
NORTHWESTERN UNIVERSITY

Mechanical Design and Analysis of Three-dimensional (3D) Assembly,

with Applications on Wearable Electronics,Thermo-electric Energy

Harvester and Microflyer

A DISSERTATION

SUBMITTED TO THE GRADUATE SCHOOL

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

for the degree

DOCTOR OF PHILOSOPHY

Field of Theoretical and Applied Mechanics

By

Kan Li

EVANSTON, ILLINOIS

March 2019



2

c© Copyright by Kan Li 2019

All Rights Reserved



3

ABSTRACT

Mechanical Design and Analysis of Three-dimensional (3D) Assembly, with Applications

on Wearable Electronics,Thermo-electric Energy Harvester and Microflyer

Kan Li

The rapid development of flexible electronics enables a huge amount of bio-integrated

applications with advantages of the mechanical compliance, stretchability and comforma-

bility of the devices. My dissertation further advances this area by a series of projects,

which include designing and optimizing novel compliant structures, proposing novel elas-

tomer encapsulation process for the robust protection for stretchable devices, applying

novel 3D structures to enable fully integrated health-monitoring system and compliant

thermoelectric energy harvesting system, designing novel 3D self-assembled structures,

and exploring the applications of 3D mesostructures.
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CHAPTER 1

Introduction

The purpose of the chapter is to present the motivation for the research activities on 3D

assembly, and to provide a general background about flexible and stretchable electronics.

1.1. Methods for forming 3D mesostructures

The methods for forming 3D micro- and nanostructures in advanced materials is devel-

oping rapidly, because of their potential for creating material systems with fundamentally

new characteristics and functionalities. These “metamaterials” can have some novel prop-

erties that do not occur naturally such as negative refractive index [153] and artificial

magnetism [131]. Some latest progress in methods for fabricating 3D mesostructures are

introduced.

1.1.1. Nozzle-based 3D printing

3D printing techniques represent some of the most broadly recognized developments in

the field of formation of 3D mesostructures. The most widely used method relies on

the robotic control of scanning deposition nozzles that print the 3D structures layer-

by-layer [124, 102, 18, 163, 180]. The printing materials are typically formulated

from particulate or polymeric species. These techniques can be further divided in to two

groups depending on the properties of the inks and the nature of the delivery process:

inkject printing and microextrusion printing. Inkject printing, which uses liquid links
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as printing materials, is also known as the drop-on-demand printing, that uses thermal

or acoustic process to exploits nozzles and deliver liquid droplets to desired locations

[124, 102, 29, 147, 200]. Microextrusion printing uses viscoelastic inks and offers great

possibilities in 3D structuring. Recent research interests in this area are in conductive and

biomaterial inks because of their promising foreseen in key applications such as solid-state

lighting, wearable devices, tissue scafolds and regenerative medicine.

1.1.2. Light-based 3D writing

3D writing techniques reply on patterned exposure of materials to light, that usually

involve locally induced two- or multiphoton polymerization [27, 30, 119, 118, 173], UV

photocuring [227, 60, 172] or selective melting [93].

The two-photon lithography approach uses specially formulated photopolymers that

absorb two photons, typically in the infrared region of the spectrum. As the focused laser

beam scans laterally in the photopolymer and the stage scans vertically, the point of focus

moves in a 3D trajectory under computer control, thereby enabling the fabrication of a

desired 3D micro-structure with ultrahigh resolution.

The projection micro-stereolithography (PµSL) forms complex 3D mesostructures in

a layer-by-layer manner based on photopolymerization reactions in resin materials [237,

172, 236]. Each layer corresponds to a 2D image of a sectional slice of the desired 3D

shape, formed by projection through a spatial light modulator using a demagnifying lens

system. Exposure to UV light solidifies the liquid resin to form a thin, solid 2D layer in

the geometry of the image. This scheme provides excellent structural diversity and high

resolution in micrometer range over areas of several centimeters [237].
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The continuous liquid interface production method improves the process of PµSL by

eliminating the need to coat the resin after each exposure [66, 181].

1.1.3. Stress-controlled folding technologies for 3D systems

The stress-controlled folding techniques forms 3D structures from 2D precursor structures,

that fully leverage the sophisticated technologies that exist for micro- and nanofabrication,

and for materials deposition in the semi-conductor and integrated photonic industries.

These approaches include two classes of advanced techniques based on 4D printing and

micro- and nano- scale origami.

The 4D printing scheme is based on 3D printing techniques but forms structures that

have a bilayer or multilayer heterogeneous design with mismatched strains that follow

from external stimulation, for example to water or heat, thereby inducing self-folding or

self-rolling into 3D shapes responsively.

The micro- and nano- scale origami scheme utilizes folding deformations that can

serve as the basis for origami-inspired assembly at micro- or nanoscales. The origami

schemes based on thin-film residual stresses typically rely on strain mismatch between

different materials in different layers to induce self-folding. Another strategy involves

active materials such as hydrogels [43, 179, 136], shape memory polymers [42, 41, 202]

or shape memory alloys [51, 110, 34], liquid crystal elastomers [196, 198] or photoactive

polmers [62, 144] to create spatially non-uniform strains, thereby deforming 2D structures

into 3D shapes.
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1.1.4. Mechanically guided assembly

The mechanically guided 3D assembly approach involves precisely controlled, determinis-

tic 2D-3D transformations [206] that expand the range of accessible 3D geometries, while

maintaining compatibility with 2D microsystem technologies mentioned above. The pro-

cess begins with the formation of a thin film 2D precursor on a source wafer or other

planar substrate, followed by the release and then precise patterning of regions that

establish strong sites of adhesion to a prestretched elastomer substrate upon contact

[206, 211, 229, 212]. The release of the prestrain induces compressive forces at the

bonding sites. The result causes the 2D precursor to geometrically transform into an

engineered 3D configuration through spatially dependent deformations and in- and out-

of-plane translational and rotational motions. Further advances of this technology will

follow from the development of routes such as free-standing, isolated 3D mesostructures af-

ter separation from the elastomer substrates, apply active materials such as shape memory

polymers for morphable 4D assembled structures, extensively use engineered substrates

to further extend the variance, etc. Opportunities also exist in extending these concepts

in mechanical assembly from structures with lateral sizes in the nano-scale regime to

graphene and other 2D materials.

1.2. Flexible electronics

Biology is soft, elastic and curved, but silicon wafers are not. This fundamental

mismatch in mechanics and form stimulates the development of flexible electronics which

overcome this problem and enable applications that are impossible to achieve with hard,

planar integrated circuits that exist today. Creating the next generation of implantable
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or wearable electronics will require the mechanical flexibility, which is is particularly

important for device components that are in direct contact of the skin or soft tissue to

minimize the discomfort of worn or attached electronics.

1.2.1. Development in structures

Based on the fundamental application of mechanics of thin film materials, some typical

structures include wrinkled “wavy” shapes [25, 78, 69], the “bridge-island” design [82,

207, 84, 91, 112], 2D planar serpentine designs [82, 207, 104, 59, 199, 231, 235,

215, 32], and 2D fractal inspired designs [207, 32].

1.2.2. Development in materials

The biological interface of organic electronics is a relatively recent development, although

organic electronics have been intensively studied and developed over the past half-century,

as widely used in commercial applications such as photoconductors in photocopying and

laser printing, electrochromic films, anticorrosion and antistatic coatings, organic light-

emitting diode (OLED) displays and lighting, organic photovoltaic cells (OPVs) and or-

ganic thin-film transistors (OTFTs). The process made towards soft implantable and

wearable devices relies not only on these advances in conducting and semiconducting

polymers, but also on additional biomimetic properties, such as stretchability, self healing

and biodegradability.
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1.2.3. Applications

The increasing attention of flexible and stretchable electronics partly owe to their out-

standing mechanical performances that fit well with the purposes of bio-integration [139,

83, 177, 189, 233, 114], thereby holding great promise for applications in a wide range

of and/or portable electronic devices, such as soft surgical instruments [26, 80, 187, 221],

“epidermal” health/wellness monitors [75, 82, 71, 86, 208, 24, 63, 214], drug delivery

and/or therapy systems [160, 67, 107], and stretchable power supplies [207, 223, 165].

1.2.4. Challenge and prospects

Despite the rapid development of flexible electronics, several scientific and engineering

challenges need to be overcome before the fully exploration of the benefits of stretchable

and flexible electronics in practical bio-integrated devices. First, the current understand-

ing of electronics-biological interfaces are still limited, and further explorations of the

theoretical model of this complex system is required. From an engineering viewpoint, one

of the biggest challenges is the data analysis, which requires the signal processing and

handling of huge amounts of data. Further improvement of long-term environmental sta-

bility and mechanical durability of the flexible devices is essential, and the devices should

be well protected under the potential damage from outer environment.

The ultimate goal of the bio-integrated flexible electronics is the development of seam-

less, bidirectional interfaces between humans and machines, overcoming the huge number

of challenges from practical applications.
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CHAPTER 2

Mechanical Studies on Three-dimensional (3D) Helical

Microstructures Bonded to Elastomers for Stretchable

Electronics

2.1. Introduction

Stretchable electronics and optoelectronics have been receiving increasing attention,

owing to the outstanding mechanical performances that fit well with the purposes of bio-

integration [139, 83, 177, 189, 233, 114], thereby holding great promise for applications

in a wide range of and/or portable electronic devices, such as soft surgical instruments

[26, 80, 187, 221], “epidermal” health/wellness monitors [75, 82, 71, 86, 208, 24,

63, 214], drug delivery and/or therapy systems [160, 67, 107], and stretchable power

supplies [207, 223, 165]. Several classes of materials and mechanics design schemes

[139, 114, 82, 207, 78, 84, 104, 203, 217, 157, 222] have been proposed to offer

high flexibility and stretchability in high-performance, inorganic electronic materials (e.g.,

single-crystal silicon) that are intrinsically brittle and stiff. Of these schemes, the “island-

bridge” design [82, 207, 84, 91, 112], in which the functional components reside on non-

deformable platforms (i.e. islands) electrically connected by deformable interconnects (i.e.

bridges), represents an effective strategy that has been widely adopted in various device

systems. Upon stretching, the bridges deform substantially to provide stretchability, while
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the islands undergo negligible deformation (usually < 1% strain) to ensure mechanical in-

tegrity of the active devices [207, 84, 162]. Generally, the stretchability (εsystemstretchability) of

a system in the square island-bridge configuration with a filling ratio (f) can be related to

the stretchability of interconnect by εsystemstretchability = (1−
√
f)εinterconnectstretchability [232]. Hence, the

electrical interconnects need to offer an ultra-high level of stretchability (e.g. ∼ 100%),

so as to insure sufficient stretchability (e.g., ∼ 20%) of the island-bridge system, espe-

cially for those designs with high fill factors (e.g., ∼ 64%) of active devices [232, 228].

Lithographically defined interconnects in planar configurations of serpentine, self-similar

serpentine, Peano, and other space-filling curves have been devised, and explored both

theoretically and experimentally [82, 207, 104, 59, 199, 231, 235, 215, 32]. These

planar interconnects, when partially bonded or non-bonded to the elastomeric substrate,

could offer an extreme level (e.g. > 300%) of stretchability for optimized configurations,

because of relatively free deformations via bending and/or twisting to reduce the strain

energy. However, exposure of these interconnects to the outside environment can lead

to damage of these structures or of adjacent materials by physical contact [82, 235].

Encapsulation provides a solution, but the motions of the interconnects will be highly

constrained if solid encapsulants (e.g., Ecoflex, PDMS) are used [81]. As such, the re-

sulting stretchability of these encapsulated interconnects are generally not sufficient for

many practical applications that demand large filling ratios for device miniaturization.

For example, a representative class of planar interconnects, even with optimized, designs,

could offer elastic stretchability just up to ∼ 60% when encapsulated by an ultra-soft

silicone elastomer (e.g., ∼ 3 kPa), as to be shown in present study. This yields elastic

stretchability below ∼ 12% for the system with ∼ 64% filling ratio, which might fall short
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for some of the most demanding biomedical applications, where the strains (e.g. skin,

heart, or elbo) may exceed 20%.

This chapter proposes to exploit a class of three-dimensional (3D) helical intercon-

nects that can offer the elastic stretchability up to > 130% in the encapsulated conditions,

thereby fitting well with the biomedical applications mentioned above. This type of 3D

interconnects can be assembled from ultra-thin 2D serpentine ribbons, by using a con-

trolled buckling approach [206, 229], that relies on a prestretched elastomeric substrate

to transfer compressive forces to the ribbons at well-defined sites. A powerful aspect of

this assembly approach is the versatility in the applicable materials, ranging from brittle

inorganic semiconductors to plastic metals and polymers, and length scales, ranging from

sub-microns to several decimeters. In addition, this assembly approach is fully compatible

with the state-of-art semi-conductor technologies [206], as well as most of the techniques

exploited in achieving stretchable electronic systems [139], thereby holding great poten-

tial in applications in forming 3D stretchable electronics. Here, a systematic study on

the elastic stretchability of the helical interconnects formed with the above approach

was carried out, via combined finite element analysis (FEA) and experiments (done by

Prof. Rogers group), for both the encapsulated and partially bonded conditions. The re-

sults show quantitatively the advantage of helical interconnects over the conventional 2D

serpentine interconnects, in terms of the elastic stretchability, over a broad range of con-

ditions. Furthermore, this study elucidates the effects of various fabrication parameters

on the elastic stretchability, revealing both monotonous dependences (e.g., on the moduli

of substrate and encapsulation) and non-monotonous dependences (e.g., on the prestrain

of substrate and the thickness of metal layer). These results could serve as guidelines
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for design optimization of this new class of 3D helical interconnects for applications in

functional stretchable devices.

2.2. Results and Discussion

2.2.1. High Elastic Stretchability of 3D Helical Interconnects in the Encapsu-

lated Conditions

A schematic illustration of the fabrication process of encapsualted helical interconnects

appears in Figure 2.1a in the page 35.The 2D precursor with a filamentary serpentine

configuration that consists of two identical arcs (with central arc angle θ0) in a unit cell

was trasfer printed onto a pre-stretched elastomeric substrate (Dragon skin, Smooth-on,

Inc, 166 kPa), in a matter that certain desired sites (red in Figure 2.1a) have strong co-

valent bonding while the other regions have weak van der Waals interactions. Release of

prestrains (εprestrain) in the substrate triggers compressive buckling in the 2D precursor,

transforming it into 3D helical configurations that results from energy minimization of spa-

tially varying deformation. The helical mesostructure remains tethered to the elastomeric

substrate after the assembly process, which can be utilized directly as a freely-deforming

interconnect to offer an ultra-high stretchability (> εprestrain). To provide a mechanical

protection from surrounding environment, a class of ultra-soft silicone [63, 64], with the

modulus in the range of 1 kPa− 20 kPa, can be adopted to encapsulate the helical inter-

connects. The interconnects usually exploits metal and polyimide (PI) in a multi-layer

configuration of PI/metal/PI, which maintains the metal layer at the neutral mechanical

plane to reduce the strain, as shown in Figure 2.1b. Optical microscope images of three
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traces of helical interconnects appear in Figure 2.1c, and the geometric details are high-

lighted in Figure 2.1d with scanning electron microscope (SEM) images and corresponding

FEA predictions from two different view angles. Here, the interconnect is 50 µm wide,

and uses a sandwich construction of 4.0 µm PI/0.4 µm Nickel (Ni)/4.0 µm PI.The other

geometric parameters of the 2D serpentine precursor include central arc angle θ0 = 180◦

and arc radius R = 425 µm, yielding a total wire length of ltotal = 10.68 mm, as shown in

Figure 2.2.

To analyze the mechanical performances of encapsulated helical interconnects, we

employed 3D FEA to analyze the deformation and strain distribution of the system under

uniaxial stretching. The elastic stretchability is determined based on the criterion when

the Mises stress of metal layer exceeds the yield strength (∼ 600 MPa for Ni, correspond

to ∼ 0.3% yield strain) at 1/4 width of any certain section of the wire shaped interconnect.

The PI has yield and fracture strain (> 8%) that are much larger than those for the metal

(∼ 0.3%) [113], such that the elastic stretchability is limited by the metal layer. Similar

criterion has been validated by previous experimental studies [228, 32] using both cyclic

mechanical testing and four-probe electrical measurement. A representative set of helical

interconnects formed with the same 2D precursor as that in Figure 2.1d, and the prestrain

ranging from 0% to 350%, was analyzed, and the corresponding configurations are shown

in Figure 2.2.

For the purpose of comparison, we studied a set of 2D serpentine interconnects with

the same material composition (PI/Ni/PI), and the same key geometric parameters, in-

cluding the width (w), the thickness (tmetal and tPI), the span (S), and the amplitude
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Figure 2.1. Device construction and mechanics under deformation. (a)
Schematic illustration of the prestrain strategy for fabricating 3D helical
interconnects; (b) Cross-sectional view of encapsulated 3D helical intercon-
nects; (c) SEM image of the 3D helical interconnect arrays and FEM result;
(d) FEM and SEM image of 3D helical interconnect, with perspective and
top views.

(A = 0.9 mm). The number of unit cells is fixed as 5 for these 2D serpentine intercon-

nects, so as to yield a range [9.36 mm, 11.09 mm] of total length (ltotal) that is close

to the counterpart (10.68 mm) of 3D helical interconnects. Previous studies [228, 32],

demonstrated that the 2D serpentine interconnects, when fully bonded to the substrate,

exhibit different deformation modes, such as local winkling and global buckling. For 2D

serpentine interconnects with sufficiently large thicknesses (e.g. comparable to the width),
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Figure 2.2. Schematic illustration of configuration for 3D helical and 2D
serpentine interconnects. Configuration and Mises stress distribution of
buckled-up 3D helical interconnect and 2D serpentine interconnect, with
prestrain 0% (precursor), 50%, 100%, 150%, 200%, 250%, 300%, 350%
respectively. Illustration of geometric parameters are shown in 2D precursor
(prestrain=0%).
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they undergo non-buckling deformations mainly in terms of bending. This offers another

effective means to enhancement of elastic stretchability, via a mechanism that weakens

the effect of mechanical constraint from the substrate by stiffening the interconnects with

larger thicknesses. To provide a thorough comparison between 3D helical and 2D ser-

pentine interconnects, we took into account an additional set of serpentine interconnects

with the same in-plane dimensions and a much larger thickness (tNi = 50 µm) to yield

the non-buckling mode.

Figure 2.3a shows the elastic stretchability of 3D helical interconnects formed with dif-

ferent levels of prestrain, in comparison to those 2D serpentine interconnects under two

different deformation modes (local winkling and non-buckling). The elastic stretchability

of helical interconnects increase from 13% at εprestrain = 0% to ∼ 131% (corresponding

to a peak) at εprestrain = 200%, and then decreases slightly with a further increase of

prestrain. This slight decrease of elastic stretchability can be mainly attributed to the

increased shear deformation at a higher prestrain that leads to the formation of a knot-

like structure at the top part of the helical interconnect in the front view of the deformed

configurations (Figure 2.4a). Such knot-like structure can be hardly unraveled to provide

stretchability due to the constraint of surrounding elastomer, as evidenced by the de-

formed configurations of helical interconnect with 250% prestrain configurations (Figure

2.4a). In contrast, the interconnect formed with 100% prestrain in which such knot-like

structure does not appear, can be unraveled more uniformly (Figure 2.4a). Over the entire

range of prestrain, the helical interconnects outperforms the thin serpentine interconnects

(with local wrinkling mode), typically by a factor > 2.3 for representative prestrains

(> 100%). As compared to the thick serpentine interconnects (with non-buckling mode)
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that results in better mechanics than the thin counterparts, the 3D helical interconnects

with a sufficient prestrain (e.g. > 100%) still exhibit a considerable enhancement (e.g.

> 1.8 times) in the elastic stretchability.

Figure 2.3. Numerical analyses and experimental verification. (a) Influence
of prestrain (tNi = 0.4 µm for 3D helix and 2D serpentine buckling mode
1, and tNi = 50 µm for 2D serpentine non-buckling mode); (b) Influence of
Metal thickness (εprestrain = 200%); SEM and FEM perspective view image
of (c) 3D helical coil, (d) 2D planar serpentine buckling mode 1 and (e) 2D
planar serpentine non-buckling mode, with unstretched and stretched con-
figuration.
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Figure 2.4. Numerical analysis of prestrain effect and metal thickness effect.
Influence of (a) prestrain (tmetal=0.6 µm, tPI=6.0 µm, Eencapsulation=3 kPa,
Esubstrate=20 kPa), (b) metal thickness (εprestrain=200%, Eencapsulation =
3 kPa, Esubstrate=20 kPa) on stretchability and stretched configuration with
Mises stress distribution.
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Since the metal thickness of the interconnects plays a significant role in the elastic

stertchability, we then fix the overall geometries of 3D helical and 2D serpentine intercon-

nects, and compare their stretching limits over a wide range of metal thicknesses (tNi).

A represent set of FEA results appears in Figure 2.3b for the interconnects formed with

εprestrain = 200%, and tNi varying in the range of 0.1 µm to 100 µm. With the increase of

metal thickness, the elastic stretchability of helical interconnect increases initially to reach

its maximum (∼ 131%) at tNi=0.6 µm, and then decrases as tNi keeps increasing. Such

decrease can be attributed to the shift of failure point before and after the peak point,

as shown in Figure 2.4b. As the metal thickness increases to a critical value (tNi,critical),

the plastic yield occurs associated with the buckling deformation during the assembly

process of the helical interconnect, thereby indicating no capability of accomodating any

additional stretching in a reversible manner (corresponding to zero elastic stretchabiilty).

Differently, with the change of metal thickness, the serpentine interconnect exhibit three

types of deformation modes, namely, local wrinkling, global buckling and non-buckling

modes [228, 32]. The transition between different modes leads to a non-monotonous vari-

ation of elastic stretchability, as shown in Figure 2.3b. For the mode of local wrinkling,

a local maximum (∼ 52% stretchability) appears at tNi=0.4 µm. For the mode of non-

buckling, the elastic stretchability increases slightly with increasing the thickness, and

approaches an ideal limit (∼ 52% stretchability) without any out-of-plane deformations.

Thereby, with the corresponding optimized metal thicknesses, the 3D helical interconnect

still offer a much larger elastic stretchability (∼ 131%) than that (∼ 52%) of 2D serpentine

interconnects.
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The configurations of a representative 3D helical interconnect (with εprestrain=200%

and tNi=0.6 µm) before and after stretching (∼ 131%) are shown in Figure 2.3c. Similar

results appear in Figure 2.3d,e for the 2D serpentine interconnects with tNi=0.6 µm and

50 µm, which exhibit the mode of local wrinkling and non-buckling, respectively. For

all of the three different designs, good agreements of the deformed configurations can be

observed between FEA predictions and optical images. After this set of validation, the

numerical methods are used in the subsequent section to study the stretchability enhance-

ment of helical interconnects over the serpentine interconnects under various fabrication

parameters.

2.2.2. Effect of Fabrication Parameters on the Elastic Stretchabiity of Encap-

sulated 3D Helical Interconnects

This section summarizes the effects of key fabrication parameters on the performances of

encapsulated 3D helical interconnect. In general, the elastic stretchabiilty of encapsulated

3D helical configurations is mainly affected by three groups of fabrication parameters: 1)

material parameters (Eencapsulation, Esubsgtrate and Emetal, for the materials of encapsu-

lation, substrate and metal); 2) loading parameter (εprestrain); 3) geometric parameters

(w/R, tmetal/R, tPI/R and θ0). To simplify the analyses, the arc radius of helical in-

terconnects is kept unchanged as 425 µm in the following calculations. To demonstrate

quantitatively the advantage of helical interconnects, the corresponding serpentine inter-

connects selected based on the consideration illustrated in Section 2 are analyzed as well

for comparison.



42

Figure 2.5. Numerical analyses of modulus effect. Influence of (a) encapsu-
lation modulus, (b) substrate modulus and (c) metal modulus on stretch-
ability, with 3D helix and 2D serpentine comparison (εprestrain = 200%,
tNi = 0.6 µm).

Figure 2.5 illustrates the effects of Young’s moduli (E) of the encapsulation, substrate

and metal layer on the elastic stretchability. Here, the prestrain and geometric parameters
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are fixed as εprestrain=200%, θ0 = 180◦, w = 50 µm, tmetal = 0.4 µm, and tPI = 4.0 µm.

For both the helical and serpentine interconnects, the elastic stretchability increases as

the Young’s moduli of encapsulation or substrate decreases, or as that of metal layer

increases. In comparison to serpentine interconnects, the elastic stretchability of helical

interconnects are more sensitive to the change of encapsulation, partially because of the

3D configuration. For all of the designs considered here, the helical interconnects always

outperform the serpentine ones in the elastic stretchability, typically by a factor between

1.8 and 3.7. The results highlight a considerable enhancement (¿3.2 times) in the case

of relatively stiff substrate (e.g. Esubstrate > 50 kPa), which results from a comparatively

lower constraint of substrate on the helical interconnects than the serpentine ones.

As mentioned in Section 2.2.1, the elastic stretchability of 3D helical interconnects

shows a non-monotonous dependence on the prestrain, and thereby an optimal prestrain

that maximizes the elastic stretchability might exist. The decrease of elastic stretchability

at the high-prestrain regime can be mainly attributed to the appearance of a knot-like

strucutre (at the top part of the helical interconnect) that is difficult to unravel. This

effect is essentially dependent on the stiffness of encapsulation as shown by the results of

FIgure 2.6a. Except for the case of Eencapsulation=0 kPa (corresponding to a micro-fluid

encapsulation), an optimal prestrain always exist, which shifts from ∼ 150% to ∼ 250%,

as Eencapsulation decreases from 19 kPa to 1 kPa. Similar to the effect of prestrain, the

helical configuration formed with a higher central arc angle (θ0) also exhibits a larger

knot-like structure at the top part of the interconnect from the front view (Figure 2.7).

Thereby, the dependence of elastic stretchability on the central arc angle shows a similar

trend to that of prestrain, as shown in Figure 2.6b, suggesting the existence of an optimal
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arc angle that offers the highest stretchability. Such optimal arc angle also shifts from

165◦ to 195◦ with Eencapsulation decreasing from 19 kPa to 1 kPa, for 200% prestrain used

in the assembly.

Figure 2.6. Numerical analyses of optimal stretchability. Influence of en-
capsulation modulus on optimal stretchability of (a) different prestrains and
(b) different central arc angles.

The interconnect thickness, include both tmetal and tPI are taken into account to

provide a deeper insight into such effect, for both helical and serpentine interconnects

(with Eencapsulation = 3 kPa, Esubstrate = 20 kPa, εprestrain = 200%, w = 50 µm and θ0 =

180◦). Relative thin interconnct configurations are adopted for the serpentine interconnect

to illustrate the design optimization under local wrinkling mode. The contours of elastic
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Figure 2.7. Numerical analysis of central arc angle effect (εprestrain=200%,
tmetal=0.6 µm, tPI=6.0 µm, Eencapsulation=3 kPa, Esubstrate=20 kPa).

stretchability among various thicknesses of metal ad PI layers appear in Figure 2.8 for two

different types of interconnects. The elastic stretchability reaches its maximum (∼ 131%)

at the design point (tNi = 0.4 µm and tPI = 4.0 µm) for the helical interconnects. In

comparison, the maximum (∼ 53%) of serpentine interconnects is much lower, which

occurs at the design point (tNi = 0.6 µm and tPI = 2.5 µm). Figure 2.9 shows that

the elastic stretchability of helical interconnect is not so sensitive to the width (w) as

compared to the thickness.
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Figure 2.8. Numerical analyses of metal and PI layer thickness effect.
Stretchability contour of tNi and tPI for (a) 3D helical interconnect and
(b) 2D serpentine interconnect (εprestrain = 200%); (c) FEA results for
the Mises stress distribution in 3D helical interconnect when stretched to
the predicted total stretchability, with same tNi (0.4 µm) but different tPI
(1.0 µm, 6.0 µm and 8.0 µm seperately); (d) FEA results for the Mises
stress distribution in 2D planar serpentine interconnect when stretched to
the predicted total stretchability, with same tNi (0.4 µm) but different tPI
(1.0 µm, 2.5 µm and 5.0 µm separately).

2.2.3. Elastic Stretchability of 3D Helical Interconnects Encapsulated by Micro-

fluid

Section 2.2.2 demonstrates that the 3D helical interconnects, even when encapsulated

with elastomer with modulus low to 1 kPa, still offer an elastic stretchability much lower
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Figure 2.9. Numerical analysis of interconnect width effect
(εprestrain=200%, tmetal=0.6 µm, tPI=6.0 µm, Eencapsulation=3 kPa,
Esubstrate=20 kPa).

than the ideal limit (with Eencapsulation=0 kPa). In order to achieve a better mechanical

performance under the encapsulated condition, the micro-fluids, such as uncured PDMS

prepolymer (viscous liquid) [81] and the gels electrolyte [207], can be used. In this condi-

tion, the 3D helical interconnects can be always stretched to the initial 2D configuration,

with causing any mechanical failure. The resulting elastic stretchability is essentially the

same as that of unencapsulated interconnects. Here, we still analyze the corresponding

serpentine interconnects selected based on the consideration illustrated in Section 2.2.1

for comparison.

A schematic illustration of unencapsulated interconnects appears in Figure 2.10a, in

which both the helical and serpentine interconnects are bonded onto the substrate (20 kPa)

at the istes highlighted red. Figure 2.10b,c shows the optical images and FEA predic-

tions of two representative interconnects before and after stretching by corresponding

elastic stretchabilities (226% for the helical interconnect and 117% for the serpentine
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Figure 2.10. Numerical analyses of micro-fluid encapsulated devices and
experimental verification. (a) Schematic illusion of micro-fluid encapsulated
3D helical interconnect and 2D serpentine interconnect; SEM and FEM
image of micro-fluid encapsulated (b) 3D helical and (c) 2D serpentine
interconnect, with unstretched and stretched configuration; (d) Influence of
prestrain on stretchability for micro-fluid encapsulated 3D helical and 2D
serpentine interconnect, with different width (80 µm, 100 µm, 120 µm, and
140 µm). (e) Influence of tNi on stretchability for micro-fluid encapsulated
3D helical and 2D serpentine interconnect, with different prestrains (150%
and 200%).

interconnect). The geometric parameters include the width (w = 120 µm), the thick-

ness (tmetal=0.6 µm and tPI=2.5 µm), the span (S = 2.27 µm), and the amplitude

(A = 0.97 mm). With a similar total wire length, the maximum curvature of the he-

lical interconnect is obviously small than that of serpentine interconnect, because of the

3D geometry. As such, the helical interconnect offers a better performance in the elastic

stretchability. Figure 2.10d illustrates the effect of prestrain on the elastic stretchabilities
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of both unencapsulated helical and serpentine interconnects, with four different widths

(80 µm, 100 µm, 120 µm and 140 µm). For the 3D helical interconnect, the elastic stretch-

ability increases almost in a linear manner with the prestrain (εprestrain) increasing, which

is very insensitive to the change of interconnect width (w). For the 2D serpentine inter-

connect, the elastic stretchability decreases considerably with the increase of interconnect

width. This suggests an advantage of using relatively wide helical interconnects for better

electrical performances (i.e., conductivity). This is evidenced by the huge difference (e.g.,

3.53 times for εprestrain=250% and 5.65 times for εprestrain=300%) of elastic stretchability

for w=140 µm.

Similar to the interconnects encapsulated by solids, the thickness of interconnct also

plays a significant role in the elastic stretchabiity of interconnects encapsulated by micro-

fluids. Figure 2.10e elucidates such effect for the helical interconnects formed with pre-

strains of 150% and 200% (with w=120 µm). For the 3D helical interconnects, the stretch-

ability decreases slightly with tmetal increases, but as tmetal reaches a critical value, the

stretchability drops suddenly to zero, because the plastic yield will occur in the helical

interconnects during the 3D assembly process. Below this critical thickness, the elastic

stretchability of helical interconnects is much higher than the counterpart of serpentine

interconnects, typically with a factor of 1.3 to 5.5.

2.3. Conclusion

This chapter exploits the mechanical properties for a class of three-dimensional (3D)

helical interconnects that can be assembled from ultra-thin 2D serpentine ribbons by

using the compressive buckling process induced by the released strain of a prestretched
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elastomeric substrate, on which the 2D precursor is selectively bonded. The 3D helical

interconnect can offer a stretchability up tp ∼ 131% in the solid encapsulated conditions,

that can provides outstanding mechanical compliance to fit well with the biomedical

applications as mentioned in the beginning of this chapter. The results present promising

advantage in stretchability of 3D helical interconnects over the conventional 2D serpentine

interconnects, over a broad range of fabrication parameters such as moduli of substrate

and encapsulation, prestrain of substrate and thickness of metal and PI layer. These

results could serve as guidelines for the future design and optimization of this new class

of 3D helical interconnects applied in the functional stretchable devices.
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CHAPTER 3

A Generic Two-stage Encapsulation Strategy for Soft

Electronics

Recent progress in stretchable forms of inorganic electronic systems has established

a route to new classes of devices, with particularly unique capabilities in functional bio-

interfaces, because of their mechanical and geometrical compatability with human tissues

and organs. A reliable approach to physically and chemically protect the electronic compo-

nents and interconnects is indispensable for practical applications, since a direct exposure

to the environment could lead to failure or damage of fragile elements. Although recent re-

ports describe various options in soft, solid encapsulation, the development of approaches

that do not significantly reduce the stretchability remains an area of continued focus.

Here, we reported a generic, soft encapsulation strategy that is applicable to a wide range

of stretchable interconnect designs, including those based on two-dimensional (2D) ser-

pentine configurations, 2D fractal-inspired patterns, and 3D helical configurations. This

strategy forms the encapsulation while the system is in a pre-strained state, in contrast to

the traditional approach that involves the strain-free configuration, followed by release of

the pre-strain to complete the process. Combined theoretical modeling and experimental

measurements highlight the deformation mechanisms of the interconnects encapsulated

using both the proposed and the traditional strategy. A systematic comparison reveals

that substantial enhancements (e.g., ∼ 6.0 times for 2D serpentine, ∼ 4.0 times for 2D
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fractal and ∼ 2.6 times for 3D helical) in the stretchability can be achieved through use

of the proposed strategy. Demonstrated applications in highly-stretchable light-emitting

diodes (LEDs) systems that can be mounted onto complex curvilinear surfaces illustrate

the general capabilities in functional device systems.

3.1. Introduction

Rapid development of the technologies of stretchable electronics has enabled a diversity

of mechanically-compliant bio-interfaces between rigid inorganic electronic components

and soft biological tissues [75, 77, 78, 82, 99, 123, 126, 127, 150, 149, 160, 165,

166, 174, 191, 204, 239, 57, 105, 161, 11], as a means to monitor health conditions

and to execute certain therapies [94, 137, 139, 159, 58, 115, 74, 39, 7, 31, 36]. A

majority of previous studies in this area focused on the development of materials designs

and mechanics concepts to achieve a high degree of deformability, while maintaining

high-performance functionality [22, 72, 108, 129, 151, 164, 193, 195, 216, 218,

69, 176, 228, 214, 109, 40, 192]. A reliable scheme for encapsulating stretchable

electronics platforms is essential for practical applications, since a direct physical contact

with the outside environment could result in failure of fragile device components and/or

interconnects [82, 188]. Despite the importance, relatively few studies focus on the

development of encapsulation strategies with enhanced performance or robustness. Most

approaches simply involve the application of soft elastomer encapsulants as a final step

in the fabrication process [70, 167, 169, 205, 63]. For example, Vanfleteren’s group

[13, 44, 53, 145] studied extensively the deformation behaviors and failure mechanisms of

planar serpentine-shaped conductors encapsulated with polymers. For stretchable metallic
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interconnects with different bonding conditions (e.g., fully or partially bonded to the

substrates), the solid encapsulant typically leads to a pronounced reduction in the elastic

stretchability, due to constraints on the out-of-plane motions of the interconnects. Liquid

encapsulation schemes [207, 208] avoid this limitation, but they introduce leakage as a

possible failure mode. Development of a generic solid encapsulation strategy that does

not sacrifice stretchability remains a challenge.

Here, we report a two-stage sequence for introducing solid encapsulation materials on

stretchable electronic systems, with wide applicability across the most advanced intercon-

nect configurations, including three-dimensional (3D) helical coils [38, 65, 79, 112, 206],

two-dimensional (2D) serpentine [52, 54, 84, 95, 97, 104, 19, 73] and 2D fractal-inspired

shapes [207, 32]. This strategy forms the solid encapsulation while the electronic system

is in a pre-stretched state, instead of the load-free state adopted in conventional strategies.

Release of the pre-stretch after application of the encapsulation completes the process.

In this manner, the constraints of the solid encapsulant on the interconnect deforma-

tions that occur under external loading can be relieved substantially, as demonstrated by

both experiments and mechanics modeling. Quantitative studies based on finite element

analysis (FEA) illustrate methods to optimize this two-stage encapsulating process to

maximum the stretchability. By comparison to the conventional one-stage encapsulation

strategy, this two-stage process increases the elastic stretchability, e.g., by factors of ∼2.6

for 3D helical interconnects, ∼6.0 for 2D serpentine interconnects, and ∼4.0 for 2D frac-

tal interconnects. Highly stretchable collections of light-emitting diodes (LEDs) that be

mounted onto complex curvilinear surfaces serve application examples.
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3.2. Results and Discussion

3.2.1. A two-stage soft encapsulation strategy

Figure 3.1&3.2 presents a schematic illustration of a generic two-stage encapsulating pro-

cess for stretchable electronics constructed with either 3D helical interconnects or 2D ser-

pentine interconnects. Here, the coil interconnects with 3D helical configurations form via

mechanically-guided assembly techniques, as reported in recent years [65, 206, 229, 230].

The example in Figure 3.1 used a uniaxial pre-strain (εprestrain=150%) in the elastomeric

substrate (E=20 kPa; Ecoflex 00-30A/B, Smooth-on, USA), which drives the transforma-

tion of ultra-thin 2D precursors into 3D helical interconnects. During the first stage of the

2-stage encapsulating process, the substrate is pre-stretched to an encapsulating strain

(εencap), at which the soft encapsulation layer (E = 3 kPa; Silbione 4717A/B, Bluestar

Silicones, France) is added. In the second stage, the substrate is fully released to complete

the encapsulation. In contrast, the conventional 1-stage encapsulating process form the

solid encapsulation when the system is in a load-free state, without applying any pre-

stretch (Figure 3.3). Note that the 2D serpentine interconnects are selectively bonded to

the substrate at the two ends before the encapsulation, such that the pre-stretch leads to

a buckled 3D configuration through controlled bending and twisting deformations.

Figure 3.4a and Figure 3.5a show the deformed configurations with Mises stress dis-

tributions for 3D helical and 2D serpentine interconnects stretched to the corresponding

elastic limits, in which both the 1-stage and 2-stage encapsulating processes are taken into

account. In both cases, the interconnects consist of polyimide (PI) / metal / polyimide

(PI) multilayers, where PI layers (1.4 µm) serve as supports to mechanically protect the
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Figure 3.1. Process of the 2-stage soft encapsulation strategy for 3D he-
lical interconnects. The soft elastomer encapsulation is added while the
substrate, on which the 3D helical or 2D serpentine interconnects are selec-
tively bonded, is stretched to an encapsulating strain (εencap).

ultra-thin metal layer (0.2 µm) from failure. Positioning the metal layer at the neutral

mechanical plane of the sandwich design reduces the maximum strain in the metal dur-

ing stretching, thereby increasing the overall stretchability. In the FEA (see Methods

section 3.3.2 for details), the elastic stretchability is defined as the overall dimensional

change below which the structural deformations can recover completely. Considering that

the elastic strain limit of PI (> 8%) [234] is much larger than that of metal (e.g. Au,

∼ 0.25%), the elastic stretchability is typically limited by the metal layer. According to

quantitative calculations (Figure 3.4a & Figure 3.5a), the 3D helical interconnect can be
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Figure 3.2. Process of the 2-stage soft encapsulation strategy for 2D ser-
pentine interconnects. The soft elastomer encapsulation is added while the
substrate, on which the 3D helical or 2D serpentine interconnects are selec-
tively bonded, is stretched to an encapsulating strain (εencap).

elastically stretched to 123% using the 2-stage encapsulation approach (εencap = 50%),

which is ∼2.6 times higher than that (46%) of the 1-stage scheme. The elastic stretcha-

bility (61%) of 2D serpentine interconnects with the 2-stage encapsulation is more than

6 times higher than that (9%) with 1-stage encapsulation.

The substantial improvements of elastic stretchability follow from the distinct mecha-

nisms of stress accumulation. For interconnects with 1-stage encapsulation, the maximum

Mises stresses in the metal layer increase rapidly and monotonically (Figure 3.4b & Figure

3.5b), as the stretching proceeds, which limits the elastic stretchability. By comparison,
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Figure 3.3. Process of the 1-stage encapsulation strategy for 3D helical
intreconnects. 1. The 2D precursor was selectively bonded onto the pre-
stretched (εprestrain=150%) substrate. 2. By releasing the prestretched
substrate, the 2D precursor pops-up into 3D helical architecture as a re-
sult of compressive buckling. 3. Add encapsulation when the prestrain of
substrate is fully released. 4. Stretch the device to elastic limit.

the maximum Mises stresses in the interconnects with 2-stage encapsulation decrease first

to reach a local minimum as the applied strain reaches εencap, and then increases be-

yond εencap. This behavior is mainly attributed to pre-deformed interconnects that can

accommodate an applied strain at least larger than εencap. The selection of a proper

encapsulating strain (εencap) is essential in the design optimization, as elaborated in the

next two sections.
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Figure 3.4. Deformed configuration and the maximum Mises stress distri-
bution for 3D helical interconnects. (a) Deformed configurations of a 3D
helical interconnect with the distribution of Mises stress in the metal layer
of the sandwich (PI/metal/PI) structure in the conditions of 1-stage (top)
and 2-stage (bottom) encapsulation. The applied strain corresponds to the
elastic stretchability. (b) Maximum Mises stress in the metal layer of the
3D helical interconnect (a) as a function of the applied strain (εapplied).

It is noteworthy that even the use of ultralow modulus elastomers (E = 3 kPa) in the

1-stage encapsulation scheme leads to significant reductions in the elastic stretchability of

the interconnects, via consequent limits in their freedom of motion as a result of their low

bending stiffnesses (Figure 3.6). In the condition of the same key geometric parameters

(e.g., thickness, width, span, amplitude and total interconnect length), the 3D helical
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Figure 3.5. Deformed configuration and the maximum Mises stress distri-
bution for 2D serpentine interconnects. (a) Deformed configurations of a
2D serpentine interconnect with the distribution of Mises stress in the metal
layer of the sandwich (PI/metal/PI) structure in the conditions of 1-stage
(top) and 2-stage (bottom) encapsulation. The applied strain corresponds
to the elastic stretchability. (b) Maximum Mises stress in the metal layer
of the 2D serpentine interconnect (a) as a function of the applied strain
(εapplied).

interconnects typically offer a higher elastic stretchability than the 2D serpentine inter-

connects (Figure 3.4a and Figure 3.5a), due to the more uniform stress distribution. But

the thickness (e.g., < 0.18 mm) of elastomer encapsulation for 2D serpentine interconnects

is thinner than that (∼ 0.6 mm) for 3D helical interconnects, thereby with a potential to

provide a higher flexibility of the entire device (Figure 3.7).
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Figure 3.6. Elastic stretchability of a 3D helical interconnects with and
without encapsulation. The parameters adopted in the simulations include
w = 50 µm, tPI = 1.4 µm, tmetal = 0.4 µm, Emetal = 79 GPa, Eencap =
3 kPa.

Figure 3.7. Encapsulation thickness for different encapsulating strain. (a)
The encapsulation thickness versus the encapsulating strain for 3D helical
interconnects (with εprestrain 100%, 150% and 200%) and (b) 2D serpentine
interconnects (with amplitude/spacing ratio 2.67, 3.33 and 4.00).
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3.2.2. 3D helical interconnects

Quantitative mechanics modelling can serve as an important tool to optimize the process-

ing parameters in the 2-stage encapsulation process for 3D helical interconnects. In the

following analyses, the key geometric parameters of the 2D precursor for the formation

of 3D helical interconnects include the width (w = 50 µm), central arc angle (θ0 = 180◦)

and arc radius (0.425 mm) (Figure 3.8). Figure 3.9 shows that the use of εencap above

a certain threshold (50% and 54% for εprestrain=150% and 200%, respectively) can lead

to plastic yielding of the 3D helical interconnects before full release of the pre-stretch in

the substrate. Below such a threshold, the elastic stretchability increases monotonically

with increasing εencap, indicating an enhancement in stretchability by a factor of > 2

for εencap > 39%. The threshold encapsulating strain (εencap−th) can be regarded as an

optimal value to maximize the elastic stretchability during the 2-stage encapsulation.

Figure 3.8. Geometric characterization of the 2D precursor of 3D helical
interconnect. Key geometric parameters include width (w = 50 µm), central
arc angle (θ0 = 180◦) and arc radius (0.425 µm).

The encapsulation effect on the elastic stretchability also depends highly on the 3D

helical configuration that is determined by the prestrain (εprestrain) and the geometric

parameters of the 2D precursor adopted in the 3D assembly. Figure 3.10 shows that the

elastic stretchability increases with increasing εprestrain at the initial stage in both condi-

tions of 1-stage and 2-stage encapsulation, because the 3D helical interconnects becomes

denser. Beyond a critical prestrain, the elastic stretchability decreases with the further
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Figure 3.9. Elastic stretchability of an encapsulated 3D helical interconnect
with use of different levels of encapsulating strains in the 2-stage encapsu-
lation strategy.

increase of εprestrain. Such a non-monotonous dependence results from distinct reasons

for the 1-stage and 2-stage encapsulating processes. During the 1-stage encapsulation, a

knot-like structure forms when a sufficiently large εprestrain is adopted (as mentioned in

Section 2.2), which cannot be effectively unravelled during stretching, thereby limiting

the further increase of elastic stretchability. During the 2-stage encapsulation, the thresh-

old encapsulating strain (εencap−th) dramatically decreases at a large εprestrain (Table 3.1),

which results in a reduction in the elastic stretchability beyond εprestrain ≈ 200%. De-

spite these limits, the 2-stage encapsulation strategy enables a significant improvement in

the elastic stretchability over the 1-stage strategy for all prestrains (up to ∼4 times for

εprestrain=250%). The metal thickness also plays a crucial role, as evidenced by the FEA

results in Figure 3.11. When the metal thickness is larger than a critical value, the elas-

tic stretchability is totally suppressed, because plastic yielding occurs in the metal layer

during the mechanically-guided 3D assembly, and any further external loading induces

irreversible deformations in the interconnects.
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Figure 3.10. Elastic stretchability of 3D helical interconnects formed with
different prestrains, in both the conditions of 1-stage and 2-stage encapsu-
lation.

Table 3.1. Threshold encapsulating strain for encapsulated 3D helical in-
terconnects induced by 2-stage process for different prestrains.

εprestrain(%) εencap−th(%)
0 -

50 40
100 45
150 50
200 54
250 43
300 40

As mentioned above, the knot-like structures formed in the conventional 1-stage encap-

sulation severely limits the elastic stretchability, since such structures cannot be unraveled

to contribute to the stretchability, due to the constraints of the surrounding solid. Such

knot-like structures mainly result from in-plane rotational motions at the peaks of the

helices (Figure 3.12) and become evident when using high levels of prestrain (εprestrain)

in the 3D assembly. The 2-stage encapsulation strategy avoids the formation of such

knot-like structures by pre-stretching the substrate prior to adding the encapsulation.
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Figure 3.11. Elastic stretchability of 3D helical interconnects formed with
different metal thicknesses, in both the conditions of 1-stage and 2-stage
encapsulation.

This mechanism is highlighted by the optical images of deformed configurations based on

experiments (Figure 3.12), which also agree reasonably well with FEA.

Figure 3.12. Optical images and FEA results on the un-deformed and de-
formed configurations of a 3D helical interconnect with Mises stress dis-
tributions in the conditions of 1-stage (top, εprestrain=0%) (left, load-free
state; right, εapplied=46%) and 2-stage encapsulating processes (bottom,
εencap=50%) (left, load-free state; right, εapplied=123%) (scale bars, 1 mm).
The key geometric parameters of the 2D precursor used in the 3D assembly
include εprestrain=150%, tmetal=0.4 µm, tPI=3.0 µm, width (w=100 µm),
central arc angle (θ0 = 180◦) and arc radius (0.85 mm).
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The 2-stage encapsulation strategy is scalable across a large range of dimensions. As

shown in Figure 3.13, when the in-plane sizes are increased from 2.4 mm to 19.2 mm for

fixed thicknesses of PI and metal layers, no obvious change in the elastic stretchability can

be observed. Fatigue tests (Figure 3.14 and Figure 3.15) demonstrate the robustness of

the electrical interconnects. In particular, the resistances of the 3D helical interconnects

change very slightly, after repetitively stretching the structures to 46% and 123% for 1-

stage and 2-stage encapsulating conditions, respectively, at a strain rate of 111%/min for

a thousand cycles.

Figure 3.13. Scale effect on the elastic stretchability, where the size refers
to the distance between the left-most and right-most bonding sites.

Figure 3.14. Resistance of a four-unit 3D helical interconnect presented in
Figure 3.12 before and after cyclic stretching test.

To take full advantage of the sandwich (PI/metal/PI) design, the thicknesses of the

metal layer and PI layer are changed simultaneously to study the variation of the elastic
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Figure 3.15. Optical images of the fatigue test facilities.

stretchability. The contour plots of elastic stretchability for the 2-stage (Figure 3.16a)

and 1-stage (Figure 3.16b) encapsulating conditions both suggest an optimum set of thick-

nesses as toptimumPI =1.4 µm and toptimummetal =0.4 µm. When alternative encapsulating mate-

rials, substrate materials and metal materials (e.g. Au, Ni and Cr) are adopted, both

the optimal encapsulating strain and the elastic stretchability vary, as shown in Figure

3.17 and Table 3.2, 3.3 and 3.4. In general, the elastic stretchability increases as the

elastic modulus increases in the interconnect material, or decreases in the encapsulation

and substrate materials. In all of the cases considered herein, the 2-stage encapsulation

strategy can always enable an obvious improvement of the stretchability.
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Figure 3.16. Contour plots of elastic stretchability in terms of the metal
thickness and PI thickness in the conditions of (a) 2-stage and (b) 1-stage
encapsulating processes.

Table 3.2. Threshold encapsulating strain for 2-stage encapsulated 3D he-
lical interconnects with use of different levels of encapsulation modulus.

Eencapsulation(kPa) εencap−th(%)
3 50
4 40
8 36

12 29
16 21
20 18
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Figure 3.17. Elastic stretchability of 3D helical interconnects using different
(a) encapsulation materials, (b) substrate materials and (c) metal materials.

3.2.3. 2D interconnects with serpentine and fractal-inspired designs

The use of conventional 1-stage encapsulations strategies and/or fully bonded 2D inter-

connects strongly limit the elastic stretchability, to values that are typically in the range

of 10% or less. The 2-stage encapsulation strategy can improve the elastic stretchability
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Table 3.3. Threshold encapsulating strain for 2-stage encapsulated 3D he-
lical interconnects with use of different levels of substrate modulus.

Esubstrate(kPa) εencap−th(%)
20 50
40 30
80 29
60 28

100 25

Table 3.4. Threshold encapsulating strain for 2-stage encapsulated 3D he-
lical interconnects with use of different levels of metal modulus.

Emetal(GPa) εencap−th(%)
79 50

200 62
280 62

dramatically (e.g., > 6 times) by adopting a proper encapsulating strain, as compared

to the 1-stage encapsulation (Figure 3.18). The improvement in stretchability increases

with increasing εencap up to a threshold, beyond which plastic yielding occurs in the metal

layer after full release of the pre-stretch. The amplitude/spacing ratio of the 2D serpen-

tine interconnects represents a key design parameter that affects the elastic stretchability

(Figure 3.19). As compared to the 1-stage encapsulation, in which the elastic stretchabil-

ity changes relative slightly, the elastic stretchability in the 2-stage encapsulation condi-

tion increases significantly with increasing the amplitude/spacing ratio (Figure 3.20). The

threshold encapsulating strains (εencap−th) for different amplitude/spacing ratios are in Ta-

ble 3.5. Similar to the 3D helical interconnects, the metal thickness and PI thickness also

play important roles in the resulting elastic stretchability of 2D serpentine interconnects

(Figure 3.21 and Figure 3.22). In this set of calculations, some key geometric parameters
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of 2D serpentine interconnects include the width (w=50 µm), amplitude (0.9 mm) and

spacing (0.675 mm).

Figure 3.18. Elastic stretchability of an encapsulated 2D serpentine inter-
connect with use of different levels of encapsulating strains in the 2-stage
encapsulation strategy.

Table 3.5. Threshold encapsulating strain for 2D serpentine interconnects
for different amplitude/spacing ratios.

Amplitude/spacing ratio εencap−th(%)
1.33 20
2.00 22
2.67 20
3.33 26
4.00 25
4.67 25
5.33 24

For the 2D serpentine interconnects, the improvement in stretchability enabled by

the 2-stage encapsulation strategy results mainly from lateral buckling during the pre-

stretching stage that leads to buckled 3D configurations. With solid encapsulation, such

buckled 3D configurations can be unraveled more easily than for 2D configurations that

are entirely restricted to the substrate surface. Good agreement between experiment
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Figure 3.19. Geometric characterization of 2D serpentine with ampli-
tude/spacing ratios. Key geometric parameters include width (50 µm),
amplitude (0.9 mm) and spacing (0.675 mm).

and FEA verifies this deformation mechanism (Figure 3.23). The 2-stage encapsulation

strategy applies to a range of different length scales (e.g., from 2.4 mm to 19.2 mm),

with a negligible difference in the elastic stretchability (Figure 3.24). Results of cyclic

stretching test under a similar condition to that in Figure 3.13 illustrate the robustness

of encapsulated interconnects (Figure 3.25).
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Figure 3.20. Elastic stretchability of 2D serpentine interconnects formed
with different amplitude/spacing ratios, in both conditions of 1-stage and
2-stage encapsulation.

Figure 3.21. Elastic stretchability of 2D serpentine interconnects formed
with different metal thicknesses, in both conditions of 1-stage and 2-stage
encapsulation.

For the 2-stage encapsulation of 2D serpentine interconnects, the elastic stretchability

depends highly on the encapsulation modulus, rather than the substrate modulus, because

the buckled architectures mainly interface with the encapsulation material. Unlike the

case for 1-stage encapsulation, the elastic stretchability is more sensitive to the substrate

modulus in the range considered herein. This sensitivity can be attributed to the planar
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Figure 3.22. Stretchability contour for different various metal thickness and
PI thickness with (a) 2-stage encapsulation strategy and (b) 1-stage encap-
sulation strategy.

configuration of the interconnects and their tight attachment to the substrate and the

encapsulation materials and the fact that the substrate is more rigid than the encapsulant

for these studies (Figure 3.26a&b). Figure 3.26c shows that the 2-stage encapsulation

strategy can improve the elastic stretchability substantially for other choices of metals as

well. Effects of the encapsulation modulus, substrate modulus and metal modulus on the

threshold encapsulating strain of 2D serpentine interconnects are presented in Table 3.6,

3.7 and 3.8.

Existing studies demonstrated that free-standing interconnects with fractal-inspired

2D patterns can offer a larger elastic stretchability than 2D serpentine patterns, for a
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Figure 3.23. Optical images and FEA results on the un-deformed and de-
formed configurations of a 2D serpentine interconnect with Mises stress
distributions in the conditions of 1-stage (top) (left, load-free state; right,
εapplied=7.0%) and 2-stage encapsulating processes (bottom, εencap=26%)
(left, load-free state; right, εapplied=61%) (scale bars, 1 mm). The key geo-
metric parameters include tmetal=0.4 µm, tPI=3.0 µm, width (w=100 µm),
amplitude (1.8 mm) and spacing (1.35 mm).

Figure 3.24. Scale effect on the elastic stretchability of 2D serpentine in-
terconnects, where the size refers to the distance between the left-most and
right-most bonding sites.
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Figure 3.25. Resistance of a 2D serpentine interconnect before and after
cyclic stretching test. Elastic stretchability of 2D serpentine interconnects
using different

Table 3.6. Threshold encapsulating strain for 2-stage encapsulated 3D he-
lical interconnects with use of different levels of encapsulation modulus.

Eencapsulation(kPa) εencap−th(%)
3 25
4 21
8 20

12 21
16 16
20 16

Table 3.7. Threshold encapsulating strain for 2-stage encapsulated 3D he-
lical interconnects with use of different levels of substrate modulus.

Esubstrate(kPa) εencap−th(%)
20 25
40 25
80 25
60 25

100 25

prescribed areal coverage of functional components in island-bridge designs [207, 32].

Similar to 2D serpentine interconnects, the conventional 1-stage solid encapsulation re-

duces the elastic stretchability of the 2D fractal interconnects to a relatively low level (e.g.,

∼11%). By implementing the 2-stage encapsulation strategy, the elastic stretchability can
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Figure 3.26. Elastic stretchability of 2D serpentine interconnects using dif-
ferent (a) encapsulation materials, (b) substrate materials and (c) metal
materials.

be increased by more than 4 times, in comparison to the 1-stage encapsulation, through

a mechanism (i.e., formation of buckled 3D configurations during the pre-stretch) similar

to that of the 2D serpentine interconnects. Figure 3.27 presents the FEA results of de-

formed configurations with Mises stress distribution, when the 2D fractal interconnect is
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Table 3.8. Threshold encapsulating strain for 2-stage encapsulated 3D he-
lical interconnects with use of different levels of metal modulus.

Emetal(GPa) εencap−th(%)
79 25

200 32
280 32

stretched to the elastic limit, for both 1-stage and 2-stage encapsulation. Optical images

collected at the same applied strains show good agreement with FEA.

3.2.4. Highly stretchable LED systems with solid encapsulation

The reported 2-stage encapsulation strategy has general utility across a broad range of

stretchable electronic devices. As an example, we demonstrated a 3D electromagnetic

(EM) energy harvester that can power commercial LEDs, as presented in Figure 3.28a&b.

This system exploits a spring-like 3D helical architecture to serve both as the antenna

and as the interconnects. The entire system was formed through the mechanically-guided

3D assembly, in which an equal biaxial prestrain of εprestrain=150% was adopted. Optical

images of the 3D device system appear in Figure 3.28b and Figure 3.29.

With a solid encapsulation, the elastic stretchability of the 3D device system is smaller

than that of the individual unit cell of the 3D coil, in part due to the complicated in-

teractions between elastomer encapsulation and closely distributed 3D coils, as presented

in Figure 3.30a. In comparison to the 1-stage encapsulation, the elastic stretchabilities

under both uniaxial and biaxial loadings are improved by a factor of around 4, through

use of the 2-stage encapsulation with εencap=30% (Figure 3.30b). With the 2-stage en-

capsulation strategy, this device system offers ultra-high elastic stretchabilities (102% and
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Figure 3.27. Optical images and FEA results on the un-deformed and de-
formed configurations of a 2D fractal interconnect with Mises stress dis-
tributions in the conditions of (a) 1-stage and (b) 2-stage encapsulating
processes (εencap=28%) (scale bars, 1 mm).

94% for uniaxial and biaxial stretching, respectively). For such complex 3D constructions,

the FEA can capture well the detailed deformations at different locations of the device,

as evidenced by the agreement with the experimental results.

We characterized the electromagnetic (EM) property of the antenna by experimental

measurement and EM simulations using the commercial software HFSS as presented in

Figure 3.31. The difference of return loss parameter (S11) between the load-free state and
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Figure 3.28. A 3D soft antenna consisting of helical mesostructures, illus-
trated by results of finite element analysis (FEA). (b) Angled optical image
of an experimentally realized device (scale bar, 1 mm).

stretched (50%) state is relatively small, as shown by both the simulation and experiment

results. Optical images of working device presented in Figure 3.32 prove the functionality

under a large uniaxial stretch.

Figure 3.33,3.34 and 3.35 presents another encapsulated device demonstration, in the

form of highly stretchable LED systems that use networks of 2D fractal interconnects

(Figure 3.33a&b). For conventional 1-stage encapsulation, the elastic stretchability of the

device system is only ∼10% for uniaxial or biaxial stretching (Figure 3.34a). This elastic

stretchability is significantly increased, by a factor of ∼4, with the 2-stage encapsulation

strategy, as illustrated in Figure 3.34b. The experimental results in Figure 3.34b present

encapsulated working devices under such levels of stretching. Practical demonstrations

with coupled bending and folding deformations show that the encapsulated device can be
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Figure 3.29. Optical images of the soft antenna network with 3D helical
mesostructured (Scale bar, 5 mm).

mounted onto complex curvilinear surfaces (Figure 3.35), as an additional indication of

excellent mechanical properties.

3.3. Methods

3.3.1. experimental

3.3.1.1. Fabrication of the encapsulated 3D helical interconnects. Spin-casting

poly(methyl methacrylate) (PMMA; ∼100 nm in thickness, Microchem, USA) formed

a thin sacrificial layer on a silicon wafer. Spin-casting polyimide (PI; ∼3 µm in thick-

ness, Sigma-Aldrich, USA), depositing thin layers of metal by electron beam evaporation
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Figure 3.30. System-level deformations under uniaxial and biaxial stretch-
ing and Mises stress distribution determined by FEA in the conditions of
(a) 1-stage and (b) 2-stage encapsulating processes. Optical images are
shown in d for the 2-stage encapsulation (scale bars, 1 mm).

Figure 3.31. Electromagnetic (EM) characterization of the 3D helical an-
tenna, showing the return loss parameter (S11) versus frequency based on
EM simulation and experiment measurements.

(Cr/Au , thickness 10/400 nm), and spin-casting another layer of polyimide followed by

femtosecond laser cutting (Rofin, Deutsch) defined a network of 2D serpentine structures,

referred to here as the 2D precursor. Dissolving the PMMA by immersion in acetone
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Figure 3.32. Optical images of the working device, in the un-deformed and
uniaxially stretched (50%) states, respectively (scale bars, 5 mm).

Figure 3.33. (a) Illustration of the device with a 3 by 3 array consisting of
2D fractal interconnects. (b) Optical image of an experimentally realized
device (scale bar, 1 mm).

for 10 mins allowed retrieval of the 2D precursor onto the surface of a PDMS stamp

(Sylgard 184, Dow Corning Corporation, USA). Selective gummimg of silicone rubber

(705, RTV, NanDa, China) through a shadow mask (i.e., a thin (0.1 mm) sheet of PET

film patterned with laser cutting) defined sites for strong bonding to a silicone elastomer

substrate (thickness 1 mm; Ecoflex 00-30A/B, Smooth-on, USA). A custom mechanical

stage allowed application of precisely controlled levels of biaxial strain to this elastomer.
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Figure 3.34. System-level deformations under uniaxial and biaxial stretch-
ing and Mises stress distribution determined by FEA in the conditions of
(a) 1-stage and (b) 2-stage encapsulating processes. Optical images are
shown in d for the 2-stage encapsulation (scale bars, 1 mm).

Transfer printing the 2D precursor onto a prestrained substrate and stewing (12 hours,

23◦C) the system activated the formation of strong bonds between the patterned 2D pre-

cursor and the surface of the silicone substrate. Partially releasing this prestrain (two

stage encapsulation) or fully releasing this prestrain (one stage encapsulation) followed

by casting a uniform layer of an ultra-low-modulus elastomer (Silbione 4717A/B, Bluestar

Silicones, France) encapsulated the entire system while preserving freedom of motion of

the helical coils upon application of strain.

3.3.1.2. Fabrication of the encapsulated 2D serpentine and 2D fractal inspired

interconnects. Most of the processes are similar to those described in the previous sec-

tion. In the preparation of 2D serpentine (and 2D fractal-inspired) structures, transfer
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Figure 3.35. Optical images of the working device under different forms
of complex mechanical loadings. This device is formed using the 2-stage
encapsulation strategy with encapsulating strain εencap=25% (scale bars,
5 mm).

printing the 2D precursor onto a load-free substrate formed the interconnects for encap-

sulation. Prestretching the substrate (two stage encapsulation) or keeping the zero strain

state (one stage encapsulation) followed by casting a uniform layer of an ultra-low-modulus

elastomer (Silbione 4717A/B) completed the encapsulation.
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3.3.1.3. Circuit design and test of the soft LED system. In the circuit consisting

of 3D helical coils, resonant inductive coupling using a network of unshielded 3D helical

coil served as the basis for a wireless power receiver. A parallel capacitor (180 pF) defined

a resonance at 13.56 MHz, as measured using an RF Impedance Analyzer (4291A, Hewlett

Packard). The transmitter consisted of a circular wire wound coil with a radius of 43 mm,

matched at 13.56 MHz, powered with an amplifier module (WSPAS-11000, Wattsine,

China). With this system, the circuit is capable of operating the system to light the

LED. In the circuit constructed with an array of 2D fractal interconnects, the DC power

(15V, 610E, TREK, USA) supply is directly exploited.

3.3.1.4. Cyclic stretching test of the 3D helical and 2D serpentine intercon-

nects. A customized biaxial mechanical stretcher allowed precise control of strain applied

to the substrate. A low strain rate (1000 cycles, 50 mm/min) was used in the cyclic stretch-

ing tests. Four sets of experiments were performed for the 3D helical interconnects and

2D serpentine interconnects formed with the 1-stage and 2-stage encapsulating processes,

respectively. The resistances in these interconnects were measured before and after the

cyclic stretching test.

3.3.2. Finite Element Analysis

Three-dimensional finite element analysis allowed prediction of the mechanical deforma-

tions and the Mises stress distributions of the individual 3D coils, 2D serpentine and

2D fractal interconnects as well as the network designs. Four-node shell elements with a

three-layer (PI/metal/PI) composite modelled the 3D and 2D interconnects, and eight-

node solid elements modelled the encapsulation and substrate. Refined meshes ensured
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the computational accuracy using commercial software (Abaqus). To evaluate the stretch-

ability in the encapsulated condition, the 3D and 2D interconnects are embedded in

the encapsulation material and tied onto the substrate by predefined constraints. The

elastic stretchability corresponds to the point at which the metal layer exceed the yield

strength (∼200 MPa for Au) across one quarter of the width of any section of the inter-

connect, and this criterion is supported by previous experimental studies [32, 228]. A

hyperelastic constitutive relation, i.e., the Mooney-Rivlin law, captured the properties of

the elastomeric encapsulation (Eencapsulation=3 kPa and νencapsulation=0.49) and substrate

material (Esubstrate=20 kPa and νsubstrate=0.49). The relevant material parameters are

(C10=0.40 kPa, C01=0.10 kPa, D1=0.04 kPa−1) for the encapsulation and (C10=2.68 kPa,

C01=0.67 kPa, D1=0.006 kPa−1) for the substrate in Abaqus. The other material param-

eters used are: EPI=2.5 GPa, νPI = 0.27 for polyimide; and EAu=79 GPa, νAu=0.27 for

gold. Here, E is elastic modulus and ν is Poisson’s ratio.

3.3.3. Electromagnetic Simulation

The finite element method was used in the electromagnetic simulations to get the return

loss parameter (S11) of the 3D soft antenna. The simulations were performed using the

commercial software Ansys HFSS (Ansys HFSS 13 User’s guide, Ansys Inc. 2011), where

the lumped port was used, and the port impedance was set according to the matched

capacitor (180 pF). The adaptive mesh (tetrahedron elements) together with a spherical

surface (2000 mm in radius) as the radiation boundary, was adopted to ensure computa-

tional accuracy. The material parameters include the relative permittivity (εr), relative

permeability (µr) and conductivity (σ) of Au, PI, Ecoflex and Silbione, i.e., εr(Au) = 1,
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µr(Au) = 0.99996 and σ(Au) = 4.1 × 107 S/m; εr(PI) = 3.5, µr(PI) = 1 and σ(PI)

= 0 S/m; εr(Ecoflex) = 2.8, µr(Ecoflex) = 1 and σ(Ecoflex) = 0 S/m; and εr(Silbione)

= 4.4, µr(Silbione) = 1 and σ(Silbione) = 0 S/m.

3.4. Conclusion

We developed a generic solid encapsulation method, capable of offering unprecedented

elastic stretchabilities for a broad range of interconnect configurations. In comparison

to the conventional 1-stage encapsulation, the proposed 2-stage encapsulation can enable

an increase of stretchability by factors of ∼6 for 2D serpentine interconnects, ∼4 for 2D

fractal interconnects, and ∼2.6 for 3D helical interconnects. Combined theoretical and

experimental studies elucidated the underlying mechanisms of such stretchability enhance-

ment and the effects of various design parameters. Device demonstrations in encapsulated

soft LED systems constructed with 3D helical interconnects and 2D fractal interconnects

show the ultra-high stretchability can be well maintained at the device level. The pre-

sented soft encapsulation strategy has general utility in various stretchable interconnect

technologies, and therefore, has promising applications in the design of stretchable devices

with different targeted applications.
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CHAPTER 4

Self-assembled Three-dimensional Network Designs for Soft

Electronics

Low modulus, compliant systems of sensors, circuits and radios designed to inti-

mately interface with the soft tissues of the human body are of growing interest, due

to their emerging applications in continuous, clinical-quality health monitors and ad-

vanced, bioelectronic therapeutics. Although recent research establishes various materi-

als and mechanics concepts for such technologies, all existing approaches involve simple,

two-dimensional (2D) layouts in the constituent micro-components and interconnects.

Here we introduce concepts in three-dimensional (3D) architectures that bypass impor-

tant engineering constraints and performance limitations set by traditional, 2D designs.

Specifically, open-mesh, 3D interconnect networks of helical microcoils formed by deter-

ministic compressive buckling establish the basis for systems that can offer exceptional

low modulus, elastic mechanics, in compact geometries, with active components and so-

phisticated levels of functionality. Coupled mechanical and electrical design approaches

enable layout optimization, assembly processes and encapsulation schemes to yield 3D

configurations that satisfy requirements in demanding, complex systems, such as wireless,

skin-compatible electronic sensors.
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4.1. Introduction

Rapid advances in the development of precision chem/ biosensors, low-power radio

communication systems, efficient energy harvesting/storage devices, high-capacity mem-

ory technologies and miniaturized electronic/optoelectronic components create opportu-

nities for qualitatively expanding the ways that microsystem technologies can be inte-

grated with the human body for treating disease states and monitoring health status

[139, 185, 137, 94, 159]. Realizing this potential requires not only advances in the

components but also in the strategies for their collective integration into systems that

offer stable, long-term operation at intimate biotic/abiotic interfaces [139, 137, 94].

Promising research in this direction focuses on development of materials and mechan-

ics concepts to enable system-level properties that are mechanically and geometrically

matched to those of the soft tissues of the human body [150, 149, 75, 99, 126, 78, 82,

160, 208, 123, 39, 204, 203, 239, 127, 191, 77, 174, 165, 166]. Although previously

reported approaches provide significant utility in this context [82, 208, 95, 104, 84,

52, 54, 207, 32, 97, 92, 64, 86, 98, 214, 130, 68, 219, 238], they all rely on pla-

nar, two-dimensional (2D) layouts of the functional elements and electrical interconnects,

where the 2D geometries and/or materials define the essential physical characteristics.

The work reported here pursues a different strategy, in which system architectures adopt

engineered, three-dimensional (3D) designs to provide properties that circumvent intrinsic

limitations associated with traditional, 2D counterparts. Specifically, combined experi-

mental and theoretical results demonstrate that open networks of 3D microscale helical

interconnects offer nearly ideal mechanics for soft electronic systems that embed chip-

scale components, by virtue of model, spring-like behaviors similar to those in man-made
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[141, 152, 213] (for example, coil spring) and biological [50, 20, 37, 155, 194] (for

example, tendrils) analogues. Furthermore, scalable methods for forming the required

3D mesostructures together with systematic approaches for defining mechanically and

electrically optimized layouts allow immediate application to complex systems. Wireless

sensor platforms capable of physiological status monitoring in soft, skin-mounted formats

provide demonstration examples. These findings could find broad utility in many classes

of soft microsystems technologies.

4.2. Results and Discussion

4.2.1. Mechanics of 3D helical coils

The assembly approach builds on recently introduced concepts in deterministically con-

trolled buckling processes [238, 141], in which initial 2D structures spontaneously trans-

form into desired 3D shapes [206, 229]. Figure 4.1a presents finite element analyses

(FEA, see Methods section for details) for the formation of an extended, spiral network

of 3D helical microstructures from a corresponding 2D precursor that takes the form of

a collection of filamentary serpentine ribbons (widths: 50 mm; multilayer construction:

2.5 µm PI/1.0 µm Au/5 nm Cr/2.5 µm PI). Each unit cell consists of two identical arcs

with central angle θ0 and radius r0. The two ends include small discs that form strong

covalent siloxane bonds to an underlying elastomeric silicone substrate in a state of biaxial

prestrain; other regions adhere only through weak van der Waals interactions. Compres-

sive forces induced by releasing the prestrain cause the 2D precursor to geometrically

transform, through a coordinated collection of in-plane and out-of-plane translational
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and rotational motions, into an engineered 3D configuration via controlled buckling de-

formations [206, 229]. Specifically, each unit cell transforms into a single turn of a

corresponding 3D helical microcoil whose pitch (p) depends on the serpentine geometry

and the magnitude of the prestrain, εpre, according to p = 4r0 sin (θ0/2)/(1 + εpre). The

overall shape of coil follows mainly from εpre and θ0 (Figure 4.2). Optical images of a rep-

resentative structure appear in Figure 4.1b. The key dimensions match those from FEA.

For example, the experimental and FEA results for the pitch, height of the microcoils are

1150± 40 µm, 530± 50 µm and 1170 µm, 520 µm, respectively.

Figure 4.1. Assembly of conductive 3D helical coils. (a) Process for as-
sembly illustrated by finite element analysis (FEA). A 2D filamentary ser-
pentine structure bonded at selected locations to an underling, bi-axially
stretched (εpre) soft elastomeric substrate (pre-streched). Corresponding 3D
helical coils formed by relaxation of the substrate to its initial, unstretched
state (strain released). The color represents the magnitude of Mises stress in
the metal layer. (b) Angled and cross-sectional optical images of an exper-
imentally realized structure. The traces consist of lithographically defined
multilayer ribbons of polyimide/Au or Cu/polyimide bonded to a silicone
substrate. Scale bar, 1 mm.
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Figure 4.2. SEM images and corresponding FEA results for 3D helical in-
terconnects formed from 2D serpentine microstructures with different arc
angles: (a) 120◦, (b) 150◦, (c) 180◦, (d) 210◦ and (e) 240◦.

Although previous studies establish the utility of planar serpentine interconnects in

soft electronics, the existence of sharp, localized stress concentrations that follow from

their 2D formats and their physical coupling to the substrate limit performance for sys-

tems that require low modulus, elastic mechanics in compact designs. By comparison, 3D
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helical microstructures avoid this unfavorable mechanics due to smoothly varying, uniform

distributions of deformation-induced stresses that follow directly from their 3D layouts.

The result enables exceptionally high levels of stretchability and mechanical robustness,

without the propensity for localized crack formation or fracture, as supported by results

in Figure 4.3a,b. For purposes of quantitative comparison, consider a 2D serpentine inter-

connect with the same material composition (PI/Au/PI) and key geometric parameters

(as presented in the previous Chapter 2 and Figure 2.2), including the width (w), the

thickness (tmetal and tPI), the span (S) and the amplitude (A), as a corresponding 3D

helix. Here the number of unit cells in the 2D serpentine is selected such that its total

trace length (ltotal) is approximately the same as that of the 3D counterpart (10.68 mm,

θ0 = 180◦ and r0 = 425 mm). The limit of elastic stretchability, defined as the maximum

overall dimensional change below which structural deformations can recover completely,

corresponds to the point at which the constituent materials undergo plastic deformation

at the locations of highest Mises stress. Results for analogous 2D and 3D systems appear

in Figure 4.4. Due to the absence of stress concentrations, the elastic stretchability of the

3D helices significantly exceeds that of the 2D serpentines. The enhancement corresponds

to a factor of ∼3 for εpre = 50%, and this factor increases continuously with εpre until it

reaches ∼9.5 for εpre = 300% (Figure 4.4).

These improvements follow from qualitatively distinct deformation mechanisms in 3D

compared to 2D layouts. Figure 4.3a illustrates the nearly ideal, spring-like mechan-

ics that characterize responses in 3D helices. Here, deformations are almost completely

decoupled from those of elastomeric substrate and the cross-sectional maximum Mises

stress (σcross−sectionMises ) are spatially uniform, except for small regions near the bonding
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Figure 4.3. FEA results for the deformations and distributions of Mises
stress in a 3D coil (a) and a 2D serpentine (b) with similar geometries
at 0% and 50% uniaxial strain.(c) Distribution of maximum Mises stress
for each cross section along the natural coordinate normalized by the arc
length, for the 3D helical coil in a, for three different levels of applied strain
(0%, 25%, 50%). (d) Similar results for the case of the 2D serpentine in b.

sites. Quantitative results from FEA appear in Figure 4.3c, which shows the maximum

Mises stress for each cross section along the natural coordinate normalized by the arc

length. Deformations of the 2D serpentine lead to sharp, unavoidable stress concentra-

tions at the arc regions, as illustrated by the results in Figure 4.3d. The ratio of the peak

stress [Peak(σcross−sectionMises )] to its mean value [Mean(σcross−sectionMises )] serves as a metric for

the magnitude of this concentration. This ratio is only ∼1.2 for the 3D helices under both

applied strains of 25% and 50%, which is nearly an order of magnitude smaller than the

ratio (∼9.8) for the 2D serpentines. The non-uniformity in the stress distribution can be
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Figure 4.4. Elastic stretchability of the 3D helical coils and 2D serpentine
with similar geometric parameters presented in Figure 2.2 as a function of
prestrain used in the assembly.

characterized by the average absolute deviation relative to the mean value, as given by

Fnon−uniformity =
∫ 1
0 σ

cross−section
Mises dS

Mean(σcross−section
Mises )

, where S denotes the natural arc coordinate normalized

by the total trace length of entire interconnect. This dimensionless factor also highlights

the qualitative differences (for example, 0.15 versus 1.06 for 50% stretch) between be-

haviors of the 3D helical and 2D serpentine microstructures. Even when compared to

fractal 2D designs, in which microfluidic enclosures afford mechanical decoupling from

the substrate [208] or to bar-type 2D serpentines, in which planar, scissor-like mechanics

dominates [169], the 3D helical geometry is superior due to the spring-like responses and

associated uniformity in the stress distribution (see Figure 4.5, 4.6 and Figure 2.3, 2.4&2.7

in the previous Chapter 2 for details). In particular, 3D helical interconnects outperform

2D serpentine designs that undergo buckling deformations in the form of local wrinkling,

typically by a factor >2.3 for representative prestrains (>100%). As compared to thick

serpentine interconnects that are dominated by planar, scissor-like mechanics, 3D helical
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interconnects with a sufficient prestrain (for example, >100%) exhibit a considerable en-

hancement (for example, >1.8 times) in the elastic stretchability. Similar improvements,

at an even greater factor, apply relative to 2D interconnects with fractal-inspired layouts

(Figure 4.6).

4.2.2. Design of 3D interconnect network of helical coils

The versatility in layouts that can be realized by the assembly approach outlined in Figure

4.1 and 4.3, the scalability of this process to large areas, and the excellent mechanical

behaviors of the 3D helical designs facilitate straightforward implementation even in com-

plex systems (see Figure 4.7, 4.8, 4.9, 4.10, 4.11, 4.12, 4.13 and 4.14). The optical image of

Figure 4.15a presents an example that consists of ∼50 separate chip-scale electrical com-

ponents, ∼250 distinct 3D helical interconnects (PI 2.5 µm/Au 1 µm/Cr 5 nm/PI 2.5 µm

multilayers with 50 µm in width for each line; PI 2.5 µm/Au 1 µm/Cr 5 nm/PI 2.5 µm/Au

1 µm/Cr 5 nm/PI 2.5 µm multilayers with 50 µm in width for each crossing point) adhered

at ∼500 bonding sites to an elastomeric substrate (E=20 kPa; Ecoflex 00–50, Smooth-

on, USA; ∼4 cm diameter at rest), all encapsulated with an ultra-low-modulus elastomer

(E=3 kPa; Silbione 4717A/B, Bluestar Silicones, France). As described subsequently, this

platform provides wireless, battery-free capabilities in continuous monitoring of physiolog-

ical health from mounting locations on the skin. The inset shows the device in a complex

state of deformation to illustrate the soft, skin-like physical properties. The overall lay-

out employs a spider-web-like geometry (Figure 4.16, 4.17 and 4.18), selected to avoid

failure at any point in the system, to ensure uniform and extreme levels of stretchability

and bendability in any direction and to minimize the overall system size. This unusual
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Figure 4.5. Mechanics of 3D helical interconnects in comparison to end-
bonded 2D serpentine and fractal interconnects in the unencapsulated con-
dition. (a) Elastic stretchability versus metal (Cu) thickness (tmetal) in the
unencapsulated condition, for 2D serpentine, 2D fractal and 3D helical in-
terconnects. For the purpose of comparison, the key geometric parameters
(width, thickness, span, and amplitude) are approximately the same for the
three interconnects. The interconnects are all made of single-layer copper.
(b) FEA results on the configurations of 3D helical, 2D fractal and serpen-
tine interconnects before and after stretched to the corresponding elastic
limit, from a top-view perspective. (c) Similar results from a 3D-view per-
spective. The color represents the magnitude of Mises stress.

layout follows from a rigorous, systematic design approach that leverages FEA modeling.

Specifically, for any given design, FEA allows rapid identification of locations of high Mises
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Figure 4.6. Mechanics of 3D helical interconnects in comparison to end-
bonded 2D serpentine and fractal interconnects in the encapsulated condi-
tion. (a) Elastic stretchability versus metal (Cu) thickness (tmetal) in the
encapsulated condition, for 2D serpentine, 2D fractal and 3D helical inter-
connects. For the purpose of comparison, the key geometric parameters
(width, thickness, span, and amplitude) are approximately the same for the
three interconnects. (b) FEA results on the configurations of 3D helical,
2D fractal and serpentine interconnects before and after stretched to the
corresponding elastic limit, from a top-view perspective. (c) Similar results
from a 3D-view perspective. The color represents the magnitude of Mises
stress in the metal layer.
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stresses and physical collisions between the different regions of the interconnect network

and/or individual components, under various states of deformation within a desired range

of strains. Under constraints of interconnect length and connectivity set by considerations

in electrical performance (details described below), an iterative process guided by FEA

allows optimization of all relevant parameters, including the magnitude of the prestrain

in the assembly process, the spatial layouts of the components, the configurations of the

bonding sites and the geometries of the 2D serpentine precursors. The use of serpentine

unit cells with fixed dimensions across the entire circuit simplifies the design process and

yields uniform distributions of Mises stresses.

Figure 4.7. Fabricated 3D coil array.



100

Figure 4.8. Fabricated 3D coil array.

Figure 4.9. Commercial LED chips connected by 3D conductive coils.

Overlaid on these mechanical considerations is a set of electrical requirements. For

example, the length of the line that supplies power must be minimized to reduce resistive

dissipation and electromagnetic noise associated with radio frequency power delivery. A
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Figure 4.10. Thin film InGaAs LED components connected by 3D con-
ductive coils: (a) SEM and OM images of the fabricated stretchable LED
system with coil, (b) I-V curve of the LED system, (c) Mechanical fatigue
test up to 10,000 cycles.

Figure 4.11. Mask design of 3D coil fabrication for basic element of electrical topology.



102

Figure 4.12. 3D coil fabrication for basic element of electrical topology.
Scale bar is 3 mm.

large decoupling capacitor (22 mF) at the power source and smaller bypass capacitors

at each branch of the supply route, all of which have low equivalent series resistance,

help to suppress this noise. The antenna and the electrodes for sensing electrophysiolog-

ical signals must be spatially separated from the power line to minimize electromagnetic

interference, but they must also enable impedance matching (50 Ω). These and other

coupled considerations in mechanics and electronics underpin the optimized design shown

in Figure 4.15a.
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Figure 4.13. FEA predictions on the 3D configurations of basic elements of
electrical topology shown in Figure 4.12.

The scanning electron microscope (SEM) images in Figure 4.15b,c&d highlight some

key representative regions of this system, including heterogeneously integrated structures

of 3D microcoils, chip-scale components and the supporting elastomeric substrate. In

terms of the mechanics, these frames highlight the level of agreement between experi-

ment and FEA predictions across the entire structure. Figure 4.15b illustrates electrical

crossovers enabled by the multilayer construction of the traces. As shown in Figure 4.15b-

d, the bonding sites retain an undeformed shape due to the low modulus of the underlying



104

Figure 4.14. FEA results for basic circuits.

elastomer and the relatively large thickness (∼6 µm) of the interconnect structure. The

result leads to low levels of Mises stresses at these locations. The chip-scale components

prevent corresponding near-surface regions of the elastomer from relaxing after release

of the prestrain, thereby inducing a certain level of strain concentration. As such, the

portions of the helical interconnects that join directly to the chips undergo a slightly en-

hanced compression, consistent with the increased Mises stresses in Figure 4.15d. The

FEA results in the lower images show the stress field associated with the 3D microcoil.
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Figure 4.15. Optical image of the system at a bi-axially stretched state
of 50%, showing ∼250 3D helices, ∼500 bonding sites, ∼50 component
chips and elastomers for full encapsulation (Encapsulation material: Sil-
bione 4717A/B, Bluestar Silicones, France; E=3 kPa; bottom substrate:
Ecoflex 00-50A/B, Smooth-on, USA; E=20 kPa) Inset: optical image of
the device under a complex state of deformation. Scale bar, 5 mm. Scan-
ning electron micrographs and corresponding FEA results of representative
regions of the 3D network, including (b) electrically isolated crossing points
and (c,d) interfaces with chip components. Scale bars, 100 µm(b), 1 mm
(c) and 1 mm (d). The widths and thicknesses of all coils throughout this
system are 50 µm and 1 µm, respectively.

The maximum computed stress in the metal layer across the entire 3D interconnect struc-

ture is ∼130 MPa. This value corresponds to ∼0.19% strain, which is below the yielding

point (∼0.3%).
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Figure 4.16. Schematics of material integration for 3D coil based circuit.

As depicted in Figure 4.19&4.20, the device functions as a soft, skin mounted tech-

nology with important capabilities in monitoring of well-known parameters relevant to

physiological health status. Wireless delivery of power to a receiver antenna charges a

supercapacitor which then supplies regulated power to the entire system. Sensors allow

quantitative measurements of motion, via accelerometry, and electrophysiology, via skin-

interfaced electrodes. Raw data pass through a collection of analogue filters and amplifiers
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Figure 4.17. Schematic illustration of the 2D precursor for the electronic
device system constructed with helical interconnect networks.

prior to wireless transmission using a Bluetooth protocol to a customized app running on

a smart phone. Details appear in the Methods section (Section 4.3).

4.2.3. Soft encapsulation strategy for enhanced mechanics

Practical applications demand encapsulating layers to protect the active and passive com-

ponents and the interconnects. As compared with liquid encapsulation [208], the solid

encapsulation approach adopted in this paper avoids the potential for leakage or evap-

oration. As in previously reported systems that use 2D serpentines, ultra-low modulus

elastomers are attractive due to the minimal mechanical constraints that they impose



108

Figure 4.18. FEA prediction on the 3D configuration of the electronic de-
vice system constructed with 3D helical interconnect networks. The 3D
perspective is the same as the optical image in Figure 4.15. The color
represents the magnitude of Misesstress in the metal layer.

Figure 4.19. Optical image of a device supported by two fingers.

on the motions of the components and interconnect networks. Typically, introduction

of this encapsulation material occurs as a final step in the fabrication. An alternative,

improved strategy that naturally follows from the 3D assembly process outlined in Figure

4.1 involves applying this material as a liquid precursor at a state of partial release of



109

Figure 4.20. Block diagram of the functional components for a set of elec-
trophysiological (EP) sensors with an analogue signal processing unit that
includes filters and amplifiers, a three-axial digital accelerometer, a Blue-
tooth system on a chip (SoC) for signal acquisition and wireless commu-
nication, and a wireless power transfer system for battery-free operation.
The signal acquisition involves sampling of the EP sensor output through
an internal analogue-to-digital converter (ADC) and data acquisition of the
accelerometer output via a serial peripheral interface (SPI). When operated
using a custom graphical user interface on a smart phone, this system can
capture and transmit a range of information related to physiological health.

the substrate prestrain, εencap, crosslinking it into a solid form and then completing the

release (i.e., 2-stage encapsulation strategy, as proposed in Chapter 3), as shown in Fig-

ure 4.21. This last step deforms the cured material in a manner that softly embeds the

3D helical interconnects via mechanical interactions during final release. As illustrated

by experimental results (Figure 4.22), the 3D buckled structures in the system maintain

their original forms during the encapsulation process because their equivalent moduli are

sufficiently high that they are not deformed by shear forces associated with the viscosity

of the uncured elastomer or liquid.
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Figure 4.21. Process for soft encapsulation illustrated with FEA results:
first, a collection of electronic components joined by an interconnect network
in a 2D serpentine design bond at selective sites to a bi-axially prestrained
soft elastomeric substrate (Ecoflex 00-50A/B, Smooth-on, USA; E=20 kPa).
Partial release of the prestrain mechanically transforms the 2D serpentines
into 3D helices. Coating the entire structure with a thin, low-modulus
silicone elastomer (Silbione 4717A/B, Bluestar Silicones, France; E=3 kPa)
defines the encapsulation layer. Finally, releasing the remaining prestrain
enhances the 3D geometry of the helices and completes the process. The
insets correspond to magnified views of a local region. Scale bar: 1 cm.
The scale bar of the inset is 1 mm.

Quantitative mechanics modeling reveals significant associated improvements in the

elastic stretchability (Figure 4.23 and 4.24), compared to the usual case of encapsula-

tion at the final stage of fabrication and assembly. Specifically, the enhancement corre-

sponds to a factor of ∼2.2 and 2.8 times for uniaxial and radial stretching, respectively,

when εencap=30% and εpre=150% for the device in Figure 4.15 (Esubstrate=20 kPa and

Eencapsulation=3 kPa). Modeling is critical for the practical implementation of this con-

cept, simply because the use of εencap above a certain threshold (>39% for the case
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Figure 4.22. Optical images of 3D coil after encapsulation with ultra-soft
elastomeric materials (Silbione 4717 A/B, Bluestar Silicones). The 3D
structure keeps their original structures well. Scale bars of (a) and (b)
are 1mm and 100um, respectively.

examined here) can lead to plastic yielding of the interconnects before full release (Figure

4.21). Near this limit, the elastic stretchability of the encapsulated 3D circuit system

approaches that of the unencapsulated counterpart, particularly for uniaxial stretching

(for example, 120% versus 144% for X axis and 123% versus 146% for Y axis). By com-

parison, encapsulation at εencap=0 (that is, encapsulation after complete assembly, i.e.,

1-stage process as mentioned in Chapter 3) retains only limited levels of stretchability (for

example, ∼50% for X axis, 51% for Y axis, and 25% for radial stretching, respectively),

as shown in Figure 4.25a. The deformation mode in Figure 4.25b is, in fact, close to that

of an ideal, unencapsulated system (Figure 4.26). In this construction, a radial strain of

70% induces maximum Mises stress of only ∼199 MPa (corresponding to its yield strain,

∼0.3%) in the active materials (Au of the interconnects), consistent with reversible, elas-

tic behaviors. Furthermore, the stress distribution is uniform across most of the circuit

(Figure 4.25c), as additional evidence of the efficient mechanics.
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Figure 4.23. Elastic stretchability of a 3D circuit system encapsulated at
different states of partially released strain in this two-stage encapsulating
process (blue for uniaxial stretching along X axis; red for uniaxial stretching
along Y axis; black for radial stretching).

Figure 4.24. Bar graph of the elastic stretchability for a 3D circuit system
formed by using a one-stage encapsulating process, two-stage encapsulating
process and no encapsulation.

The modulus of the top encapsulation has a significant effect on the stretchability of the

3D helical interconnects (presented in Chapter 2 Figure 2.6a). A low-modulus elastomer

(Silbione) reduces mechanical constraints on the deformations of helical interconnects,

thereby achieving a much higher stretchability than possible with elastomers with higher

modulus values (for example, Ecoflex). The circuit can be designed with improved density
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Figure 4.25. System-level deformation and distribution of stresses deter-
mined by FEA with encapsulation introduced after (a) full (i.e., 1-stage
encapsulation process) and (c) partial (i.e., 2-stage encapsulation process)
release of the prestrain. In all of the FEA images, the color represents the
magnitude of Mises stress in the metal layer. (b) Optical images of a device
deformed in similar ways. Scale bar: 1 cm.

via the use of increased prestrain during the 3D assembly process. By increasing the

prestrain from 150% to 200%, the area of entire circuit can be reduced to ∼70% of

the original area. The elastic stretchability undergoes a relatively small corresponding

reduction, as in Figure 4.27.
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Figure 4.26. Computational studies of the mechanics in an unencapsulated
electronic device system with 3D helical interconnect networks. (a) System-
level FEA results for the undeformed and deformed configurations of the
elctronic device under equal biaxial stretching. Two levels (150% and 159%)
of applied strain are adopted, corresponding to the prestrain used in the
3D assembly and the elastic stretchability of device system. (b) System-
level FEA results for the undeformed and deformed configurations of the
electronic device when uniaxially stretched to the elastic limit (144% for
X-axis and 146% for Y-axis). Images with two different view perspectives
are shown. The color represents the magnitude of Mises stress in the metal
layer.
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Figure 4.27. Design of circuit system to increase the areal density. (a) FEA
result for the deformed configuration of a system with prestrain εpre(200%).
(b) Uniaxial and radial elastic stretchability for two prestrains (150% and
200%), and the same encapsulation strain (30%). The color in (a) denotes
the Mises stress.

The devices might encounter compression along the thickness direction during practi-

cal use, associated with physical contact or normal impact. Quantitative modeling of the

encapsulated helical interconnects provides insights into the mechanics associated with

such situations. For a variety of prestrains (50%–300%) used in the assembly process,

compressive forces (for example, ∼10 kPa) sufficiently large to reduce the out-of-plane

dimensions of the interconnects to 30% of the original values (that is, a compression ra-

tio of 0.3) lead to maximum principal strains in the metal layer that are below 1.3%,

which is much smaller than the fracture strain (>5%) of gold or copper. This result

indicates that the 3D helical interconnects can survive such compression ratios (0.3) and

pressures >10kPa. Experimental demonstrations of robust performance of 3D coil in-

terconnect networks, involve simple test structures a LED to allow visual observation of

operation. Each LED interconnect takes the form of a 3D helical coil (width 50 µm,



116

thickness 1 µm), selectively bonded to an elastomeric substrate (Ecoflex 00–30, Smooth-

on, USA; E=∼30 kPa) using interface chemistries described previously and encapsulation

with an ultra-soft elastomer (Silbione 4717A/B, Bluestar Silicones, USA; E=∼3 kPa) as

outlined above. The computational results and experimental results are in Figure 4.28

and 4.29. The experiments show that an LED system constructed with networks of heli-

cal interconnects can survive different types of compressive loadings that might occur in

practical use, consistent with modeling results.

Figure 4.28. A stretchable test structure consisting of a pair of LEDs elec-
trically connected by a 3D helical coil encapsulated in and supported by
an elastomer. (a) Compressive loads applied with the tip of a pen (b), the
end of a pair of tweezers (c) and an index finger (d). The I-V curves under
different conditions are in (e).

Experimental measurements of the mechanical responses also show good agreement

with modelling, even at the full system level of ∼250 helical interconnects and ∼50 chips

(Figure 4.25). Overlays of optical images with FEA results (Figure 4.30) facilitate com-

parisons. Local regions can be examined quantitatively by using the index of structural
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Figure 4.29. FEA results of the pressure needed to compress the 3D heli-
cal interconnects such that the out-of-plane dimensions reach 30% of the
original values as a function of prestrain used to form the coils.

similarity (SSIM) [142]. The results reveal SSIM indices of ∼0.81, 0.75 and 0.77, re-

spectively, for the cases of radial, X axis and Y axis stretching shown here (see Figure

4.31 for details). For reference, comparisons of images of local areas to themselves after

translation or rotation (Figure 4.32) indicate that an SSIM value of 0.75 corresponds to a

2.3% relative X axis offset, a 2.0% relative Y axis offset or a 3.3◦ rotation relative to the

image center; an SSIM of 0.81 corresponds to a 1.8% X axis offset, a 1.5% Y axis offset

or a 2.5◦ rotation.

4.2.4. Demonstration of soft electronics built with 3D helical coil

Figure 4.33, 4.34, 4.35 and 4.36 present optical images of the system in various states of

deformation, with an FEA result for the rightmost frame. Functionally, devices with these

designs offer reliable operation in all such circumstances (Figure 4.35 and 4.36). Figure

4.37 shows capabilities in three-axis accelerometry for tracking of 3D motion and respi-

ration. As in Figure 4.38, simultaneous monitoring of electrophysiological signals is also
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Figure 4.30. Comparison of experiment images and FEA results for the elec-
tronic device system with 3D helical interconnect networks under stretching.
Optical images overlaid by FEA results for the electronic device system un-
der (a) radial stretching, and uniaxial stretching along (b) X-axis and (c)
Y-axis.

possible, including capture of electrocardiogram (ECG), electromyogram (EMG), elec-

trooculogram (EOG) and electroencephalogram (EEG) data for quantitative evaluation

of cardiac, muscle, eye and brain activity, respectively. Multimodal operation depicted in

Figure 4.39 involves recording of three-axis acceleration and EP signals simultaneously,
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Figure 4.31. Comparison of experiment images and FEA results for a local
area of the elctronic device system, with results on Structure Similarity
(SSIM). Optical image of a local area of the device (marked by red in
Figure 4.30) overlaid by FEA results for the electronic device system under
(a) radial stretcing, and uniaxial stretching along (b) X-axis and (c) Y-

axis. The SSIM index is calculated using SSIM(x, y) = ( sxy+Ca

sxsy+Ca
)γ, where

Sx and Sy are variance of x and y, and sxy is the covariance of x and y;
C3 = 1

2
(k2L)2 is a variable to stabilize the division with weak denominator,

in which k2 is by default taken as 0.03, and L = 255 is the dynamic range
of the pixel value for the images; γ = 0.5 is a weight used in the calculation.
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Figure 4.32. Sensitivity of structure similarity (SSIM). (a) Optical image
of a local area of the device, overlaid by the same image with two different
levels of offset along X-axis to yield SSIM of 0.81 and 0.75. (b) Similar
results with two different levels of offset along Y-axis. (c) Similar results
with two different levels of rotation with regard to the center.

where the former provides important contextual information on the latter. As shown by

Figure 4.40, ECG data collected using a device in an undeformed state are identical to

those collected using a device stretched radially to a strain of 50%. This invariance in
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operation is consistent with electrical resistances of the coils that remain constant under

mechanical deformation. The 3D design approaches, the coupled mechanical/electrical

considerations in layout and the two-stage encapsulation method, are each critically im-

portant in the properties and the operation of such systems.

Figure 4.33. Optical images of a device deformed in different ways, with
corresponding FEA results in the bottom right box.

4.3. Methods

4.3.1. Finite element analysis

Three-dimensional FEA techniques allowed prediction of the mechanical deformations and

stress distributions of helical interconnects and entire circuit systems, during processes



122

Figure 4.34. Encapsulated electronic device system with 3D helical inter-
connect networks under bending deformations. (a) System-level FEA result
for the deformed configuration of the encapsulated electronic device when
wrapped onto a rigid cylinder (radius 25mm). The right image features the
distribution of Mises stress in the metal layer. (b) Similar results for the
encapsulated electronic device wrapped onto a rigid cylinder (radius 15mm).

of compressive buckling and re-stretching. Four-node shell elements with a three-layer

(PI/metal/PI) composite modeled the interconnects, and eight-node solid elements mod-

eled the substrate and encapsulation. Refined meshes ensured computational accuracy

using commercial software (Abaqus). The critical buckling strains and corresponding

buckling modes determined from linear buckling analyses served as initial imperfections
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Figure 4.35. Magnified view of the 3D coil based circuit: (a) before and (b)
after strain release.

Figure 4.36. Freely deformed 3D coil based circuit.

in the postbuckling analyses to determine the deformed configurations and strain distri-

butions. To evaluate stretchability in the encapsulated condition, 3D helical interconnects

determined by postbuckling analyses were embedded in an encapsulation solid that cov-

ered the entire area of substrate. The elastic stretchability corresponds to point at which

the Mises stresses in the metal layer exceed the yield strength (∼199 MPa for Au and
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Figure 4.37. (a) Representative recordings of three-axis acceleration from a
device on the left forearm and inferred 3D patterns of motion. (b) Results
for respiration rate extracted from frequency analysis of accelerometer data
from a device placed on the chest, for cases at rest and after physical exer-
cise.

357 MPa for Cu, both corresponding to ∼0.3% yield strain) across at least one quarter

of the width of any section of the interconnect. Previous experimental studies [32, 228]

support the use of this type of criterion. A typical hyper-elastic constitutive relation, that

is, the Mooney–Rivlin law, captured the properties of the elastomeric substrate (elastic

modulus Esubstrate=20 kPa and Poisson’s ratio νsubstrate=0.49) and encapsulation mate-

rial (Eencapsulation=3 kPa and νencapsulation=0.49). The relevant material parameters are

(C10=2.68 kPa, C01=0.67 kPa, D1 = 0.006 kPa−1) for the substrate and (C10 = 0.40 kPa,
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Figure 4.38. Electrophysiological recordings with inset images of the device
on the skin: electrocardiogram (ECG), electromyogram (EMG), electroocu-
logram (EOG) and electroencephalogram (EEG).

C01 = 0.10 kPa, D1 = 0.04 kPa−1) for the encapsulation. The other material parameters

are EAu = 70 GPa and νAu = 0.44 for gold; ENi = 200 GPa and νNi = 0.31 for nickel;

ECu = 119 GPa and νNi = 0.34 for copper; and EPI = 2.5 GPa and νPI = 0.27 for PI.

4.3.2. Experimental methods

4.3.2.1. Fabrication of networks of 3D helical coils for fundamental study.

Spin-casting poly(methyl methacrylate) (PMMA; ∼100 nm in thickness, Microchem,

USA) formed a thin sacrificial layer on a glass substrate. Spin-casting polyimide (PI;
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Figure 4.39. Wireless, multimodal monitoring of body activity, through si-
multaneous measurements of ECG (plotted in green color) and movements
of the chest by accelerometry (plotted in blue color) during a time interval
that includes standing (0–60s), walking (60–120s) and running (120–180s).

Figure 4.40. Collected ECG signal from the chest: (a) undeformed and (b)
radially 50% stretched states.
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1∼3 µm in thickness, Sigma-Aldrich, USA), depositing thin layers of metal by electron

beam evaporation (Cr/Au or Cu, thickness 0.1–1 µm), performing photolithography, wet-

etching, spin-casting another layer of polyimide followed by oxygen reactive ion etching

defined a network of 2D serpentine structures, referred to here as the 2D precursor. Dis-

solving the PMMA by immersion in acetone for 10 min allowed retrieval of the 2D pre-

cursor onto the surface of a piece of water-soluble tape (Water-Soluble Wave Solder 5414,

3M, USA). Selective deposition of Ti (5 nm)/SiO2(50 nm) by electron beam evaporation

through a shadow mask (free-standing patterned sheet of a photodefinable epoxy with

thickness of 0.1 mm; SU-8, Microchem, USA) defined sites for strong bonding to a sili-

cone elastomer substrate formed by spin-casting and curing a prepolymer (thickness 1mm;

Ecoflex 00-50A/B, Smooth-on, USA) on a glass plate. A custom mechanical stage allowed

application of precisely controlled levels of biaxial strain to this elastomer, selected using

guidance from computation to achieve the required geometrical transformation from 2D

to 3D. Laminating the 2D precursor onto a prestrained substrate and heating (10 min,

70 ◦C in an oven) the system activated formation of strong siloxane bonds between the

patterned SiO2 layer on the 2D precursor and the surface of the silicone substrate. Dis-

solving the tape by immersion in DI water and releasing the prestrain transformed the

2D precursors into an extended network of 3D helical coils via compressive buckling.

4.3.2.2. Fabrication process for wireless electronics. Processes similar to those

described in the previous section, but with additional steps in spin-casting, metal deposi-

tion, photolithography and reactive ion etching yielded networks with electrically isolated

crossing points and contact pads as interfaces to electronic components. A conductive

alloy (In97Ag3, Indalloy 290, Indium Corporation, USA) enabled bonding of the contacts
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associated with the components to the pads in the interconnect network, while still in

a 2D geometry on a bi-axially prestretched elastomer substrate. Partially releasing this

prestrain followed by casting a uniform layer of an ultra-low-modulus elastomer (Silbione

4717A/B, Bluestar Silicones, France; E =∼ 3 kPa) encapsulated the entire system while

preserving freedom of motion of the helical coils upon application of strain. This layer

physically protected the system from the surroundings during handling and use.

4.3.3. Circuit design

4.3.3.1. Circuit design for electrophysiological sensing module. The electrocar-

diography (ECG) circuit used an instrumentation amplifier (INA333, Texas Instruments,

common-mode rejection ratio=100 dB) as a pre-amplifier for differential signal inputs to

suppress common-mode noise. A driven ground with negative feedback allowed further

noise reduction, thereby improving the signal-to-noise ratio. A high-pass filter (4.8 Hz)

and a low-pass filter (54.1 Hz) in a SallenKey topology, defined the passband of the circuit.

A non-inverting amplifier magnified the filtered signal to provide an overall gain of 40 dB.

The circuit used single-ended power at 3.3 V. A DC offset of 1.65 V allows capture of

signal in the range between 0 and 3.3 V. An 8-bit analogue-to-digital converter integrated

into the wireless chip (nRF51822, Nordic Semiconductor) enabled digital acquisition at a

sampling rate of 250 Hz. The same circuit measured electrocardiogram (ECG) and elec-

troencephalogram (EEG) data. The circuit also can perform electrooculography (EOG)

and electromyography (EMG) with a gain of 80 dB and a passband of 10-500 Hz and

0.5-20 Hz, respectively.
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4.3.3.2. Circuit design for three-axis acceleration sensing module. A digital ac-

celerometer (ADXL345, Analog Devices) enabled measurements along three orthogonal

axes. The configuration setup involved 13-bit resolution over a range of ±16g, clock po-

larity=1, and clock phase=1 at a SPI clock speed of 2 MHz. The accelerometer operated

at 3 V with bypass capacitors of 10 µF and 0.1 µF.

4.3.3.3. Circuit design for wireless powering module. Resonant inductive coupling

using an unshielded wire wound inductor coil (27T103C, Murata Power Solutions Inc.)

served as the basis for a wireless power receiver. A parallel capacitor (12–14 pF) defined a

resonance at 13.56 MHz, as measured using an RF Impedance Analyzer (4291A, Hewlett

Packard). A full-wave rectifier based on Schottky diodes and a smoothing capacitor

rectified the received power. A low-dropout regulator (MIC5205, Microchip Technology)

regulated the power at 3.3 V, to charge a supercapacitor (CPH3225A, Seiko Instruments)

that operated the embedded system. The transmitter consisted of a circular wire wound

coil with a radius of 3 mm, matched at 13.56 MHz, powered with an amplifier module (ID

ISC.LR(M)2500, Feig Electronics) capable of delivering between 2 W and 12 W. With

this system, 60 mW can be transmitted at 2 W and a 1 cm distance, capable of operating

the system, which had a peak power consumption of 30-40 mW.

4.3.4. Others

4.3.4.1. Programming the wireless embedded system. Commercial packages in-

cluding Keil µVision5 (ARM), Bluetooth Low Energy (BLE) at 2.4 GHz, S110 SoftDe-

vice by Nordic Semiconductor served as tools for building software for the overall system.

Wireless transmission of outputs from the ECG circuit and the accelerometer occurred in
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data packets with sizes of 6 bytes each. A custom Android-based application receives and

processes signals from the transmitter. AChartEngine v1.1.0 (The4ViewSoftCompany)

defined a graphical user interface with data logging function for further signal processing.

4.4. Conclusion

The results presented here establish concepts, as well as routes for practical implemen-

tation, for 3D microstructure designs in soft electronics. Specific findings include quanti-

tative advantages of ideal, spring-like mechanics in 3D helical coils compared to traditional

2D layouts; scalable approaches for forming 3D helical frameworks as interconnect net-

works between advanced microsystem components; combined electrical/mechanical tech-

niques for optimizing system design; encapsulation materials and methods for ideal, 3D

mechanics; and multimodal, wireless, skin-mounted demonstration devices for health mon-

itoring. These ideas in 3D design have relevance not only to interconnect networks but also

to other sub-systems, such as the antennas, the sensor structures and certain of the active

and passive device components as well. Compatibility of the 3D assembly approaches with

the most advanced methods in 2D micro/nanofabrication provides alignment both with

state-of-the-art microsystems technologies and unusual classes of materials and devices. A

combination of established and developing elements in overall architectures that leverage

both 2D and 3D layout features affords powerful opportunities not only in bio-integrated

electronics but also in many other areas of emerging interest, from soft robotics to systems

for virtual reality to hardware for autonomous navigation.
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CHAPTER 5

Application of 3D Helical Coil on Thermoelectric Generator:

Compliant and Stretchable Thermoelectric Coils for Energy

Harvesting in Miniature Flexible Devices

With accelerating trends in miniaturization of semiconductor devices, techniques for

energy harvesting become increasingly important, especially in wearable technologies and

sensors for the Internet-of-things. Although thermoelectric systems have many attractive

attributes in this context, maintaining large temperature differences across the device

terminals and achieving low thermal impedance interfaces to the surrounding environ-

ment become increasingly difficult to achieve as the characteristic dimensions decrease.

Here, we propose and demonstrate an architectural solution to this problem, where thin

film active materials integrate into compliant, open three dimensional (3D) forms. This

approach not only enables efficient thermal impedance matching, but it also multiplies

the heat flow through the harvester, thereby increasing the efficiencies for power conver-

sion. Interconnected arrays of 3D thermoelectric coils built using microscale ribbons of

monocrystalline silicon as the active material demonstrate these concepts. Quantitative

measurements and simulations establish the basic operating principles and the key de-

sign features. The results suggest a scalable strategy for deploying hard thermoelectric

thin film materials in harvesters that can integrate effectively with soft materials systems,

including those of the human body.
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5.1. Introduction

Thermal gradients are ubiquitous; thermoelectric devices provide means for exploiting

these gradients in the generation of electrical power. Here, differences in temperature be-

tween the surrounding environment and the human body or an inanimate object/device

[88, 6, 10] could provide small-scale amounts of power for operation of wearable sensors

or “Internet of Things” devices. Continued advances in electronic components and cir-

cuit designs enable aggressive down-scaling of power requirements for such systems; the

consequences enhance the practical prospects for thermoelectric and other strategies for

energy harvesting [134, 28, 132]. As examples, integrated processors [106] and radio

transmitters [120] that operate with power in the sub-nW range can be driven using

energy harvested from ambient light [106] and the endocochlear potential [121], respec-

tively. Pairing such platforms with sensors that have similar power budgets could enable

distributed, continuous and remote environmental or biochemical monitoring [125].

A key challenge in the development of miniaturized thermoelectric harvesters is in

matching the thermal impedance of heat exchange with the active material in the natural

direction of heat flow, typically oriented out-of-the-plane, through the device. Thin films

have minimal thermal impedance in this direction due to their small thicknesses, such

that the temperature drop across this direction is, in practical terms of thermoelectric

energy harvesting, negligible. As a result, most reported thermoelectric devices based

on thin film materials use thermal gradients that form in the plane [184, 23, 140]. In

geometries of practical significance, the impedance is rarely matched.
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The use of thick films (tens to hundreds of microns) deposited by electroplating [156]

or printing [88, 156] can help match the out-of-plane thermal impedance, but this ap-

proach typically results in harvesters that are rather bulky [89]. In addition, the heat

exchange capabilities from natural air convection in such devices is limited by their pla-

nar surface areas. The result could be diminishing output voltage over time as the device

reaches a steady state temperature distribution. Strategies that exploit thin film mate-

rials rolled into cylinders yield multilayer stacks aligned with thermal gradients in the

in-plane direction of the films [197] can enhance impedance matching. Parasitic flow of

heat through the substrate, which is also aligned with the thermal gradient, represents a

design challenge inherent in this approach.

Mechanical compliance is an additional consideration for integrating harvesters with

the curved surfaces of the human body or with non-planar substrates that can be common

in Internet-of-things applications. Combining thin polymer substrates or metal foils with

inorganic thermoelectric films, wires or ribbons [88, 23, 156, 170] represents a well-

developed route to flexible systems. Alternative approaches use organic thermoelectric

materials or composites [190, 143, 117, 21, 5, 116, 14]. In both cases, however, the

resulting planar and thin device designs suffer from the challenges in thermal design

mentioned above.

Here we propose and demonstrate an architectural solution to this challenge, in which

two dimensional (2D) device structures formed using planar transfer, deposition and pat-

terning techniques serve as precursors in the assembly of interconnected arrays of func-

tional, three dimensional (3D) helical coils. In this way, the in-plane direction of thin film

active materials rotates to align towards the out-of-plane direction of the device. This



134

design strategy has the advantage that it is compatible with the most advanced materials

and techniques in planar microsystem technologies. Additionally, the naturally compliant

nature of the coils allows these systems to conform to complex curvilinear surfaces, even

those that are time-dynamic, thereby ensuring excellent thermal contact with the heat

source. Above all, the 3D nature of the system provides a multi-fold increase of the sur-

face area, resulting in higher overall heat exchange capability and thus higher maximum

power.

5.2. Results and Discussion

5.2.1. Design and assembly approaches

Our demonstration of this thermoelectric helical coil architecture uses monocrystalline

silicon as the active material, as shown in the schematic illustration of Figure 5.1. Here,

mechanically guided assembly [206, 210, 65, 230, 38] generates 3D helical structures

from 2D serpentines via compressive buckling induced by relaxing a previously stretched

elastomer substrate to which the serpentines bond at selected locations; strong chemical

bonds follow from condensation reactions between surface hydroxyl groups on the sur-

face of the elastomer and patterns of silicon oxide (fabrication procedure in Figure 5.2)

formed on the serpentines. The serpentines incorporate silicon ribbons with p- and n-type

segments, termed p- and n- “legs”, connected in a series arrangement by lithographically

patterned traces of metal (Figure 5.3). Polymer coatings formed on the top and bottom

sides encapsulate the system (Figure 5.4) in a manner that also locates the silicon at the

neutral mechanical plane to enhance fabrication yields during the bending and twisting

deformations associated with transformation from 2D to 3D, and during deployment and



135

use. In the final configuration, the legs serve as the pathways for thermal transport be-

tween the substrate and the environment. Specifically, as the substrate equilibrates with

the thermal source, heat passes into the coils at the bonding locations. The encapsulation

layers have widths larger than those of the silicon ribbons to increase the surface area as

the cold-side heat exchanger and to provide mechanical support and protection.

As mentioned previously, the 3D coils also provide remarkable levels of mechanical

compliance and robustness during handling and bending (Figure 5.5), even though they

incorporate heavily-doped silicon (fracture strain≈0.1% [186]). The assembly process can

naturally scale to large arrays without deviating from the geometry predicted by finite

element analysis (Figure 5.6). Such characteristics render these systems well suited for

forming intimate thermal interfaces to the human body, such as the wrist or ankle (Figure

5.7), as well as other objects with curvilinear shapes. Although the examples presented

here utilize a particular set of materials, fabrication schemes and device geometries, and

the overall concepts have broad applicability.

5.2.2. Finite element analysis (FEA) for geometry optimization

The mechanical and thermal properties of 3D coils can be accurately predicted by finite

element analysis, such that a full-scale, thermo-mechanically coupled model can provide

critical guidance on selection of materials and geometrical configurations. An optimized

layout based on using silicon (thickness = 0.2 µm) and polyimide (PI; total thickness

= 8 µm) as active and encapsulating materials, respectively, incorporates a tapered ser-

pentine geometry. The unit leg length is 1.57 mm with a constant curvature, and the

PI widths at the top and bottom of the leg are 0.3 mm and 0.17 mm, respectively (i.e.
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Figure 5.1. Schematic illustration of the process for fabrication and 3D
assembly. Thin film p- and n-type materials patterned into two dimen-
sional (2D) serpentine shapes and transferred onto a layer of polyimide
define the active materials. Metal junctions and a top coating of polyimide
patterned by photolithography and etching, complete the formation of 2D
precursor structures. Chemically bonding such systems to a 60% uniaxially
pre-stretched silicone substrate at selective locations (hot-side junctions),
followed by release of the pre-stretch initiates a process of geometrical trans-
formation that yields the final 3D architectures. See Methods for details.

ratio is 2). The following sections summarize the thermal and mechanical aspects of this

computationally guided optimization process.
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Figure 5.2. Schematic step-by-step fabrication procedures for 3D compliant,
stretchable thermoelectric coils.
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Figure 5.3. Design of 2D precursor for 8×8 array. The colors in silicon
represent p type (green) and n type (purple) respectively.

5.2.3. Thermal design principles: heat exchange and impedance matching

The advantages of the 3D architecture follow from a set of thermal aspects that are

favorable for effective harvesting. For a total heat flow Q̇ [W] through a device, the

harvested power can be written as P = η·Q̇ where η is the conversion efficiency. Here, only

Q̇ through the thermoelectric legs Q̇TE, i.e. through silicon in our case, can be converted;

any heat bypassing the legs does not contribute to Q̇TE and is referred to as “parasitic.”

The value of η is proportional to the difference in temperature across the thermoelectric

leg ∆TTE, as η ≈ η0∆TTE/TH , in a harvesting environment that involves small thermal
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Figure 5.4. Illustration of geometric parameters. (a) Definition of geo-
metric parameters for 2D precursor of spring coil: width of polyimide
(PI) wPI,top=0.34 mm, wPI,bottom=0.17 mm (a tapering width ratio of 2),
width of silicon wSi=65 µm, radius of leg r=0.5 mm and length of leg
L=1.57 mm. (b) Schematic illustration of PI encapsulated composite layer
(PI/metal/silicon/PI) with optimized thickness tPI=4 µm, tmetal=0.2 µm,
tSi=0.2 µm.

Figure 5.5. Optical images of the resulting 3D thermoelectric coils. The
geometry of the structure and the elastomer substrate combine to provide
mechanical robustness against handling and mechanical deformation.

gradients and a given hot side temperature TH . Here, η0 depends on the thermoelectric

figure-or-merit (zT ) but not on the device design. According to P = η0(zT )
TH
·∆TTE · Q̇TE,
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Figure 5.6. Image of an array with 8×8 coils. The magnified view shows
that the 3D structure has a geometry consistent with that predicted by
finite element analysis. The colored profile represents strain in the silicon
leg.

Figure 5.7. Optical images of 3D thermoelectric coils placed on wrist.

the device design goal with a given thermoelectric material and hot side temperature is

to maximize the product ∆TTE · Q̇TE.

Because changes in many geometric parameters of the device (e.g. leg length) change

Q̇TE and ∆TTE in opposite directions, the most fundamental limiting factor - the heat

exchange capability - should be optimized at the first step of design. The heat exchange

capability describes how well the device can receive and dissipate heat from the hot and

cold sources, represented by the inverse of the total thermal impedance for heat exchange
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1/Θex; it determines the upper limit of Q̇TE because Q̇TE < ∆TEnvironment/Θex, where

∆TEnvironment is the temperature difference between the heat source and the surrounding

environment. Once the design features that give a minimal Θex are identified, the next

step for optimization is to find specific geometric parameters that could produce the

maximum Q̇TE∆TTE. In traditional device geometries, the optimum point occurs when

Θex is similar to the impedance of the leg ΘTE because ΘTE increases ∆TTE but decreases

Q̇TE, analogous to load impedance matching in electronics. This condition is the thermal

impedance matching condition.

Following this optimization strategy, we first find the design feature that maximizes

the heat exchange capability (minimizes Θex). We take advantage of the 3D design space

that allows for a large surface area; in harvesters that rely on passive cooling from air

convection, the surface area on the cold side determines the total heat flow. In the 3D

helical coil system of Figure 5.6, all surfaces except those in contact with the substrate

serve as cooling interfaces, with total areas that are much larger than the bonding area.

We highlight the role of the leg encapsulation layer, which not only provides mechanical

support, but also strongly enhances the heat exchange from an enlarged surface area.

Analogous to conventional cooling fins, the optimal geometry for cooling is a diverging

profile toward the cold side (i.e. top side). We thus employ a tapering geometry that

increases in width towards the top (Figure 5.8). This top-side wide geometry, however,

will inevitably increase the load applied to the leg, compromising mechanical stability.

Therefore, the thermally favorable design should be limited to within the mechanical

stability range.
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Figure 5.8. Considerations in thermal engineering to optimize choices of
design parameters. (a) The total heat flow across the silicon thermoelectric
leg (blue) increases as the width of the cold side encapsulated polymer layer
is increased. The overall heat dissipation through surface convection (red)
increases the heat flow. (b) Simulated temperature profiles by FEA that
compare the encapsulated case (the ratio of the area of the cold to the hot
side of the leg. (c) The maximum strain in the thermoelectric leg as a
function of the ratio of the area of the cold to the hot side. Increasing the
area of the cold side, while desirable for improved performance, compromises
the mechanical stability. An area ratio of two balanced heat exchange
capability and mechanical stability. (d) With an area ratio of two, the
leg length is selected to maximize ∆TTEQ̇TE (right axis, normalized to TH
and area) which is the impedance matching condition. The corresponding
fractional temperature drop across the leg is shown on the left axis. All
findings presented here are results of modeling of 3×1 coil structures (three
leg pairs) with a hot-side thermal bath of 40 ◦C and the entire surface
subject to convective heat dissipation due to ambient air at 20 ◦C.
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To find the optimal tapered geometry, we simulated the dependence of the thermal

and mechanical response on the encapsulation layer geometry using FEA. As indicated in

Figure 5.8a, simply adding a nontapered encapsulation layer to the bare silicon increases

Q̇TE by three-fold (6.2 to 19.3 µW). Tapering the encapsulation to a higher cold-to-hot

side area ratio further increases Q̇TE, as expected. The increased heat flow also results

in a lower cold side temperature (Figure 5.8b). The maximum strain in the silicon leg

also increases with tapering, reaching the silicon fracture limit at a tapered ratio of three

(Figure 5.8c and 5.9). In addition, the fabrication yield associated with 3D assembly

decreases with tapering because buckling in the downward direction (competing with the

upward direction) becomes an increasingly favorable mode (Figure 5.10). To remain in

the mechanically stable regime, we selected a cold-to-hot side area ratio of two. We note

that this design strategy - to increase the cold side heat exchange with an encapsulation

layer - is unique for 3D thermoelectric harvesters. In an in-plane harvester where the

surface area is fixed, substrates and encapsulation layers only increase parasitic heat flow,

but not Q̇TE.

The next focus is on conditions for thermal impedance matching. High heat flow is

only beneficial if thermal impedance matching is possible. This condition can be easily

achieved in the 3D coil structure because the leg length can be adjusted up to hundreds

or thousands of microns; the thermal resistance of the leg is proportional to its length.

Simulation results show that the impedance matching condition can be achieved with a

leg length ≈1.5 mm (Figure 5.8d), at which a maximum in ∆TTEQ̇TE (normalized by area

and TH) is found. We emphasize that the ∆TTEQ̇TE calculated here includes only the heat

input into the silicon, excluding any parasitic heat. The ability to adjust ∆TTE across
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Figure 5.9. Mechanics of in-plane stretching process for 3D spring coil. (a)
Maximum strain in silicon layer versus the in-plane stretching strain of
3D spring coil for various designs with different PI width. (b) Deformed
configuration with strain distribution in silicon layer for different designs.

such a wide range (and thus obtain the impedance matching condition) in our design is

a key differentiating feature relative to conventional film-based harvesters, where only an

extremely small ∆TTE is possible in the out-of-plane direction.
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Figure 5.10. Polyimide width effect on yield of buckle-up process. Deformed
configuration of pop-up mode and pop-down mode with total strain energy
for cold-hot area (a) width ratio 2 and (b) width ratio 3, which indicates
that the design with width ratio 3 will have lower yield for buckle-up process.

We note that our design scheme is optimized for harvesting in miniature devices. Be-

cause of the priority on minimal occupied space and weight, cooling is made to rely on

natural convection. This cooling process dominates the thermal impedance of the har-

vester, making other design factors like substrate-to-leg conductance much less significant.

Instead, increasing the total surface cooling capacity is of utmost priority, exemplified by

the fact that the leg encapsulation layer actually enhances the heat flow through the leg

(Figure 5.8a; 9.7 nW increase in silicon heat flow by adding a non-tapered encapsulation)
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despite it introducing parasitic heat flow (2.9 nW) . In other words, the benefit of in-

creased cooling capability greatly outweighs any losses from parasitic heat flow, a regime

which might be counterintuitive from the aspect of bulk generators.

5.2.4. Mechanical compliance

One of the key advantages of our device is the mechanical compliance to endure substan-

tial amount of bending, in-plane stretching and out-of-plane compression, as opposed to

previously reported out-of-plane harvesters [88] with limited flexibility or stretchability.

Our designed 3D structures can be stretched in the in-plane direction by up to 60% for

hundreds of cycles (Figure 5.11, 5.12 and 5.13) and can be vertically compressed up to

30% with only minimal degradation in the electric properties (Figure 5.14 and 5.15). This

exceptional level of mechanical compliance in a structure that incorporates silicon follows

from a design principle that places silicon in the neutral mechanical plane with respect to

deformation, as also predicted by FEA. This design also ensures that the strains in the

encapsulation and metal layers are well below the threshold for plastic yielding (Figure

5.16). Stretching in the plane reduces the material strains, as it returns the structure to

its original, undeformed 2D geometry. Uniaxial stretching over 200 cycles does not lead

to signs of electrical or mechanical failure (Figure 5.12 and 5.13). Comparable results

were also found on the 8×8 array (Figure 5.6), where 200 cycles of 60% biaxial stretching

resulted in a 22% increase in resistance from 335.4 to 409.7 kΩ.

For vertical compression, measurements indicate the onset of changes in resistance

at ≈30% before fracture of the silicon causes an open circuit (Figure 5.15 and 5.17,

also consistent with FEA in Figure 5.14 and 5.18. The overall resilience of the 3D coil
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Figure 5.11. Simulated distributions of strain in the silicon thermoelectric
leg before and after uniaxial stretching in the plane by 60%. The results
indicate reductions in strain upon stretching, as expected based on the
compressive buckling process used to form the 3D structures.

Figure 5.12. Results of experimental durability tests that involve multiple
cycles of 60% uniaxial stretch and release on a 3×1 coil structure (strain
rate ≈0.01 s−1). The data indicate only a small increase in the electrical
resistance.

suggests the potential to interface with various miniature device schemes. For example,

suitable designs allow for system-level properties that are mechanically and geometrically

compatible with those of the soft tissues of the human body.

As most inorganic thermoelectric materials, such as Bi2Te3-Sb2Te3 alloys [87], Zn4Sb3

[183], and Cu2Se [182], have fracture strains similar to silicon, the measurements and

FEA results described above suggest that they could be deployed in similar 3D structures
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Figure 5.13. Optical images (top row) and simulated structures (bottom
row) upon in-plane stretching.

Figure 5.14. Simulated values of the maximum local strain in the thermo-
electric leg induced by vertical compression. A maximum compression of
26% is possible before reaching the fracture strain of the silicon, the lim-
iting factor for this system. The inset shows the deformed structure upon
compression, including a strain distribution map of the silicon leg. The
maximum strain occurs near the hot side, indicated as the fracture point
(also see Figure 5.18).
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Figure 5.15. Experimental measurements of the device resistance upon ver-
tical compression. The onset of an increase in resistance occurs near the
limit predicted by simulation. At a compression of 40%, the device shows
open-circuit behavior, due to fracture of the silicon.

Figure 5.16. Simulated strain/stress distribution in the encapsulation and
metal layers. (a) Strain distribution in encapsulation (PI) layer. (b) Mises
stress distribution in metal (Ti/Au) layer. Both are well below the yielding
limits of the corresponding materials.

with comparable mechanical properties. Use of thermoelectric materials based on organic

polymers could further enhance the mechanics and also the heat flow properties.
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Figure 5.17. Mechanical compression test. (a) side and isometric views of
the test setup. (b) the out-of-plane force-displacement response correspond-
ing to 10%, 20%, 30% and 40% compressive strains respectively.

5.2.5. Power output and projections

The output characteristics of the harvester (Figure 5.19a-b) that consists of an 8×8 array

of coils (Figure 5.19c) are consistent with the design expectations outlined in previous sec-

tions. Using measurement procedures outlined in the Methods and Figure 5.20, the open

circuit voltage is 51.3 mV at ∆TEnvironment = 19 K, yielding an estimated temperature

drop of 6.2 K across each individual leg based on an average thermopower of 65 µV/K

measured from the pre-patterned silicon; see Table 5.1. This value is consistent with

measurements from a 3×1 array (6.9 K, Figure 5.21), and somewhat smaller than the
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Figure 5.18. Mechanics of vertical compressing process for 3D spring coil.
Deformed configuration under 0% and 40% vertical compressive strain for
3D spring coil, with (a) strain distribution in silicon layer and (b) temper-
ature distribution.

design estimation of 9.5 K (Figure 5.8d). The discrepancy follows, at least partly, from

uncertainties in the thermal transport parameters used for simulation. In comparison to

most literature reports [88] where even bulk material harvesters are operated significantly

far from thermal impedance matching conditions, these results demonstrate the promise

of our matching strategy. The open circuit voltage does not diminish over time in our

measurements, indicating that the thermal profile in our device is at steady-state. The

maximum power output, i.e. ≈2 nW, is modest, mainly because of the low zT of silicon.

Some state-of-art miniature devices including transmitters or bio-sensors [106, 120, 121]

can be powered at this level, but for current mainstream applications an improvement in

power is required.
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Figure 5.19. Energy harvesting with thermoelectric coils and a road map
for power enhancement. (a) Schematic illustration of the measurement
conditions for evaluating the performance of the harvesting devices. An
8×8 array was exposed to an environmental temperature difference of 19 ◦C.
(b) Measured power output characteristics of the 8×8 coil array, showing
a maximum power of 2 nW. (c) Projected power output achievable by
using known thermoelectric materials with thermoelectric figure-of-merit
zT higher than that of Si (left axis is for a 8×8 array; right axis shows values
on a per coil basis). These powers correspond to Q̇∆T/TH per leg values
as indicated in the legend and ideal conversion efficiencies. The dashed and
solid lines represent the values from structures obtainable with organic and
inorganic materials, respectively (see Figure 5.22). The zT values used here
correspond to averages of p- and n-type materials reported in the literature:
CNT networks [116]; PEDOT-Tos [14]; TiS2-organic intercalation [190];
Zn4Sb3 [16]; Mg3Sb2 [76]; Cu2Se; Ag2Se; Bi2Te3-Sb2Te3.
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Figure 5.20. Schematic illustrations of the testing setup for measuring the
thermoelectric responses of the device.

Table 5.1. Thermoelectric properties for heavily doped n-type and p-type
silicon thin films measured in the silicon-on-insulator wafer form before
patterning.

n-type p-type
Resistivity [ mΩ · cm] 0.64 0.86
nHall[ /cm3] 1.9e20 2.1e20
Hall mobility [ cm2/Vs] 35 50
Seebeck [ µV/K] -67 62

The good agreement between modeling and experiment allows use of simulation results

to estimate power outputs for harvesters built with other materials, specifically those with

better figure-of-merit zT > 0.1 than silicon (zT > 10−3 at 300 K). Recall that P = η0(zT )·
∆TTE

TH
Q̇TE. For TH = 313 K, we simulate ∆TTEQ̇TE for designs relevant for two different

groups of materials, inorganic and organic, while keeping the occupied area of the coil the
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Figure 5.21. Output characteristics of the 3×1 harvester shown in Figure
5.5. The open circuit voltages are 2.66 mV at ∆TEnvironment = 19 K, which
gives an estimated temperature drop of 6.9 K across each individual leg
using the Seebeck coefficient measured in Table 5.1.

same as that of the encapsulated silicon design. For organic-based materials (dashed line,

Figure 5.19c), we find ∆TTEQ̇TE/TH = 0.83 µW (similar to the 0.73 µW of encapsulated

silicon) based on a design that simply replaces the silicon and encapsulation entirely

with the organic thermoelectric material (Figure 5.22). For inorganic materials (solid

line, Figure 5.19c), the encapsulation again defines the surface area profile and maintains

mechanical stability, but the reduced thermal conductivity compared with silicon results

in ∆TTEQ̇TE/TH = 0.41 µW (Figure 5.22 based on Bi2Te3-Sb2Te3). Nevertheless, power

output is generally higher by virtue of the higher zT yielding a higher conversion efficiency.

Overall, by integrating known thermoelectric materials, power output at the level of a

few µW appears to be possible. Such an improvement to 0.15 µW per coil would allow
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≈100 µW of power from an area of a typical wrist watch (≈10 cm2) when a similar

∆TEnvironment is given. Room for further improvement up to an order of magnitude in

total exists from packing coils more efficiently, using designs better optimized for the low-

thermal conductivity thermoelectric material, and stacking the coils in 3D with repeated

transfer printing (See Figure 5.23 for example design). Our fabrication scheme is generally

compatible with other materials, especially the organic variants in Figure 5.19c which

allow minimal use of encapsulation layers.

Additional opportunities for improvement in harvesters that use inorganic materials

is in the development of thick (or wide) films to reduce the effects of parasitic heat flow

through the encapsulation layers, while maintaining mechanically stable designs. For or-

ganic or composite materials, additional research on methods for deposition, doping and

patterning could yield progress. For all classes of thermoelectric materials, the mechanical

properties become more important to understand in the context of the sorts of 3D config-

urations reported here. A related challenge is to identify materials and compatible metals

that do not suffer from electrical resistance increases during the 2D-to-3D mechanical

transformation. In the current case of silicon, typically a three-fold increase in resistance

is observed during the transformation, possibly due to electrode contact degradation and

plastic deformation in some parts of the leg. These various areas represent promising

directions for future research.
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Figure 5.22. Preliminary thermal modeling by replacing silicon with other
thermoelectric materials. (a) In the case of organic thermoelectric mate-
rials, they are simply modeled as additional PI layers since they typically
have similar mechanical properties and thermal conductivity (0.46 W/mK
is used in this simulation). (b) In the case of inorganic thermoelectric ma-
terials, Bi2Te3-Sb2Te3 is used as a reference for properties. The thermal
conductivity is set to an effective value of 1.5 W/mK to account for Peltier
heat transfer, which is non-negligible in high zT materials.

5.3. Materials and Methods

5.3.1. Patterning and transfer printing of p- and n- doped single-crystalline

silicon

Single-crystalline films of silicon with thickness of 200 nm (silicon-on-insulator, SOI,

Soitec) served as the thermoelectric material. A layer of SiO2 (500 nm) formed on the top
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Figure 5.23. The design that uses multilayer stacking to improve the power
density. (a) Layout of the 2D precursor that stacks two 8 by 8 designs
rotated by 90 ◦ with respect to each other (see Figure 5.3 for the original
2D precursor). (b) Isometric and top views of the design shown in (a) after
3D assembly.

silicon by plasma-enhanced chemical vapor deposition served as masks for doping. Pat-

terning relied on photolithography and a combination of reactive ion etching (CF4+O2)

and wet etching (buffered oxide etchant) to define openings in the SiO2 for solid-state

diffusion doping. The p- and n-type regions resulted from doping with boron (1000 ◦C,

14.5 min) and phosphorus (1000 ◦C, 5.5 min), respectively. Each dopant type required

its own SiO2 mask. A photolithographically patterned layer of photoresist (S1805, Mi-

croChem) defined regions of via holes (3 µm diameter, 50 µm pitch), formed through

silicon by reactive ion etching (SF6). These holes also enabled etching of the buried oxide
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layer by immersing the wafer in 49% hydrofluoric acid for 30 min. Thoroughly rinsing the

sample with deionized water prepared it for transfer printing. A flat slab of polydimethyl-

siloxane (Sylgard 184, 1:4) enabled retrieval of the photoresist/Si film and delivery onto a

bilayer of polyamic acid (precursor to form polyimide 4 µm, PI 2545, HD MicroSystems)

and poly(methylmethacrylate) (200 nm, PMMA, MicroChem) spin coated sequentially

on a silicon handling wafer. Immersion in acetone dissolved the photoresist. Baking in a

vacuum oven completed the curing of the polyimide (PI). Finally, photolithography and

reactive ion etching (SF6) patterned the silicon into isolated p- and n-type serpentine-like

layouts.

5.3.2. Fabrication of the 2D thermoelectric precursor and the 3D spring struc-

ture

Bilayers of Ti (60 nm) / Au (60 nm) deposited by electron beam evaporation and patterned

by photolithography and wet etching served as electrical interconnects between the p- and

n-type silicon. This process also defined electrode pads for probing. Spin coating another

layer of PI (4 µm) and patterning it by exposure to an oxygen plasma through a mask of

photoresist (10 µm, AZ 4620, MicroChem) encapsulated the system and completed the

fabrication of the 2D thermoelectric precursor. Dissolving the residual photoresist and the

underlying PMMA in acetone allowed the precursor to be retrieved onto a piece of water-

soluble tape (Aquasol). A pattern of SiOx (50 nm) formed by electron beam evaporation

through a shadow mask defined bonding sides on the back side of the precursor. An

elastomer substrate (Dragon Skin 10, 1:1, Smooth-On Inc.) stretched to the desired level

using a stage served as a substrate for 3D assembly. Exposing the elastomer and the 2D
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precursor (still on water-soluble tape) to ultraviolet induced ozone (Jelight UVO-Cleaner,

144AX) and then laminating to the two together and baking them in a convection oven

at 70 ◦C formed strong adhesion via condensation reactions at the bonding site interface.

Dissolving in warm water removed the tape. Slowly releasing the strain in the elastomer

substrate while immersed in water completed the 3D assembly.

5.3.3. Finite element analysis

Three-dimensional finite element analysis for the thermo-mechanically coupled system

yielded predictions of the mechanical deformations, strain distributions, heat flux and

temperature profiles of the individual 3D coil structures as well as the arrays (8×8

and 3×1) during the processes of compressive buckling, re-stretching and vertically com-

pressing. Coupled temperature-displacement four-node shell elements with a four-layer

(PI/metal/silicon/PI) composite modeled the 3D coil spring. Refined meshes ensured

computational accuracy using a commercial software (Abaqus). Parametric designs led

to the mechanically and thermally optimized geometric parameters using a commercial

software (Isight) coupled with Abaqus. The heat transfer coefficient at the PI surface was

set to 5 W/(m2 ·K). The material parameters used were as follows: EPI = 2.5 GPa, νPI

= 0.27 and κPI = 0.46 W/(m ·K); ESi = 130 GPa, νSi = 0.27 and κSi =80 W/(m ·K);

Emetal =79 GPa, νmetal =0.34 and κmetal =401 W/(m ·K). Here, E is elastic modulus, ν

is Poisson’s ratio, and κ is thermal conductivity.
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5.3.4. Thermoelectric characterization

Transport properties of the doped silicon films were characterized at room temperature.

Electrical conductivity and Hall measurements used the van der Pauw method with Mo

probes. A 2 T electromagnet generated the magnetic field. Measurements of electrical

conductivity used an in-line four point Os probe setup, to yield results consistent with

those from the van der Pauw method. The in-plane Seebeck coefficient of the doped silicon

film was measured using a scanning probe setup with a maximum temperature difference

of ≈8 K. The thermoelectric response of the coil harvester was measured by placing the

device on a Cu block that was heated using a film heater attached on the bottom side of

the block. A type K thermocouple was attached to the bottom of the harvester substrate,

and the film heater was PID controlled to maintain the harvester bottom temperature

at 40 ◦C. Room temperature was measured using another type K thermocouple placed

in air near the harvester. The entire setup was built inside a probe station enclosed in a

dark box. Electrodes were probed using W needles. The output voltage and current were

measured at varied load resistances. To achieve the equivalent effect of switching the load

resistance, a source measurement unit (Keithley 2400) was used under current-scanning

mode. Also see Figure 5.20.

5.3.5. Mechanical characterization

The cyclic stretching tests involved loading the harvester device onto a stretching stage,

then uniaxially stretching and releasing between 0 and 60% at a strain rate of 0.013 /s. The

vertical compression tests involved compression up to 40% applied by carefully sandwich-

ing the device between two stiff plates and displacing the top plate using a piezoelectric
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stage (PI-USA, Waltham MA). The total compression was estimated based on the initial

nominal coil diameter of 660 µm. Applying force through a steel spherical probe to the

cover glass base (see Figure 5.17) ensured that the sandwiching plates remained in a par-

allel configuration. In addition, force measurements and side-view monitoring confirmed

the uniform loading on multiple coils. Force was measured through the displacement

of a 4-bar flexure monitored by capacitive sensors (Lion Precision, Oakdale MN). The

transducer stiffness was ≈1020 N/m, much stiffer than the out-of-plane stiffness of the

devices themselves; the flexure displacement was added on to the prescribed displacement

for vertical compression to reach targeted values.

5.4. Conclusion

By applying previously proposed 3D coil structure on thermoelectric (TE) materials,

we designed and fabricated a novel flexible and stretchable thermoelectric energy har-

vesting device. Advances in developing flexible and/or wearable TE devices have been

impeded largely due to the non-flexibility of state-of-art TE materials and the lack of

fabrication methods that are scalable, cost-effective, and compatible with the current Si

processing. Although the power output results are still in the nanoWatt range, which

indicates future improvements necessary, such as material optimization and minimizing

the heat losses through substrate and so forth, this work successfully demonstrates the

new flexible device fabrication methods as the proof of concept with reasonable electrical

and thermal design optimization. Coupled mechanical and thermal analysis enables this
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design and optimization process. This concept of 3D flexible thermoelectric energy har-

vester is applicable to many other thin film materials thus will be of interest in many in

the TE society.
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CHAPTER 6

Exploration of a Novel 3D Assembly Approach: Mechanically

Guided 3D Self-Assembled Mesostructures on Kirigami

Elastomer Substrate

6.1. Introduction

Increasing attention on 3D mesostructures results from their wide-range applica-

tions in the technologies of micro- and nanosystems, such as microelectronic circuits

[12, 201, 33, 2, 56, 47], plasmonic and photonic nanosystems [4, 103, 168, 225, 226],

energy storage and generation devices [224, 133, 175, 128], optical/mechanical meta-

materials and biomedical tools [178, 101, 220]. Many methods have been developed

to form interesting classes of 3D micro-/nanostructures including microcontact printing

[61, 138], self-acuating materials driven formation [90, 85, 51, 196], bending/folding of

thin films induced by residual stresses or capillary forces [154, 55, 101, 8, 146, 48, 135],

and addictive manufacturing [175, 2, 209, 96, 43, 158]. Recently reported approaches

to form 3D archetectures by compressive buckling of the 2D precursor structures, that se-

lectively bonded onto a prestretched elastomer substrate on designed bonding sites, with

the relaxation of the prestrain of substrate [206, 229, 212, 1, 111]. Such methods are

intrinsically compatable with a broad range of advanced materials that exist naturally in

2D forms, thus activates the advantages like high speed, parallel operation, and applicabil-

ity for extensive length scales from nanometers to centimeters. Analytical and numerical
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modeling of this process presented quantitatively good agreement with experiment obser-

vation, that can serve as a rigorous design tool to define the 2D precursors and predict

the spacial configurations of the 3D structures. Despite these advances, there exists an

important limitation for these methods that only translational displacement are induced

on the bonding sites during the 2D to 3D transformation process when the prestretched

elastomer substrate relaxes, that severely limits the variation of the classes of 3D struc-

tures. Recently reported approach that replace the uniform elastomer substrates with

engineered elastomer substrates of controlled variations in thicknesses provided a exten-

sive class of 3D architectures [206, 65, 229, 212, 1, 111], but the bonding sites of these

structures are still in translational displacement. Here, we introduce a novel strategy that

enables the bonding sites with controllable rotation besides translational displacement,

thus excessively extends the complexity of this class of 3D mesostructures. An important

uniqueness of this process is the 2-stage releasing of the underlying Kirigami substrate

that offers direct transformation of 3D mesostructures by adding rotation to bonding sites

in the 2nd stage, and this process is compatible with the recently reported mechanically

guided loading-path strategy to further increase the complexity [38]. Finite element mod-

eling predicted the assembly of the 3D mesostructures in this presented procedure, and

the results are validated by experiments. As simply mentioned, the compatibility of this

apprach with a broad range of advanced materials, that from device-grade semiconductors

and metals to photo-patterned polymers and commercially available thin films across a

broad range of length scales, provides a promising foreseen.
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6.2. Results and Discussion

Figure 6.1a presents a schematic illustration of the key fabrication steps of forming 3D

structures on kirigami substrates via finite element analysis (FEA). The scheme begins

with creating through-cuts in a stretchable elastomer (Dragon Skin, Smooth-On) by laser

cutting. An axamplary cutting pattern divides the elastomer into connected square units

with unit size D, cutting width w, and spacing between orthogonal cuts δ (Figure 6.2a).

Biaxially stretching the elastomer to 100% strain deforms these individual units in the

elastomer, which serves as the assembly substrate for 3D structures. During the stretching

process, the units first rotate with their adjacent units rotating in the opposite direction,

whilst the strain is smaller than 40%. With strain >40%, the rotation angle, that at the

center of a square unit, saturates to the maximum value, such that only stretching occurs

in the substrate without rotation (Figure 6.2b and 6.3).

Laminating a patterned 2D precursor on this prestretched elastomer with predefined

bonding locations aligned to the pre-selected deformed units registers the bonding lo-

cations with programmed deformation during the subsequent assembly process. Initial

release of the prestrain (from 100% to 40% strain) of the substarte causes releasing of the

unit stretching, leading to the compressive buckling of the 2D precursor into a 3D shape

(indicated by the magenta arroes in step 2 in Figure 6.1a). Further release of the prestrain

(from 40% to 0% strain) releases the rotation of individual units, resulting in rotation of

the bonding sites (indicated by the red and blue arrows in step 3 in Figure 6.1a). This

rotation transforms the initial 3D structure formed in the initial step into a distinctly dif-

ferent geometry, because the bonding sites rotates with the rotation of individual kirigami
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Figure 6.1. Schematic diagram of the (a) 3D assembly approach on kirigami
substrate, with (b) optical images of experimental verification.

substrate units. This transformation of 3D architecture is uniquely enabled by the under-

lying kirigami substrate, thus significantly extends the library of 3D assembled structures

induced by compressive buckling that developed recently [206, 65, 229, 212, 1, 111].

Figure 6.1b shows the optical images of a 3D structure made of polyimide (PI; 9 µm

in thickness) coated with metal layers (Cr/Au, 10 nm/100 nm in thickness) in the key

steps of the assembly process corresponding to the FEA in Figure 6.1. The good agree-

ment between the FEA predictions and experimental results demonstrates the high level
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Figure 6.2. (a) Illustration of geometric parameters of square kirigami cut
pattern. (b) FEA results presenting the stretched kirigami substrate with
different levels of applied strains.

Figure 6.3. Optical images of experimental results for stretched kirigami substrate.
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of control of the assembly process. The fabrication process begins with a set of microfab-

rication steps (spin coating, photolithography, wet/dry etching) to pattern a 2D precursor

structure on a flat substrate. Transferring the 2D precursor onto a prestretched kirigami

elastomer at predefined bonding locations aligned with the units of substrate completes

the registration (see detailed fabrication process in Methods section 6.3).

Figure 6.4 further illustrates the effect of the kirigami cuts on the shape transformation

of the 3D structures. The process of release of substrate prestrain from 100% to 40% refers

to the “stretching mode”, imparting only compressive forces to the bonding sites of the

structure, and this process is identical to the previous reported compressive buckling

approach on conventional uniform substrate. Further releasing the substrate prestrain

activates the “rotating mode”, whereby shear stress induced by the rotating units leads

to the local twisting of the structure. The maximum rotation angles and principal strain

of the units depend on the geometric parameters of the cuts (Figure 6.10, 6.11, 6.12, 6.13,

6.14). Typical parameters chosen in experiments (D = 2 mm, w = 100 µm, δ = 400 µm)

ensure a maximum rotation anble close 45◦ within limits of the fracture of the elastomer

and the laser cutting resolution.

In addition to simple ribbon structures, more complex architectures and shape trans-

formations could be realized via this assembly process. Figure 6.10 showcases a 3D mor-

phing architecture with two distinct shapes formed after stretching mode (40% strain)

and after the rotating mode (0% strain). The design comprises two levels of arrow-like

structures of which the “bases” are bonded onto the preselected unites of the kirigami sub-

strate and rotates in opposite directions during the rotating mode, that enables ”folding”

of the arrows to a more upward arrangement of the structures from shape I to shape II.
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Figure 6.4. Scheme of rotation of kirigami substrate and the induced twist-
ing of 3D structure.

The shape transformations from 2D to the two 3D shapes are continuous and reversible,

and can be realized simply by mechanically stretching/releasing the elastomer substrate.

Figure 6.11 presents a broad set of 3D morphable structures formed on kirigami sub-

strates, including several ribbon structures, kirigami membrane structures and origami

membrane structures, with FEA results and correlated optical images of experiment. It

is noteworthy that this assembly approach can be scaled down to a few hundreds of

micrometers, that proved by the SEM images of experiment shown in Figure 6.12. Fig-

ure 6.13 presents that multi- structures can be fabricated parallelly on a single piece of

kirigami substrate, that indicates the possibility of high fabrication efficiency. Figure 6.14

demonstrates the capability of this process applying various materials such as copper and

silicon.

Recently, Fu et al [38] reported a novel assembly approach by releasing prestrain via

different “loading paths” to form 3D geometries that can morph into multiple states. Our

proposed assembly process on kirigami substrate is perfectly compatible to this “loading
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Figure 6.5. Maximum principal strain in substrate (a) versus applied strain
for different δ/D ratio, and (b) versus δ/D ratio for different applied strain.

path” approach, as presented in Figure 6.15 and 6.16. Figure 6.15a shows the scheme

of the stretching process of kirigami substrate with two different loading paths. Note

that a rectangular kirigami pattern (aspect ratio = 2.5) is employed in this “loading

path” approach, in order to avoid the wrinkling problem in square patterned (aspect

ratio = 1.0) substrate under uniaxial stretching (Figure 6.17, 6.18). In loading path
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Figure 6.6. FEA results for deformed configuration and maximum strain
contour of kirigami substrate with different δ/D ratio.

I, the kirigami substrate is initially stretched from fully released state (state 1©) to an

intermediate stretched state (state 3©) via rotating mode, then fully stretched to final

state (state 4©) via stretching mode. However, in loading path II follows from an opposite

order that the substrate is initially stretched to another intermediate state (state 2©) via

a stretching mode and then reaches state 4© via a rotating mode. The release of the

prestrain of the kirigami substrate in state 4© via these 2 different loading paths will
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Figure 6.7. Rotating angle (a) versus applied strain for different δ/D ratio,
and (b) versus δ/D ratio for different applied strain.

lead to 4 different reversely morphable 3D structures (Figure 6.16) for each designed 2D

precursor.
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Figure 6.8. FEA results for deformed configuration and rotating angle con-
tour of kirigami substrate with different δ/D ratio.

6.3. Methods

6.3.1. Experimental methods

6.3.1.1. Fabrication of 3D mesostructures on kirigami substrates. Preparation

of 2D precursors began with spin coating (3000 rpm for 30 s) and curing (180 ◦C for 2 min)

a thin poly (methyl methacrylate) (PMMA) layer onto a clean glass slide, followed by spin

coating and fully curing (260 ◦C for 1 hr) a polyimide (PI-2545, HD MicroSytems) layer.

The spin speed and times determined the polyimide layer thickness (2-9 µm depending
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Figure 6.9. Effect of w/D on maximum principal strain and rotating angle
of kirigami substrate

on pattern size). A thin layer of chromium (Cr, 10 nm) and gold (Au, 100 nm) deposited

on the PI layer by electron beam evaporation and patterned by photolithography and

wet etching served as a hard mask for oxygen plasma etching of the PI. Immersion in
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Figure 6.10. A sample of “flower” structure on kirigami substrate.

Figure 6.11. A set of 3D structures formed on kirigami substrate.
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Figure 6.12. SEM images of micro- scale fabrication.

Figure 6.13. Demonstration of parallel fabrication.

acetone overnight dissolved the underlying PMMA layer, thereby allowing the structures

to be retrieved from the glass slide and transferred to a water soluble tape (polyvinyl

alcohol, PVA). Deposition of Ti/SiO2 (10 nm/50 nm in thickness) via electron beam

evaporation through a shadow mask onto the back sides of the structures defined the
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Figure 6.14. Fabrication with various materials.

bonding sites. A thin (∼0.7 mm) sheet of silicone elastomer (Dragon Skin, Smooth-

On) with cuts created by laser cutter (VLS3.50, Universal Laser Systems) served as the

kirigami assembly platform, using 40% power, 30% speed, and 1000 pulses per inch.

Exposing the 2D precursors and the elastomer surface to ultraviolet (UV)-ozone generated

surface hydroxyl groups to facilitate subsequently bonding. Pre-stretching the elastomer

with 100% biaxial strain and laminating the 2D precursors/PVA tape onto the stretched

elastomer with subsequent heating (70 ◦C for 10 min) registered the bonding sites of

structures on the rotating units in the elastomer. Dissolving the PVA tape with water

and releasing the prestrain transformed the 2D precursors into 3D mesostructures. The

scheme of this process appears in Figure 6.19.

6.3.1.2. Fabrication of 3D origami mesostructures. The process began by spin

coating and curing PMMA (same procedure as described above) and PI (1500 rpm for

60 s, 3 µm in thickness) on a glass slide, followed by the deposition of titanium (Ti,
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Figure 6.15. Scheme of loading path approach on kirigami substrate.

10 nm) and copper (Cu, 1 µm) by electron beam evaporation. Photolithography and

wetting etching defined the Cu pattern. Deposition of a layer of Cr/Au (10 nm/100

nm in thickness) followed by photolithography and wet etching served as a hard mask

for oxygen plasma etching of the PI layer. The remaining steps followed the procedures

described above. The scheme of this process appears in Figure 6.20.



179

Figure 6.16. A set of 3D structures fabricated by different loading paths on
kirigami substrate.

6.3.1.3. Fabrication of 3D freestanding mesostructures. Preparation of the 2D

precursors began with the spin coating of a thin layer of water soluble polymer (poly(4-

styrenesulfonic acid), Sigma-Aldrich) onto a glass slide, followed by spin coating (3000

rpm for 60 s) a mixture of epoxy monomer E44 (molecular weight ∼450 g/mol, China

Petrochemical Corporation) and curing agent poly (propylene glycol) bis (2-aminopropyl)

ether (Jeffamin D230, Sigma-Aldrich) with a weight ratio of 44:23. After baking the
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Figure 6.17. Illustration of the wrinkling problem encountered in square
patterned kirigami substrate under uniaxial stretching.

mixture (110 ◦C for 1 hr) in an oven, deposition of a thin layer of Cr/Au (10 nm/100 nm)

deposited on the SMP by electron beam evaporation and patterned by photolithography

and wet etching served as a hard mask for oxygen plasma etching of the SMP. Immersion
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Figure 6.18. Illustration of the aspect ratio.

in water for 48 hrs dissolved the underlying water soluble polymer sacrificial layer and

enabled the transfer of the 2D precursors to a PVA tape. Deposition of Ti/Au/Ti/SiO2 (5

nm/100 nm/5 nm/50 nm in thickness) via electron beam evaporation through a shadow

mask defined the bonding sites. The buckling steps followed the procedures described

above. Thermal treatment (70 ◦C for 5 min) in an oven fixed the shapes of the buckled

3D SMP structures and immersion of the 3D structures on stretched elastomer in Au

etchant for ∼5 hr released the structures from the elastomer substrate and etched off the

Au mask layer.

6.3.1.4. Fabrication of 3D silicon mesostructures. Preparation of the 2D precursors

began with patterning the top silicon layer (1.5 µm in thickness) on a silicon-on-insulator

(SOI) wafer using photolithography and dry etching of silicon, followed by partially un-

dercutting the SiO2 layer in hydrofluoric acid (HF, 49%) for 90 sec. Spin coating (3000

rpm for 40 sec) and lithographically patterning a photodefinable epoxy (SU8, Microchem)

created a supporting layer for silicon. Another photolithography step on top of the SU8

layer defined the bonding sites, followed by fully undercutting the SiO2 underlayer in HF
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Figure 6.19. Fabrication of 3D mesostructures on kirigami substrate.
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Figure 6.20. Fabrication of 3D origami mesostructures.

(49%) for 4 hrs and subsequent deposition of Ti/SiO2 (10 nm/50 nm in thickness) via

electron beam evaporation. The remaining steps (transfer printing, buckling) followed the

procedures described above. The scheme of this process appears in Figure 6.21.
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Figure 6.21. Fabrication of 3D silicon mesostructures.

6.3.1.5. Fabrication of multi-layered 3D mesostructures. Preparation of the 2D

precursors followed the procedures described above. Transfer printing of the 2D precursors

from the glass slide to the PVA tape started with the top layer, followed by the transfer

printing of the middle and bottom layers onto the PVA tape laminated with the top layer,

subsequently. The remaining steps followed the procedures described above.
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6.3.2. Finite element analysis

Three-dimensional finite element analysis yielded predictions of the mechanical deforma-

tions and strain distributions of the 3D structures during the assembly process. Four-node

shell elements are employed to model the structures. Refined meshes ensured computa-

tional accuracy using a commercial software (Abaqus). The material parameters used

were as follows: EPI = 2.5 GPa, νPI = 0.27; ESi = 130 GPa, νSi = 0.27; EAu =79 GPa,

νAu =0.34. Here, E is elastic modulus and ν is Poisson’s ratio.

6.4. Conclusion

We developed a novel 3D assembly approach based on the compressive buckling ap-

proach by releasing the prestrain of underlying elastomer substrate with kirigami cut.

Previous reported approaches on conventional uniform elastomer substrates provide only

translational motion to the bonding sites, which damps the variation of the 3D structures.

By adding cut patterns to the elastomer substrate, rotating motions are induced to the

bonding sites because of the rotation of individual units of the substrates. Consequently,

the top 3D structures can be twisted and the library of the compressively buckled 3D

structures is significantly extended. Further exploration applying loading path approach

to this novel process on kirigami substrate demonstrates next-level morphability of the

3D structures.
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CHAPTER 7

Application of Freestanding 3D Microstructures:

Three-dimensional Microflyer for Air Pollution Detection

7.1. Introduction

Growing interests of 3D microstructures have significantly stimulated the develop-

ment of assembly methods for mesostructures, such as bending/folding of thin films

induced by residual stresses of capillary forces [154, 55, 101, 8, 146, 48, 135], self-

acuating materials driven formation [90, 85, 51, 196], microcontact printing [61, 138],

and addictive manufacturing [175, 2, 209, 96, 43, 158]. These 3D mesostructures

have broad-range applications in the technologies of micro- and nanosystems, for ex-

ample, plasmonic and photonic nanosystems [4, 103, 168, 225, 226], microelectronic

circuits [12, 201, 33, 2, 56, 47], optical/mechanical metamaterials and biomedical

tools [178, 101, 220], and energy storage and generation devices [224, 133, 175, 128].

Here we explored a new application of 3D mesostructures, microflyer, that comprises 3D

mesostructures, microelectronic systems and micro-aircraft and have potential application

such as high altitude air pollution detection.

A broad set of plants spread their inhabitation place by using oncoming wind to fly

their seeds away from the parent plant to a suitable place [15, 17, 46, 122]. There

are two types of wind dispersal seed, one of which is pappose seeds (parachute type)

such as dandelions, and the other one is winged seeds such as maple seeds. The pappose
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seeds utilize drag force acting on the pappi while falling stably at a constant speed in

quiescent conditions [45, 3, 122, 171], whereas the winged seeds mainly use lift force

acting on their wings. The winged seeds can be further classified into two classes, one

is glider type which has no rotational motions during falling, and the other one is the

rotating type which shows auto-rotation phenomenon during their fall. This phenomenon

slows down the descent of the seed to make long-distance flight away from the parent

tree by wind [17, 35, 122]. In the present study, we proposed several 3D microflyers

based on the rotational falling phenomenon with inspiration from several natural seeds.

Coupled structure-fluid simulation was employed to characterize the falling behaviors of

the microflyer, which are also predicted by analytical model and verified by experiment

results.

7.2. Results and Discussion

7.2.1. Design of 3D microflyers

Figure 7.1 presents a representative set of 3D microflyer structures inspired by several

natural seeds such as those of tragopogon dubius, alsomitra macrocarpa, banksia media

and diptocarpus, as well as a commercial propeller, as demonstrations for “parachute”,

“glider” and “rotational falling” types of seeds, respectively. These 3D bio-inspired struc-

tures are formed by the compressive buckling 3D assembly approach by releasing the

prestrain underlying elastomer substrates [206, 229, 212, 1, 111], showing good com-

patibility of this previously developed process with the application of microflyer struc-

tures. Above these single-layer 3D structures, we also explored the capability to form

more complex multi-layer structures inspired by see creatures, as presented in Figure 7.2.
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Figure 7.1. Bio-inspired single-layer 3D microflyer structures.
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Figure 7.2. Multi-layer microflyer structures inspired by see creatures.

The autorotating seeds draw more interests because of their much higher wing loading

[100] compared with the other kinds of seeds such as gliders and parachutes, also the

stable flying state and the slow terminal falling velocity. With these said, we designed

some compressively buckled 3D microflyer prototypes with expected autorotating falling

behavior, as shown in Figure 7.3. Most of these structures are designed with tilted airfoils

(wings) along rotational direction to enable the rotating motion during falling, except the

design D5 which can be regarded as a “parachute” design with no rotational motion.
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The falling behavior of these structures are modeled by coupled structure-aerodynamic

simulations, as illustrated in Figure 7.4 and the detailed process can be found in the

Methods section 7.3. The microflyer is falling stably in the air with a terminal falling

velocity vT and a rotating speed ω, while following the coordinate of microflyer the airflow

inlet velocity equals to the terminal falling velocity. The simulation results are presented

in Figure 7.5, showing the weight versus terminal falling velocity relations and rotating

speed versus terminal falling velocity relations for these 3D microflyer designs. Note

that the diameter of these designs are D ∼2 mm, ans the Reynolds number for them

are Re ∼40. The results show large differences of falling behaviors, i.e. terminal falling

velocity and rotating speed for a certain weight, among different structures, and the key

geometric parameters that affect the falling behavior will be summarized in details in the

later section of analytic model. Experiment results of falling tests for these structures

done by Bong Hoon Kim et al. show good agreement with the simulation prediction

(Figure 7.6) and thus provide verification.

It is noteworthy that these 3D mocroflyer structures show advantage to some conven-

tional structures, such as parachute structure, spherical shell and solid sphere, if compared

with the terminal falling velocity free falling in the air. Figure 7.7 and 7.8 present the

comparison between the microflyer design D4 with the other 3 conventional structures

with the same weight (Figure 7.7) and same size (Figure 7.8), respectively. Same materi-

als (SMP; ρ=1.33 g/ml) are used in all structures and same thickness (6 µm) was used for

all shell structures for fair comparison, and the microflyer design D4 still advances with

the slowest terminal falling velocity.
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Figure 7.3. A set of 3D microflyer designs.

The 3D microflyers lose their advantages in terminal falling velocity comparing with

their 2D precursors which are in planar configuration (Figure 7.9). Ideally speaking, the

2D precursors have smaller terminal falling velocity comparing with their 3D structures,

if the 2D precursors can fall in the steady state with its surface normal vector parallel to

the falling velocity, which is almost impossible in reality, because the 2D structures will

fall fluttering or tumbling [9] in condition of different shapes (Figure 7.10). It remains to

be a challenge to simulate the fluttering or tumbling behavior for the 2D structures, and

as a result, it’s hard to determine the terminal falling velocity of 2D precursor in such

complex falling states despite it can be smaller than that of 3D structures.

However the 3D structures with rotating motion during falling show advantages in

predictable falling path and controllable falling state, while it is difficult to achieve for
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Figure 7.4. Illustration of aerodynamic simulation.

2D precursors because of the fluttering or tumbling problem. Even under the influence

of horizontal wind, that have constant wind velocity with negligible turbulence such as in

stratosphere [148], the 3D microflyer will robustly keep the rotating-falling steady state

while the 2D precursor will easily flutter or tumble. The steady state falling velocity of 3D

microflyer in horizontal wind can be easily determined. The X-directional velocity is equal

to the wind velocity, and the Y-directional velocity is equal to the falling velocity without

any wind (that of free falling). Thus, the falling path of the 3D microflyer can be predicted,

as illustrated by Figure 7.11. Note that in steady state the Y-directional velocity is not

influenced by horizontal wind. Evan under the horizontal wind, the relationship of “falling
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Figure 7.5. Aerodynamic simulation results for a set of microflyer designs
shown in Figure 7.3.

hight” and “falling time” of 3D microflyer is nearly the same as the circumstance without

any wind.
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Figure 7.6. Experiment verification by falling test.

7.2.2. Analytic model of a falling microflyer

We developed an analytic model to further characterize the falling behavior of the mi-

croflyer, based on a highly simplified microflyer model, as shown in Figure 7.12. Neglecting
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Figure 7.7. Comparison among microflyer and 3 conventional structures in
same weight.
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Figure 7.8. Comparison among microflyer and 3 conventional structures in
same size.
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Figure 7.9. Comparison between 3D microflyer and 2D precursor.

the tumble problem, we assume that the microflyer is steadily falling in the air, with ter-

minal falling velocity v and rotating speed ω. This simplified microflyer model consists

of several (N, N=8) small blades (width b (b� r), chord length c) locating at radius (r),

and have the same tilt angle (β). Take one of the blades into consideration, the lift force

(L) and drag force (D) can be expressed as:

L =
1

2
ρU2

a · bc · CL

D =
1

2
ρU2

a · bc · CD
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Figure 7.10. Illustration of flutter and tumble falling of 2D precursor.

CL is the lift coefficient and CD is the drag coefficient of a single blade. ρ is the density

of air, and Ua is the flow velocity “seen” at the coordinate of blade, that

Ua =
√

(v2 + (ωr)2

Considering the force equilibrium in rotational and vertical directions,

Lθ = Dθ

Lz +Dz =
W

N

, where W is the weight of microflyer. From the rotational direction force equilibrium,

the rotating speed expression is

L · v
Ua

= D · ωr
Ua
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Figure 7.11. Scheme of the falling path for 3D microflyer and 2D precursor
under the influence of horizontal wind.

ω = (
L

D
)(

1

r
)v

, where L
D

is the lift-drag ratio of a blade. The lift-drag ratio L
D

is for an blade (airfoil)

is determined by the attack angle α for a certain Reynolds number, i.e., α = 90◦ − β −

arctanωr
v

. Thus, analytically the rotating angular velocity can be solved with given tilt

angle β by solving the implicit equation

ωr

v
=
L

D
(α) =

L

D
(90◦ − β − arctanωr

v
)
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From the vertical direction (z direction) force equilibrium, the relation between weight

and velocity can be derived

L · ωr
Ua

+D · v
Ua

=
W

N

W =
1

2
ρv2 · [N · b · c] · [1 + (

L

D
)2]

3
2 · CD

Comparing with that in form of the drag coefficient of the microflyer,

W =
1

2
ρv2 · [N · b · c] · CD(m)

a straight-forward conclusion is that the drag coefficient of the microflyer is affected by

both the drag coefficient (CD) and the lift-drag ratio ( L
D

) of the blades.

CD(m) = CD · [1 + (
L

D
)2]

3
2

Figure 7.13 presents the simulation results showing the drag coefficient and lift-drag

ratio for a flat airfoil at different Reynolds numbers. The drag coefficient (CD) of the

airfoil increases when Reynolds number decreases or the attack angle (α) increases. It

is noteworthy that CD saturates for large Re, but for small Re, [Re · CD] is nearly con-

stant (Figure 7.14). This different principle results in the different falling behaviors for

microflyer at small Re and large Re. For large Re where CD is a constant, the weight and

terminal falling velocity relation is

W =
1

2
ρv2 · [N · b · c] · [1 + (

L

D
)2]

3
2 · CD

=
1

2
ρv2 · A · CD(m)

(7.1)
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Figure 7.12. Scheme of simplified microflyer model.

However for small Re where CD · Re is a constant, the weight and terminal falling

velocity relation is

W =
1

2
ρv2 · 1

Re
· [N · b · c] · [1 + (

L

D
)2]

3
2 · CD ·Re

=
1

2
µv · A

2r
· [N · b · c] · [1 + (

L

D
)2]

3
2 · CD ·Re

(7.2)

, which indicates that the microflyer weight is linear to the terminal falling velocity

at small Re, similar to “Stokes Law”. The Lift-drag ratio is also small at small Re, but
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increases rapidly at large Re especially at small attack angles (i.e. α ≈ 5 ∼ 10◦) (Figure

7.13b). Therefore for small Re� 1 where L
D
� 1,

CD(m) ≈ CD

, which indicates that the lift-drag ratio of the airfoil has very small effect on the microflyer

falling behavior, but the drag coefficient dominates. In other words, the lift-drag ratio

contributes only at large Re.

At small Re number, these analytical results are verified by 3D simulation results

of the simplified microflyer model, without any fitting parameters (Figure 7.15). It is

clear that at small Re the relation between weight and terminal falling velocity is linear.

Figure 7.16 presents the results for a larger microflyer (Diameter ∼40mm) which has a

much larger Re (∼ 1300), which shows that the weight of microflyer (mass) is linear to

the square of the terminal falling velocity in large Re, fitting CD(m) = 2.0 for this complex

3D microflyer design.

Further simplify the weight and terminal falling velocity relation by defining the area

fill factor η = A
πr2

, we have

W =
π

2
ρr2η · CD(m) · v2

for large Re. For small Re, the relation is

W =
π

4
µrη · CD(m)Re · v

These relations are derived with condition that the size of the blades are much smaller

than the microflyer size, i.e., η � 1. Figure 7.17 presents the simulation results for a
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Figure 7.13. Aerodynamic properties of a flat airfoil. (a) Drag coefficient
and (b) lift-drag ratio for a flat airfoil at different Reynolds numbers. (c)
Velocity field of the flow around the flat airfoil at small and large Reynolds
numbers (Re = 1, Re = 1000 for left and right, respectively).

large range of fill factor η at a small Re, showing that for small η the W/v is linear to η

which agrees with the derived equation above. However for large η, the W/v ratio scales

approximately with
√
η, thus the amended equations are

W =
π

4
µr
√
η ·GS · v
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Figure 7.14. Reported drag coefficients for some particles at different
Reynolds numbers [49].

for small Re, and

W =
π

2
ρr2√η ·GL · v2

for large Re. GS and GL are the fitting parameters for the relation of small and large

Res, respectively.

There are two main factors of air properties, density ρ and dynamic viscosity µ, that

affects the falling behavior of microflyers. It is interesting to mention that for small

microflyers with small Re, the dynamic viscosity plays an important role but the density

has no effect, whereas for large microflyers with large Re the air density counts rather

than the dynamic viscosity (Figure 7.18). Consequently, changing the temperature of the



205

Figure 7.15. 3D aerodynamic simulation results and analytic results for the
falling behaviors of a simplified microflyer model at small Re.

air will change the falling behavior of large and small microflyers in opposite ways, i.e. the

terminal falling velocity for large microflyer will increase with temperature increasing but

will decrease for small microflyer (Figure 7.19). Similar effect can be found if different



206

Figure 7.16. Weight versus terminal falling velocity for a 3D microflyer
design at large Reynolds number.

gas environments are considered, as shown in Figure 7.20, because of the difference in

density and dynamic viscosity for different gases. Also, if we release the microflyers in

high altitude, the terminal falling velocity for small microflyers will not change much

among different heights because the dynamic viscosity change is small, meanwhile the

large microflyers will fall much faster at higher altitudes because of the dramatic decrease

of the air density.

7.2.3. Structural effect on microflyer falling behavior

We studied the effect of different microflyer structures, in order to further improve the

falling behavior of the 3D microflyers, i.e., decreasing the terminal falling velocity. Former
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Figure 7.17. Effect of fil factor. (a) W/v versus fill factor for a broad range
(0 ∼ 1). (b) Scheme of simplilfied microflyer model with various fill factors.

small microflyer designs (R ∼ 40) present different terminal falling velocity with their

distinct 3D structures. In spite of the huge differences, the key parameter that affects

the terminal falling velocity is the fill factor (η), as shown in Figure 7.21. Taking in to
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Figure 7.18. Effect of (a) air density and (b) dynamic viscosity on small
and large microflyers.

account that the weight of microflyer is

W = ρmtmg · πr2 · η



209

Figure 7.19. Effect of air temperature on small and large microflyers under
same pressure.

Figure 7.20. Terminal falling velocity of a microflyer demo in different gases.

if there’s no payload on microflyer and only the microflyer material contributes to its

weight, where ρm = 1.33 g/mL and tm = 6 µm are the density and thickness of the
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microflyer material, and g = 9.8 m/s2 is the gravity constant. Applying the weight-

velocity relation for small microflyers (r ∼ 1 mm), the terminal falling velocity as a

function of fill factor can be expressed as

v =
4ρmtmg · r
µGS

· √η

, GS = 40 is the fitting parameter. The results evidence that the different microflyer

designs fall on the same curve for the same material, thickness and size. Without any

payload, a smaller fill factor design will have slower terminal falling velocity. However this

conclusion is not true for structures with payload, as shown in Figure 7.22. For microflyer

with payload, the falling velocity is

v =
4

πµGS

· (πgρmtm · r
√
η +

Wload

r
√
η

)

The optimized fill factor η, which gives the smallest terminal falling velocity is obtained

analytically:

η =
Wload

πgρmtmr2

Consequently, not the lowest fill factor gives the smallest falling velocity anymore. For

example, for a micro- blue LED as the load (Wload ≈ 120 nN), the microflyer design #2

yields the slowest falling velocity among the 4 designs.

The materials and thickness are important factors that affects the terminal falling

velocity of microflyer, but they are usually limited by experiment conditions. Thus there’s

not much space to improve by using lighter materials (lower density) or reducing the
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thickness. Two methods are studied to further decrease the terminal falling velocity via

structural design for small size microflyers and large size microflyers, respectively.

7.2.3.1. Porosity method for small scale microflyer. The “porosity” method for

small scale microflyers is inspired by some natural solutions illustrated in Figure 7.23.

Lotus root can float on the water because of the porosity of its cross section, by reducing

the weight or overall density. Also, the feathers usually consist of micro fibers between

which there are void spaces, but the aerodynamic property of the feathers is still very

good even these void spaces exist. Thus we can add voids on the microflyers, which can

largely reduce the weight but have negligible effect on aerodynamic property.

Figure 7.21. Effect of fill factor on microflyer falling velocity without payload.
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Figure 7.22. Effect of fill factor on microflyer falling velocity with micro
LED payload.

Figure 7.23. Nature inspirations for porosity design.
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The “porosity” is defined as the fraction of the void volume over the total volume of

microflyer. For a small Reynolds number, the effect of porosity on the drag coefficient is

small, which decreases only by a factor of 1.4 as the porosity increases up to 0.9 (Figure

7.24). This is because a low Reynolds number is also equivalent to high viscosity (for fixed

density, size of the wing and remote flow velocity). At high viscosity the boundary layers

remain unchanged as the porosity increases, as shown in Figure 7.25, which show that

the flow around the wing barely changes although voids are added onto the airfoil. As

the porosity increases, the rapid decrease of the weight but not drag coefficient at a low

Reynolds number suggest that this method can be applied to microscale for the microflyer

to decrease the terminal falling velocity.

Figure 7.24. Porosity effect on drag coefficient of a flat airfoil at small Re.

However this method does not work for large Reynolds numbers. For large Reynolds

numbers, the (magnitude of the) velocity increases with the porosity (Figure 7.27), and
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Figure 7.25. Porosity effect on velocity field around a flat airfoil at small Re.

the drag coefficient decreases rapidly as the porosity increases. For a high attack angle

such as 90◦, the drag coefficient decreases by a factor of 4.8 as the porosity increases from

0 to 0.9 (Figure 7.26). As the porosity increases, the simultaneous decrease of the weight

and drag coefficient suggests that this method of adding voids on to airfoil does not help

much to reduce the falling velocity on the macroscale.

Figure 7.28 and 7.29 shows the porosity method applied on a small microflyer. The

terminal falling velocity is reduced by a factor of ∼1.3 of the original design (porosity 0)

for porosity 0.26, and reduced by a factor of ∼1.5 for porosity 0.41. In Figure refc6f28, the
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Figure 7.26. Porosity effect on drag coefficient of a flat airfoil at large Re.

3D simulation results agrees very well with the prediction from drag coefficient change

of 2D airfoil. Figure 7.29 presents some 3D microflyer structure designs with different

porosity.

7.2.3.2. Tilt angle effect on microflyer terminal falling velocity. The rotating

motion of the microflyer as well as the natural seeds are known to be beneficial for the

slow terminal falling velocity. This rotating motion is studied for different tilt angles for

small and large Reynolds numbers, respectively, and the simplified models of different

tilt angles are illustrated in Figure 7.30. For small microflyer (Re∼ 1), the relation of

rotating speed and different airfoil tilt angle, as shown in Figure 7.31a, indicates that the

maximum rotating speed occurs when β ≈ 40◦. The normalized factor GS characterizing

the weight versus terminal falling velocity relation for small scale microflyer is shown in

Figure 7.31b, showing that GS decreases monotonously with the increasing tilt angle. As
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Figure 7.27. Porosity effect on velocity field around a flat airfoil at large Re.

a conclusion, for small microflyer, the tilt of airfoils doesn’t help to decrease the terminal

falling velocity.

For large microflyer (Re ∼ 1000), the relation of rotating speed and different airfoil tilt

angle, as shown in Figure 7.32a, indicates that the maximum rotating speed occurs when

β ≈ 4◦, which is significantly smaller than the small microflyer. The normalized factor

GL, which is a key parameter that characterize the terminal falling velocity relation with

microflyer weight, firstly increases with β to an optimum value, which is ∼ 23% higher

than the case without tilting, then decreases sharply as β keeps increasing. This indicates
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Figure 7.28. Porosity effect on normalized falling velocity. The normalized
velocity is normalized by the terminal falling velocity of microflyer with no
porosity.

that for microflyer with flat airfoils, the falling velocity can decrease by ∼ 10% by slightly

tilting the airfoils.

7.3. Methods

7.3.1. Finite Element Analysis

Three-dimensional FEA techniques allowed prediction of the mechanical deformations of

the 3D structures of the microflyers, during processes of compressive buckling. Four-node

shell elements modeled the membrane. Refined meshes ensured computational accuracy

using commercial software (Abaqus). The material parameters are ECu = 119 GPa and

νNi = 0.34 for copper; and ESMP = 2.5 GPa and νSMP = 0.27 for the shape memory

polymer.
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Figure 7.29. Scheme of the porosity structure on 3D microflyer.

7.3.2. Computational Fluid Dynamics

The turbulence fluid (rotating machine) model of COMSOL was employed for the three-

dimensional aerodynamic simulation of the microflyer falling in the air. The income flow

from bottom was set as the terminal falling velocity, while the reaction force integrated

on the microflyer was used as the correlated weight of microflyer for the steady state

falling. Rotating speed was swept and chosen to make sure the torque on the microflyer
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Figure 7.30. Scheme of simplified microflyer model with different tilt angles.

is 0, thus to determine the rotating speed of a given terminal falling velocity. Two-

dimensional aerodynamic simulation was used to simulate the aerodynamic properties of

the 2D airfoils.

7.4. Conclusion

We designed several bio-inspired 3D microflyer designs that will rotating during falling

in the air. This kind of 3D microflyers have controllable falling state and predictable
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Figure 7.31. Effect of tilt angle on rotating speed and terminal falling veloc-
ity for small scale microflyer (small Re). Effect of tilt angle on (a) rotating
speed and (b) fitting parameter GS.

falling trace in the air, and have reasonably slow terminal falling velocity. 3D simulation

was used to study the aerodynamic properties of the microflyers, and an analytic model

was developed for the characterization and optimization of the aerodynamic behaviors.

Further more, “porosity” method and tilt angle effect are studied to decrease the terminal

falling velocity for small microflyer and large microflyer, respectively. These 3D microflyers

have potential applications such as high altitude air pollution detection.
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Figure 7.32. Effect of tilt angle on rotating speed and terminal falling veloc-
ity for large scale microflyer (large Re). Effect of tilt angle on (a) rotating
speed and (b) fitting parameter GL.
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CHAPTER 8

Conclusions and Future Work

8.1. Conclusions

In this dissertation, we advanced the field of micro-scale 3D asembly and flexible or

stretchable electronics by a series of interesting works. We studied the mechanical prop-

erties of a novel 3D helical coil structure for stretchable electronics, which provides the

possibility of fabricating a new type of highly stretchable electronic device. A generic

soft encapsulation for stretchable electronics are proposed, that breaks the stretchability

barrier for elastomer encapsulated stretchable devices meanwhile provides robust protec-

tion to underlying components. We combined the mechanically guided assembly with

micro-structured 3D helical coil components to enable a fully wearable sensing system

consisting of integrated circuit (IC) chips. Inspired by this 3D helical coil, we designed

and optimized a compliant and stretchable thermoelectric energy harvester, to offer power

to miniature flexible devices.

We further explored a novel approach for mechanically guided 3D self-assembled

mesostructures by patterning the underlying elastomer substrate with kirigami cuts. The

library of the 3D structures are significantly extended by adding rotating motion onto the

“bonding sites” of the structures. Also, an important application of a set of 3D micro-

structures was introduced, microflyer, that can slowly fall in the air with controllable

flying state and predictable path and terminal falling velocity.
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8.2. Future work

The field of 3D assembly and flexible electronics have already drawn a lot of attentions.

There’s still challenge and promising directions that will significantly advance this area.

Employing novel flexible materials can be a interesting area–for example, novel organic

materials, inkject printed electronics with conductive inks or semiconducting materials,

graphene and graphene-like 2D materials–that the stretchability barrier will be broken

with mechanical and structural design. Current work about organic flexible electronics

(or so-called organic plastic electronics) utilize the stretchability of the organic materials

with minimal structural design, thus this direction can be closely developed because of

the huge advantages of the organic materials on bio-compatibility and compliance, and

this is similar to inkject printed electronics (e.g. flexible electronics on paper) and that

with graphene materials.

I expect a further application of flexible electronics on the applications of human-

machine interfaces such as neuro-interfaces. This area requires further exploration and

understanding of the complex mechanisms of the electronic-bio interfaces. Applications

such as muscle-neuro interface, brain interface, artificial cochlear and artificial retina are

hot areas but still drawing more attentions.
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