete virtual SOI wafer, that is composed of a 500um thick bulk silicon layer, a
10um 𝑆𝑖𝑂2 layer and a thin a-Si layer.

Parameter

Value

Deposition rate

40 nm/min

Deposition time (for a 10um layer)
Temperature

10𝑢𝑚
= 4.16 ℎ𝑜𝑢𝑟𝑠
40𝑛𝑚/𝑚𝑖𝑛
250° C

Chamber pressure

800 mTorr

RF power

20 W

Gasses

𝑆𝑖𝐻4

𝐴𝑟

Mass flow

30 sccm

475 sccm

Table 3.2: a-Si deposition recipe

Figure 3.6: The virtual SOI wafer

3.2.2.2 Step.2: Hard mask deposition
A 200nm Aluminum (Al) layer was deposited on top of the a-Si layer, as shown in Figure
3.7, in order to act as an etch mask. This step is necessary as the polymer masks will not bear
the Deep Reactive Ion Etching (DRIE) step that will be done later to etch the a-Si layer. The
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deposition was done using the Ion bean assisted sputter machine. Table 3.3 shows the
Aluminum sputter recipe.

Figure 3.7: The Aluminum hard mask sputtered on virtual SOI wafer

Parameter

Value

Deposition rate

10 nm/min

Deposition time (for a 200nm layer)

20 min

Power

400 W

DC voltage

373 V

Chamber pressure

5 mTorr

Table 3.3: The Aluminum sputter recipe

3.2.2.3 Step.3: Photoresist coating and soft baking
The positive photoresist ECI 3027 was applied to the wafer and then spun at different speeds.
Since the thickness of the photoresist layer is a function of the photoresist viscosity, spinning
speed and time, the spinning recipe shown in the Table 3.4 was used to achieve 4 um thick
layer as shown in Figure 3.8. Then, the wafer was baked at 100 C for 1 minute to remove the
solvent from the photoresists and to improve its adhesion to the surface.
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Step

Speed(rpm)

Ramp (rpm/s)

Time (s)

1

700

1000

3

2

1200

1500

3

3

1750

3000

300

Table 3.4: Photoresist spinning recipe

Figure 3.8: The photoresist layer on top of the hard mask

3.2.2.4 Step.4: Patterning the photoresist by exposure and development
The dark field mask, shown in Figure 3.1, was used to transfer the serpentine-honeycomb
pattern into the wafer coated with the photoresist using the EVG 6 series exposure machine.
The machine exposes a high intensity UV light, and since the photoresist is positive, the
transparent areas in the mask will be soluble after the UV exposure. The exposure recipe is
shown in Table 3.5.

38
Parameter

Value

Process mode

Transparent

Exposure mode

Constant dose

Contact mode

V + H contact

Exposure dose

210 𝑚𝐽/𝑐𝑚2
Table 3.5: The Aluminum sputter recipe

AZ726 MIF developer was used to remove the soluble photoresist in the exposed areas. The
wafer was immersed in the developer for 1 minute, then was immersed in DI water to stop
the reaction. This last step is very important, since leaving the wafer extra time in the
developer will lead to over development, resulting in non-sharp edges for the unexposed
parts. Subsequently, the wafer was dried using a Nitrogen gun. The wafer after developing
the photoresist is shown in Figure 3.9.

Figure 3.9: The photoresist patterned

3.2.2.5 Step.5: Patterning the hard mask by Reactive Ion Etching
Reactive Ion Etching (RIE) was used to pattern the Aluminum hard mask, where the
Aluminum layer was etched from everywhere except underneath the serpentine-honeycomb
pattern as shown in Figure 3.10. The RIE is a highly anisotropic etching process, hence it was
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chosen for this step as we do not want the aluminum underneath the pattern to be affected.
The aluminum RIE process is divided into three steps:
1. Breakthrough, where the native oxide layer 𝐴𝑙2 𝑂3 was removed from the surface.
2. Metal etch, where the Aluminum layer is etched away.
3. Over-etch, where any remaining metal particles are etched [29]. This step is crucial as we
do not want any remaining Aluminum particles in the un-covered regions. The etching is
shown in Table 3.6.

Parameter

(1) Breakthrough

(2) Metal etch

(3) Over etch

Time

30 s

2 min

30 s

Pressure

40 mTorr

30 mTorr

40 mTorr

RF power

100 W

100 W

50 W

ICP power

1000 W

1000 W

1000 W

(10,40,5) sccm

(10,30,0) sccm

(10,30,5) sccm

Gasses mass flow
(𝐶𝑙2 , 𝐵𝐶𝑙3 , 𝐴𝑟)
rrb

Table 3.6: The Aluminum dry etch recipe for each step

Figure 3.10: The hard mask patterned
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3.2.2.6 Step.6: Patterning the amorphous silicon by Deep Reactive Ion Etching
Deep reactive ion etching (DRIE) was used to etch the a-Si layer everywhere expect
underneath the mask. DRIE was chosen as it is known by its high anisotropy, which means
its efficiency in etching the material deeply with maintaining a steep side features [30].
Therefore, since we need to etch large thicknesses of a-Si, up to 30um, the high directionality
of the etching process is crucial to maintain the thin serpentine springs of the structure.
Bosch DRIE process was used, it is composed of a successive etching and deposition cycles.
In the etching step, 𝑆𝐹6 gas is used to etch the silicon surface. Then, the deposition step take
place using 𝐶4 𝐹8 gas, which creates a polymeric passivation layer that protects the side walls
from being etched during the next cycle [31]. Table 3.7 shows the recipes of the deposition
and etching processes that give an etching rate of 200nm/cycle. Table3.8 shows the required
number of etch cycles for each of the four a-Si thicknesses that we deposited and Figure 3.11
shows the wafer after etching the a-Si layer.

Process

Etching

Deposition

Time

7s

5s

Pressure

10 mTorr

10 mTorr

RF power

40 W

5W

ICP power

1300 W

1300 W

Gasses mass flow

𝐶4 𝐹8

𝑆𝐹6

𝐶4 𝐹8

𝑆𝐹6

5 sccm

120 sccm

100 sccm

10 sccm

Table 3.7: The DRIE etch recipe for the a-Si layer
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a-Si thickness

Number of etching cycles

5 um

25 cycles

10 um

50 cycles

15 um

75 cycles

30 um

150 cycles

Table 3.8: The required number of etch cycles for various a-Si thicknesses

Figure 3.11: The amorphous silicon patterned

3.2.2.7 Step.7: Photoresist removal
The wafer was immersed in a beaker that contains acetone, then the baker was placed in
ultrasonic path at a frequency of 25 kHz for few minutes in order to accelerate the photoresist
removal. The wafer after the photoresist removal is shown in Figure 3.12.
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Figure 3.12: The wafer after removing the photoresist

3.2.2.8 Step.8: Hard mask wet-etching
Thee wafer was immersed in an aluminum wet etchant for 10 minutes to remove the
aluminum hard mask that is on top of the a-Si structure. Wet etching was chosen for this step,
instead of the dry etching that was used in step.5, as the RIE is a physical etching process,
where it etches by ion bombardment and might result in damaging the surface of the a-Si
structure. The wafer after removing the hard mask is shown in Figure 3.13.

Figure 3.13: The wafer after removing the hard mask
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3.2.2.9 Step.9: Releasing the structure by wet-etching the buried oxide layer
Hydrofluoric (HF) acid was used to isotopically etch the oxide layer in order to release the
serpentine honeycomb structure. Hydrofluoric acid is known by its high selectivity (1:40) to
𝑆𝑖𝑂2 , where it etches 𝑆𝑖𝑂2 more rapidly than it etches the silicon [32]. 48% HF solution was
used, the etch rate for a thermally grown oxide was tested to be 1.2 um/min. Since the quality
of the PECVD deposited oxide is less than the thermally grown ones [32], the etch rate is
expected to be faster. Thus, the wafer was immersed in the HF acid for 2 hours at room
temperature, leaving the wafer for more time will not have a large effect on the silicon
structure due to the high HF selectivity to the 𝑆𝑖𝑂2 . After 2 hours, the oxide layer was
completely etched and the structure was floating in the HF acid as shown in Figure 3.14.

Figure 3.14: The amorphous silicon structure floating in the HF acid

The structure was transferred to a beaker that has a DI water for two cycles, then was placed
into a regular printing paper, as shown in Figure 3.15, and left to dry at room temperature.
The reason behind placing the structure into printing paper is its softness and porosity, which
facilitate the handling of the ultrathin structure. Plastic and glass substrates where tried before
using the paper, however, the structure strongly adhered to these substrates due to the Van
der Waals force, hence some samples were wasted since we could not take them off.
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Figure 3.15: The amorphous silicon structures on the printing paper

3.3 Black neutral and page
3.3.1

Design

The polymer version of serpentine honeycomb structure was implemented using the
Silhouette Curio cutting machine. The large-scale serpentine honeycomb structure, shown in
Figure 3.14, has dimensions of 12 cm× 16 cm, and it was drawn in Silhouette Studio
software that comes with the cutting machine. The serpentine springs width is 1.5mm and the
diameter of the circular islands is 1.8cm. The large islands will facilitate the further
integration of electronics and buttery into the structure.

Figure 3.16: The design of the large-scale serpentine-honeycomb structure
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3.3.2

Fabrication process

The fabrication process of the polymer serpentine-honeycomb structure was done in the lab
as it was fabricated using off-the-shelve materials and equipment. The fabrication steps are as
follows:
Step.1: Making the PDMS substrate
Step.2: Patterning the PDMS substrate
Step.3: Peeling-off the structure

3.3.2.1 Step.1: Making the PDMS substrate
The PDMS was made by mixing Silicone elastomer base and curing agent (the Sylgard 184 elastomer
kit from Dow corning) at a weight ratio of 1:10 then degassing it in vacuum chamber to remove the
air bubbles. Eight-inch silicon wafer was used as a support due to the large dimension of the design.
200-Ease-release agent (from Mann release technology, Inc.) was sprayed into the 8-icnh in order to
facilitate the later peeling-off process, then the PDMS mixture was poured into the wafer and spincoated at a speed of 400 rpm for 45 seconds, where this spinning recipe gives a PDMS thickness of
200um. The wafer, shown in Figure 3.16, was baked at 100°C for 2 hours and then left to cool down
at room temperature.

Figure 3.17: The PDMS substrate on an 8-inches wafer
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3.3.2.2 Step.2: Patterning the PDMS substrate
The PDMS layer was patterned using the cutting machine, a deep cutting blade was chosen
due to the large PDMS thickness. The cutting process was done at a medium cutting speed,
and was repeated twice to insure accurate patterning. The patterned PDMS layer is shown in
Figure 3.17.

Figure 3.18: The PDMS substrate on an 8-inches wafer

3.3.2.3 Step.3: Peeling-off the structure
The serpentine-honeycomb structure was peeled-off the silicon substrate manually. The
peeling-off process was easy as the previously sprayed 200 Ease release agent reduces the
sickness of the PDMS layer to the silicon wafer. The PDMS-based serpentine-honeycomb
structure after the peeling-off process is shown in Figure 3.18.

Figure 3.19: The PDMS-based structure
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Chapter.4: Results and Discussion

4.1 Silicon-based structure
Figure 4.1 shows the fabricated micro-scale serpentine-honeycomb reconfigurable platform.
Scanning electron microscope (SEM) images were produced to show the patterned structure
on the virtual SOI wafer prior the HF releasing step, hence the oxide layer exists in the
images as shown in Figure 4.3(a) and (b).

Figure 4.1: The fabricated micro-scale silicon-based serpentine-honeycomb reconfigurable platform

Figure 4.2: SEM images for the a-Si-based structures showing the oxide thickness and the a-Si thickness before releasing
step:(a) 15um of a-Si and 10 um oxide layer, (b) 30 um of a-Si and 10um of oxide layer
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4.1.1

Tensile strain test

4.1.1.1 Testing setups
Instron tensile tester was used to perform the tensile strain test for all the fabricated
structures. The machine applies a tensile force and records the vertical extension, as the
samples are fixed vertically between the two grippers as shown in Figure 3.4. However, since
the grippers are too large with respect to the micro-scale structures size, the structures were
fixed between two pieces of papers using a double-sided tape, then the paper was held easily
between the two grippers as shown in the figure. The extension rate was specified to be
2um/s in order to increase the accuracy and record the exact failure points.

Figure 4.3: The micro-scale structure fixed in the tensile testing machine

4.1.1.2 Results
The strain tensile testing was done for 20 samples, as the silicon-based structure was
fabricated in 4 different thickness and 6 different springs widths as discussed in chapter.3.
However, all the 4um width structures have failed during the releasing step, hence, the tensile
strain test was done for 5 widths only. Figure 4.4 , Figure 4.5, Figure 4.6 and Figure 4.7
present the force versus strain plots for the 5um, 10um, 15um and 30um thick silicon-based
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structures respectively. Each figure shows five curves that corresponds to the five spring
widths: 6um. 8um, 10um, 12um and 14um.

Force vs. tensile strain for a-Si thickness of 5um
5

Force (mN)

4
width:6um

3

width:10um

2

width:8um

1

width:12um

0

width:14um
0

0.015

0.03

0.045

0.06

0.075

0.09

0.105

0.12

0.135

0.15

Strain (%)

Figure 4.4: Force versus tensile strain curves of the 5um thick silicon-based structures for different springs widths

Force vs. tensile strain for a-Si thickness of 10um
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Figure 4.5: Force versus tensile strain curves of the10um thick silicon-based structures for different springs widths
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Force vs. tensile strain for a-Si thickness of 15um
10
9
8
7
6
5
4
3
2
1
0

width:6um
width:10um
width:8um
width:12um
width:14um
0

0.015 0.03 0.045 0.06 0.075 0.09 0.105 0.12 0.135 0.15

Strain (%)

Figure 4.6: Force versus tensile strain curves of the 15um thick silicon-based structures for different springs widths
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Force vs. tensile strain for a-Si thickness of 30um
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Figure 4.7: Force versus tensile strain curves of the 30um thick silicon-based structures for different springs widths

As shown in the plots, the overall trend of the silicon-based serpentine-honeycomb structure
indicates that the minimum springs widths produce higher strain values, where the structure
with 6um width exhibited the largest strain for all the various silicon thicknesses. Reversely,
the structures with 14um width exhibited the lowest strain values. This behaviour is expected,
since the effective stiffness of the serpentine structure is reversely proportional to the width
as shown in Equation 2.7 in chapter.2. Hence, the structures with smaller widths can tolerate
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higher tensile strains. In addition, the plots indicate that as the structure’s thickness increases,
the tensile strain increases slightly, however, greater tensile forces were applied as the
thickness increases. Hence, the maximum strain values were recorded for the 10um and 15um
thick structures as shown in Table 4.1. The reason is that the thinner structures gain higher
flexibility, hence, buckles will be formed during the tensile strain test at the arcs of each
serpentine unit cell, which result in fracturing the structure due to the large Young’s modulus
of silicon. Nevertheless, the buckles formation decreases as the thickness increases, which
delays the failure points for larger thicknesses. Therefore, the maximum strain values
occurred at the lowest thickness/width ratios, which was expected from the discussion in
chapter.2 [14]. Table 4.1 shows the maximum strain values for the 20 tested structures.

Maximum strain
Structure thickness
W=6um

W=8um

W=10um

W=12um

W=14um

5 um

0.131

0.128

0.123

0.119

0.118

10 um

0.136

0.133

0.129

0.128

0.123

15 um

0.136

0.131

0.126

0.128

0.124

30 um

0.123

0.118

0.111

0.114

0.103

Table 4.1: The maximum strain values for all the tested structures

4.1.2

Reconfiguring the structure

The silicon-based structure’s reconfiguration was done using the probes station. The
structure was placed on a printing paper, then the paper was fixed on a glass substrate using a
double-sided tape, then the substrate was placed on the chunk of the probe station as shown
in Figure 4.8. Each of the four probes was fixing one of the circular pads of the structure,
which were integrated into the design in order to perform this test. The reconfiguration was
obtained by dragging the pads outwards the structure using the probes.
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Figure 4.8: The probes fixing the pads of the structure in the substrate

Figure 4.9 shows the serpentine-honeycomb structure before dragging the pads. Figure 4.10
shows the geometrical change due to dragging two diagonal circular pads, which gives the
irregular geometry that was illustrated in Figure 2.10. Dragging the four diagonal pads
simultaneously resulted in a geometrical change that leads to the quatrefoil geometry as
shown in Figure 4.11. However, obtaining the ellipse geometry requires applying a further
tensile strain force at the diagonal pads, and that resulted in an out-of-plane buckling as
shown in Figure 4.12 and Figure 4.13. Nevertheless, applying an extra tensile strain force
resulted in fracturing the structure as shown in Figure 4.14. Hence, obtaining the ellipse
geometry requires higher structural stretchability. Consequently, the diamond geometry was
discarded from this test as it requires more stretching capabilities than the ellipse geometry.
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Figure 4.9: The silicon-based structure before the reconfiguration

Figure 4.10: The irregular geometry was obtained by dragging two diagonal pads
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Figure 4.11: The quatrefoil geometry was obtained by dragging the four diagonal pads simultaneously

Figure 4.12: The out-of-plane buckling ( the blacken regions) resulted from applying a further tensile strain force at the four
diagonal pads

Figure 4.13: A side view image to show the out-of-plane buckling
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Figure 4.14: The failure while attempting to obtain the ellipse geometry

Nevertheless, the star geometry requires stretching the axial configuring nodes, a microscopic
image for the structure with the axial reconfiguring nodes is shown in Figure 4.15. The star
geometry was obtained by applying a tensile strain force at the for axial pads simultaneously
as shown in Figure 4.16.

Figure 4.15: The serpentine honeycomb silicon structure with the four axial pads

56

Figure 4.16:The star geometry was obtained by dragging the four axial pads simultaneously

4.2 PDMS-based structure
Figure 4.17 shows the fabricated polymer-based serpentine-honeycomb structure. The
thickness of the structure is 0.2mm as shown in Figure 4.18.

Figure 4.17:The fabricated macro-scale polymer-based serpentine-honeycomb reconfigurable platform
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Figure 4.18: The thickness of the fabricated polymer-based structure

4.2.1

Tensile strain test

4.2.1.1 Testing setups
The polymer-based serpentine-honeycomb structure was tested the same way as the siliconbased ones. However, fixing the structure in the tensile tester was easier due to the larger size
of the structure. The extension rate was specified to be 2mm/s as the structure is larger and
very elastic, hence it requires a great tensile displacement to reach the failure point.

4.2.1.2 Results

Force vs. tensile strain for the polymer-based structure

Force (mN)

250
200
150
100
50
0
0

50

100

150

200

250

300

350

400

450

Strain %
Figure 4.19: Force versus tensile strain curve of the 200um thick polymer-based structure
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Figure 4.19 shows the force versus tensile strain plot for the fabricated polymer-based
structure. As shown in the plot, the structure exhibited a large strain values, where the
maximum strain reordered before failure is 470. Many factors have contributed in the
extraordinary strain of this structure. The first is the very low Young’s modulus of the
PDMS, which gives it a very high internist elasticity that contributes in delaying the failure.
In addition, the flexibility of the PDMS eliminates the buckles-generated factures that
occurred in the silicon-based structures.

4.2.2

Reconfiguring the structure

All the five different configurations that were presented and discussed in chapter.2 were
obtained using the polymer-based structure. A double-sided tape was used to fix the structure
as certain points in order to simulate the reconfiguring nodes, which are the nodes that need
to be strained simultaneously in order to transform the honeycomb geometry into different
geometries. Figure 4.20, Figure 4.21, Figure 4.22, Figure 4.23 and Figure 4.24 shows the
quatrefoil geometry, ellipse geometry, diamond geometry, star geometry and the irregular
geometry that were obtained by reconfiguring the serpentine-honeycomb platform.

Figure 4.20: The quatrefoil geometry obtained by reconfiguring the polymer-based structure
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Figure 4.21: The ellipse geometry obtained by reconfiguring the polymer-based structure

Figure 4.22: The diamond geometry obtained by reconfiguring the polymer-based structure

60

Figure 4.23: The star geometry obtained by reconfiguring the polymer-based structure

Figure 4.24: The irregular geometry obtained by reconfiguring the polymer-based structure
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4.3 Discussion
Most of the proposed configurations were obtained by the silicon based structure, while the
PDMS based structure could simulate all of them. The failure that occurred in the siliconbased structures while attempting to obtain the ellipse geometry was mainly due to the low
intrinsic elasticity of the silicon. Acquiring the different configurations needs a relatively
large strain capabilities, which produces a little out-of-plane buckling that accelerates the
failure. In contrast, the high intrinsic elasticity of the PDMS has significantly reduces the outof-plane buckling failures that occurred in the silicon-based structures. The out-of-plane
buckling can be clearly observed in the PDMS structures in Figure 4.18 and Figure 4.19. The
high elasticity of the PDMS in addition to the stretchability of the serpentine geometry
provided the PDMS-based structure with a high tolerance, hence all the five different
geometries were configured easily.
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Chapter.5 Conclusion

5.1 Conclusion
We demonstrate in this work a serpentine-honeycomb electronic platform that has the ability
to re-shape into different geometries. The platform was successfully fabricated in a microscale using amorphous silicon and in a macro-scale using PDMS. Different widths and
thicknesses were fabricated for the silicon-based version in order to study the dimensional
effect on the strain capabilities of the design. A tensile strain test was performed for the
silicon and PDMS versions of the design in order to investigate their strain capabilities. The
silicon-based structure that has a width of 6um and a thickness of 10um exhibited the
maximum strain value, which is 0.136, under a tensile force of 4.6 mN, where the PDMSbased structure exhibited an extraordinary strain of 470 under a tensile force of 240 mN. The
PDMS-based honeycomb structure was successfully reconfigured into a quatrefoil geometry,
ellipse geometry, diamond geometry, star geometry and into an irregular geometry. However,
the silicon-based structure was successfully reconfigured into the irregular geometry, start
geometry and the quatrefoil geometry only, while its small strain capabilities have restricted
its re-shaping into the ellipse and diamond geometries. More work needs to be done for the
silicon based structure in order to increase its stretching capabilities, which would lead for
more reconfiguring abilities.
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5.2 Future work
The presented serpentine-honeycomb reconfigurable platform was a prove of the feasibility
of reconfiguring inorganic/organic electronics. Two important rooms of improvement need to
be investigated in order to use the design effectively. The first is to utilize a more-stretchable
springs design than the serpentine design, such as the ultra-stretchable serpentine-spiral that
was presented in chapter.1[7]. The integration of ultra-stretchable springs will enable a
smooth reconfigurability for the silicon-based structure and increase the reconfiguration
capabilities. The second room of improvement is to add a digitally-controlled reconfiguring
feature rather than reconfiguring the structure manually. A suggested method for the
controlled reconfiguration is by integrating a nano-motors at the reconfiguring nodes, which
we strain to obtain the different configurations. Another suggested method is the utilization
of stimuli responsive materials, such as responsive polymers or ionic metal/polymer
composites (IPMCs), to fabricated the structure, where they can expand/recover upon
applying certain stimuli such as temperature gradient or electric filed [4]. The automatic
controllability feature is very crucial for many applications, such as soft robotics and
biomedical devices. Fulfilling these two areas of improvements would allow the utilization of
the honeycomb design in the heart sleeve project, which requires an electronic platform that
can adapt to the heart shape, can mimic the heart’s transduction behaviour and can hold
electronic components as well. Figure 5.1 shows our vision for the serpentine-honeycomb
reconfigurable platform in the heart sleeve project, where duplicated cells of the design can
adapt easily to the heart’s geometry and can be functionalized by integrating/transferring
electronics into the circular islands of the platform, which would allow for various
technological advancements in the biomedical devices.
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Figure 5.1: Our vision for the heart sleeve project
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