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Chapter I. Introduction

I.1 OVERVIEW OF THERMAL METAMATERIALS

I.1.1 Thermal metamaterials in heat diffusion manipu-
lation

Metamaterials are artificial materials that can achieve properties that do not
occur naturally, such as negative index of refraction or electromagnetic cloaking.
The theoretical properties of metamaterials were first described in the 1960s by
Victor Veselago, who focused on the concept of negative index materials [Veselago 06].
Metamaterials have attracted wide scientific interest as promising candidates to
achieve unusual effective properties and to realize extraordinary devices such as
flat lenses and invisibility cloaks. Cloaking was first performed on electromag-
netic waves with the transformation optics approach, based on form-invariance
of the governing equations after coordinates transformation [Pendry 06]. In the
transformation optics approach, the properties of invisibility cloaks are derived
by transforming the virtual space to the physical space (see Fig. I.1a,b). Any
shaped object can be “hidden” inside the cloaked space, as illustrated in Fig. 1.1.
In this design, the derived material property of the coating domain, i.e. negative
index of refraction, does not exist in nature, and this has been enabled by using a
metamaterial approach.

Beyond electromagnetism [Kadic 13, Schurig 06, Li 08, Chen 10], the trans-
formation optics concept has been widely applied to elastic waves [Milton 06,
Biickmann 14, Farhat 09, Brun 09, Biickmann 15, Stenger 12], acoustics [Farhat 08b,
Cummer 07, Farhat 08a], and diffusion [Guenneau 13b, Schittny 14, Schittny 15,
MecCall 18]. Thermal cloaking, on the basis of thermal metamaterials, refers to
making an object invisible to heat flows and is achieved by surrounding the object
with a predefined heat cloak. Fan et al. [Fan 08] exploited shaped graded materials
where heat energy was manipulated to transfer from regions of low temperature
to regions of high temperature. Guenneau et.al [Guenneau 12] firstly proposed
a transformed coordinate approach of thermal cloaking in the heat equation and
established multi-layered structures with isotropic materials (see 1.2), which was
verified later by experiments [Schittny 13, Narayana 12, Han 14a, Xu 14]. Re-
searchers have then made great achievements on heat manipulation with vari-
ous thermal metadevices [Shang 18, Yang 17, Han 13, Han 14b, Li 15, Yang 15,
Shen 16, Han 18, Li 19b, Xu 19b).

Thermal cloaks designed by the transformation optics approach have specific
properties, which are usually anisotropic (having a thermal property that is differ-
ent when measured in different directions) and inhomogeneous (having different
values when measured at different positions). A thermal cloak covers a coating
space and guides the heat flux to pass around the object without going through it.
There are no perturbations to the external temperature field when heat flows exit
the cloak, as if the object does not exist. The object is thus thermally “invisible”.
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Figure 1.1 — The principle of transformation optics: (a) A field line in the virtual

space with the background Cartesian coordinate grid shown. (b) The distorted

field line in the physical space with the background coordinates distorted in the

same fashion. (c) A 3D ray-tracing program has been used to show the cloaking
effects. The object (in red) is hidden [Pendry 06].

Figure 1.2 — The principle of an invisibility cloak and a concentrator for heat
flux. Sketch of the transformed metric (dotted lines) for (a) an invisibility cloak
and (b) a concentrator. The coating (marked in blue) is realized with
metamaterials with anisotropic heterogeneous conductivity. The object is shown
in red [Guenneau 12].
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In theory, thermal cloaks can be designed by the transformation optics method
and realized with thermal metamaterials. However, the material properties of the
cloaking region can be so extreme (i.e. infinite, inhomogeneous and anisotropic)
that they cannot be built with materials in nature. Also note that since the trans-
formation is not unique, the properties of the devices can be tailored intentionally.
Therefore, more contributions are needed for thermal cloaks to be realized facili-
tating engineering applications.

1.1.2 Thermal metamaterials in heat radiation control

Thermal metamaterials have been designed to realize unusual effective thermal
properties in order to create extraordinary devices that manipulate heat fluxes,
such as thermal cloaks, thermal concentrators, thermal sensors or thermal illusion
devices [Fan 08, Guenneau 12, Guenneau 13a, Kadic 13, Schittny 13, Schittny 14,
Han 14b, Fleury 15a, Fleury 15b, Yang 15, Han 18, Qu 18, Ji 21]. These devices
are based on heat conduction engineering including via the thermal conductivity
tensor and the heat capacity. Furthermore, manipulation of out-of-plane radiation
is very important for radiative cooling and thermal camouflage. Thermal camou-
flage refers to techniques that make a hot object invisible over the background,
for instance enabling military targets such as tanks, aircrafts and even humans
to evade infrared detection. Thermal camouflage can be realized by matching the
detected radiative temperature of an object with its surroundings. By eliminating
thermal radiation differences between the object and the background, it is possible
to hide or disguise a given object from an observing thermal camera.

According to the Stefan-Boltzmann law, the detected intensity emitted from
an object is proportional to the surface emissivity and to the fourth power of the
thermodynamic temperature [Siegel 01]. Therefore, one can achieve thermal cam-
ouflage by controlling surface temperatures through transformation thermotics and
thermo-regulation systems or by tuning the surface emissivity [Sakat 12, Arnold 12,
Li 18b, Hong 20, Peng 20]. The later has the advantage of being passive and not
to require an additional energy source.

Currently, infrared stealth has been realized by controlling the surface emissiv-
ity using metasurfaces [Liu 10, Ueba 12, Moghimi 18, Peng 18, Lee 19, Wang 19,
Song 20], phase-change materials [Salihoglu 18, Qu 18, Lyu 19], and stimuli-responsive
structures [Vassant 13, Liu 16, Krishna 19, Zhang 19]. These approaches were fur-
ther developed to obtain adaptive thermal camouflage by dynamically tunable
surface emissivity [Inoue 14, Brar 15, Cui 18, Xu 18a, Tang 20] and multispectral
camouflage [Chandra 18, Kim 19, Pan 20].

So far, the thermal metamaterial approach is still the main paradigm for in-
frared camouflage. It requires exploring micro- and nano-structures with well-
designed geometries that demonstrate the desired optical properties. This type of
surface emissivity control relies on fine tuning the feature size of designed struc-
tures. It is therefore challenging to obtain a continuously changing surface emissiv-
ity. Most reported works have focused on camouflaging a given object with uniform
temperatures [Liu 10, Ueba 12, Moghimi 18, Lee 19, Song 20]. To perfectly cam-
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ouflage a continuously changing thermal field, the required emissivity profile is
position-dependent and varies continuously. This problem was tackled by employ-
ing a form of discretization, in which a step-wise approximation of ideal emissivity
parameters was made at the sacrifice of camouflage performance [Song 20]. Be-
sides, metasurfaces usually require wavelength-scale structures and thereby imply
complicated fabrication. Therefore, to propose a easy and practical method that
applies to complex thermal field is needed.

I[.1.3 Thermal metamaterials based on thermally driven
deformation

Mechanical metamaterials, the mechanical branch of metamaterials, are ar-
tificial materials with unusual effective mechanical properties that mainly result
from structural design rather than from the properties of constituent materials
[Florijn 14, Christensen 15, Milton 02, Kadic 19, Zangeneh-Nejad 20]. Using ad-
ditional physical controls, scientists have designed composite structures that not
only go beyond the properties of their constituents but whose effective proper-
ties can even have a sign opposite to the latter [Fleury 14, Kadic 15, Koschny 17,
Qu 17, Spiegel 19]; they are categorized as stimuli-responsive metamaterials and
are also known as 4D metamaterials [Hippler 19a, Hippler 19b, Gernhardt 19]. Me-
chanical metamaterials have been designed to show superior mechanical properties
in various application fields. Taking a metamaterial approach toward the design of
soft microrobots substantially increases the number of degrees of freedom in defor-
mation and the available geometrical parameters [Coulais 17, Brandenbourger 19,
Rafsanjani 19]. Indeed, the complex behavior of highly deformable mechanical
metamaterials can substantially enhance the performance of soft microrobots.
Soft shape-matching materials based on mechanical metamaterials were proposed
[Mirzaali 18], with potential applications in soft robotics and wearable (medi-
cal) devices. Soft actuating materials are capable of changing their macroscopic
shapes under external physical stimuli of the mechanical [Hippler 20], the elec-
tric [Acome 18, Amjadi 18, Liu 15], the photonic [Shi 17, Han 16], the thermotic
[Haines 14, Chin 18], the hygrometric [Han 15a, Castaldo 19, Shin 18, Lee 13], or
the magnetic [Tottori 12, Li 19a, Magdanz 13] type. Such stimuli-responsive ma-
terials play a key role in designing soft microrobots thanks to their brilliant shape
recovery properties under applied stimuli that help the creation of programmable
and accurate motion [Wang 12, Kotikian 18, Huang 20].

So far, actuating devices have been designed mainly using multilayered films
or beams, exploiting the different physical response of two or more different mate-
rials. In the field of thermally driven metamaterials, actuators are usually realized
by coupling two layers of materials with different thermal expansion coefficients
and Young’s moduli [Qu 17, Jiang 14]. However, realizations of actuating meta-
materials have to date only been reported for simple deformations like self-bending
or been demonstrated for macroscopic structures, at the centimeter or millimeter

Ut
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scale. It remains a challenge to obtain more complex deformations under external
stimuli, such as rotation and translation, by a more direct and practical fabrication
approach directly at the microscale.

1.2 OBJECTIVES OF THIS WORK

A challenge for transformation optics based heat cloaks is that they often re-
quire inhomogeneous and anisotropic constitutive parameters which are difficult
to realize especially for large-scale applications. This challenge is more prominent
when dealing with cloaks of complex shapes. As most arbitrarily shaped cloaks
can be approximated by polyhedra and further divided into a series of tetrahe-
dra, we propose in the second chapter a linear mapping approach to design cloaks
with tetrahedron shapes (i.e. tetrahedral cloaks). Homogeneous material proper-
ties of the cloak are straightforwardly obtained from coordinates of typical points.
Consequently, most arbitrarily shaped thermal cloaks can be designed using ho-
mogeneous materials only. We construct polyhedral cloaks with increasing faces
and show numerically that they successfully thermally conceal objects. We then
demonstrate that cloaks with curved boundaries can also be obtained using this
approach. Basing on the proposed approach, we analyze the effectiveness of the
polygonal cloak composed of an alternation of homogeneous isotropic layers, and
note that cloaking deteriorates at short times, then gradually become better.

In real applications, the material distributions obtained from transformation
optics still need to be mapped onto a practical structure exhibiting predescribed
anisotropic heat conduction. Anisotropic materials can be approximated by struc-
tures of thin and alternating layers based on effective medium theory [Schurig 06,
Chen 10, Schittny 13, Narayana 12]. As the heterogenous constitutive profile is
position-dependent and continuous, some form of discretization is required, at the
sacrifice of accuracy. Other researchers realized thermal meta-devices with bulk
isotropic materials using the scattering-cancellation approach [Han 14a, Zhang 20,
Xu 14, Han 18, Xu 19b]. However, these meta-devices are always shaped as reg-
ular profiles (cylinder, sphere or ellipse), as the scattering-cancellation method is
non-trivial for irregular or complex shapes. In the third chapter, we establish a
general design road map to obtain realizable thermal meta-devices utilizing micro-
structures. We first design a cross-shaped microstructure and apply two-scale
homogenization theory to obtain its effective properties. Optimal Latin hyper-
cube technique, combined with a genetic algorithm, is then implemented on the
microstructure to achieve optimized geometrical parameters. The optimized mi-
crostructure can accurately approximate the behavior of transformed materials.
We design such devices and characterize good thermal energy harvesting perfor-
mances by simulations and experiments. To validate the wide application range
of our approach, we illustrate other types of microstructures like split rings and
rectangles, and show that they mimic well the required constitutive parameters.




[.2. Objectives of this work

In the fourth chapter, we theoretically present an extremely simple and prac-
ticable design based on a multilayer film for infrared stealth, with distinctive ad-
vantages of scalability, flexible fabrication, and structural simplicity. Using this
simple approach, we demonstrate spatial tunability and continuity in thermal emis-
sion. By locally changing the thickness of the coating film, we obtain a continuous
change of emissive power and consequently implement thermal camouflage func-
tionality. In addition, we demonstrate other functionalities like thermal illusion
and thermal coding by thickness-engineered multilayer films.

Finally, we have designed thermal metamaterials towards microrobots, using
thermal stimuli as driving forces. In the last chapter, a soft ultra compact and ac-
curate microrobot is described which can achieve controlled motion under thermal
stimuli. The system consists of an organized assembly of two kinds of functional
structures: a rotational element and a translational one. Both elements are de-
signed basing upon the principle of the thermo-elastic bilayer plate that bends in
response to temperature changes. Samples are fabricated using gray-tone lithog-
raphy from a single polymer but with two different laser writing powers, thus
making each part different in its thermal and mechanical behaviors. Excellent
motion-controllable, reversible and stable features in a dry environment are veri-
fied by simulations and experiments, revealing broad application prospects for the
designed soft micro actuators. In addition, we estimate the potential torque (or
force) that the designed structures can produce to move an object. It is found
that the proposed unit cells with a temperature elevation AT = 20K can offer a
considerable actuation torque (or force) that is able to move roughly 1000 times
their own weight. The system is well controlled by a simple thermo-mechanical
process (thermal expansion) in a dry environment. We demonstrate the possibility
of building a three-axis microrobot with a single material using single-step lithog-
raphy and thus bring thermoelastic metamaterials for microrobots closer to real
applications. Our proposed design is a highly promising basis paving the way for
the next micro-nanorobotic generation.
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Chapter II. Thermal metamaterials for non-singular homogeneous polyhedral
heat cloak

II.1 INTRODUCTION

In this chapter we focus on non-regular shaped heat cloaks with simplified ma-
terial properties. Cloaks with complicated boundaries have been studied in the
field of electromagnetism and acoustics [Diatta 09, Zhang 08, Jiang 08, Ma 08,
Rahm 08, Zhu 13, Li 14, Nicolet 08]. These transforms were later introduced to
heat diffusion fields [Yang 13]. The obtained heat cloaks were inhomogeneous and
anisotropic which is difficult to realize. Some researchers studied non regular-
shaped cloaks and established systems with homogeneous parts [Li 16, Peralta 17,
Wang 10], but they only dealt with limited geometries. Han et.al designed ar-
bitrarily two-dimensional polygonal cloaks with homogeneous and non-singular
parameters [Han 10], which was realized by Liu et.al with four kinds of natural
bulk materials in bilayer configuration throughout [Liu 17]. Xu et.al designed
arbitrarily two-dimensional polygonal thermal harvesting schemes using the lin-
ear mapping function [Xu 18b, Xu 19a]. Li et.al extended these works to three
dimensions and proposed a multistep transformation approach for a tetrahedral
acoustic cloak [Li 18a]. However, in Li’s nice work, the transformation is realized
in three steps. The transformation should be conducted in a certain order as the
later transformation step is dependent on the former one. Herein we propose in-
stead a one-step linear mapping for polyhedral cloaks where each transformation
is independent. Homogeneous material parameters are obtained in this process,
facilitating practical realizations.

It is known that an arbitrary shaped cloak can be approached by polyhedra,
but a quantitative analysis based on this approximation was rarely considered
[Liu 17, Xu 18b, Xu 19a, Li 18a]. We first show how cloaks with curved bound-
aries (regular spherical cloak and cylindrical cloak as cases here) are approximated
by polyhedra and we demonstrate the good cloaking performances of the approxi-
mated cloaks. For non-regular shaped cloaks, the convergence bahavior in homog-
enization process hasn’t been studied, and this paper primarily focuses on this
problem. We study the convergence behaviour of a multi-layered polygonal cloak
in both steady-state and transient state cases. Influences of the cloak’s shape and
lapse of time on the convergence rate are numerically established.

11.2 METHODS

We first consider a linear transformation from the virtual tetrahedral space
with local coordinate axes (z,y,z) to the physical tetrahedral space with local
coordinate axes (2',y', 2') (see Fig. 11.1) by

xz ai; Qa2 a3 X Qy
/

y | = a2 a2 a y |+ as |, (I1.1)
/

z ag1 asz ass z Qg

10



I1.2. Methods

where the coefficients a;; (i, j=1,2,3) and a;, (h = 4,5, 6) are constant. Substituting
four groups of corresponding vertices in Eq. 1.1, we get 12 equations for the 12
coefficients. By solving the 12 equations, we find the transformation coefficients
as

-1

’ ’ ’ / ra T Ic IXp

a1l G2 Q13 G4 Ty Tp Tg Tp YA Ys Yo Up
! ! i !

G21 G2 Q23 A4s | = | Y4 Yp Yo Yp . (11‘2)
7 7 / / ZA RB 2C <D

azy Az a3z Ag “A *B *c “D 1 1 1 1

The transient heat conduction equation wihout sources can be written as

or
Por
where T' represents the temperature, k and pc are thermal conductivity (in unit of
Wm~tK™1) and the product of density by heat capacity (in unit of J Kg='K™1),
respectively. According to Ref. [Guenneau 12], this equation is form-invariant un-
der coordinate transformation. Note that the transformed parameters are [Fan 08,
Guenneau 12]

V- (kVT) — 0, (11.3)

JkJT pc
- d = 1.4
det() (pc) (1L.4)

k?/
det(J)’

where

a1; a2 ais
J = 21 929 A23 . (II5>

az1p asz g3

Now, the coefficient matrix J is a constant matrix which is independent of z, y,
and z. As a result, material properties derived from Eq. 1.4 are homogeneous.

Figure I1.1 — Coordinate transformation between two arbitrary tetrahedra. The
virtual tetrahedral space (left) is mapped to a physical tetrahedral space (right)
by linear transformation.

11
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heat cloak

In Fig. 11.2 we show a regular tetrahedral cloak presented by Ref. [Li 18a,
where the shadowed domain denotes the designed domain (cloaking domain) while
tetrahedron O A B;C represents the domain to be cloaked (cloaked domain). For
simplificity, we select the edge OA, to be along the x-axis, and the face OA;B,
in the zoy plane. We further divide the polyhedral cloaking domain into three
tetrahedral segments (marked in different colour in Fig. 11.2) and apply linear
coordinate transformation to each segment. Tetrahedron A;A;BsCy, A1B1ByCy
and A;B,C1Cs in physical space are mapped from AgA;B>Cy, AgBoBCy and
ApByCyCs in virtual space (outlined by green lines in Fig. 11.2), respectively. Since
all the points are located on three edges, we define OAg = A\{OAy, OA; = A0 A,,
OBy = 110By, OB; = us0B,y, OCy = €,0C5 and OC; = e,0C,, where \;, p; and
g; are all known constants. In the transformation process, the physical space and
virtual space are defined by the same coordinates system.

In the nice work by Ref. [Li 18a], where acoustic couterpart is studied, the
transformation for a tetrahedron acoustic cloak is completed by multi-steps. In the
first step, space AgAsB>C5 is compressed to tetrahedron A; Ay ByCy with transfor-
mation matrix J| while space O AyByC} is extended to tetrahedron O A; BoCy with
transformation matrix Jj. In the second step, which continues after the first step,
space ByA1By(C5 is compressed to tetrahedron By Ay BoCs with transformation ma-
trix J§ while space OA;ByCs is mapped to space OA; B;Cy with transformation
matrix Jj. In the second step, which follows the second step, space CyA;B;Cy
is compressed to tetrahedron CyA;B,Cy with transformation matrix J;. Then
the Jacobian matrix for tetrahedron Ay A; BoCy, A1 Ay BoCy and Ay As BoCy are J7,
Ji Jy and JL J) Ji, respectively. We notice that three divided segments undergoes
a one-, two-, or three-step transformation in sequence. The three segments should
be mapped in a certain order as the later transformation step is dependent on the
former one.

In our method, the transformations are all conducted by one step and each
transformation is independent. Without losing generality, we first map the points
in tetrahedron AgAsB,C5 to the points in tetrahedron Ay A;ByCs. Vertices of the
given polyhedron in virtual space Ag(A12a2,0,0), A2(242,0,0), Ba(zp2, yps,0) and
Co(xe2, Yoo, 202) are mapped to Aq(Aa2a2,0,0), Aa(242,0,0), Ba(xp2, ypa,0) and
Cy(xe2, Yoo, zc2) in physical space, respectively. Substituting these four typical
coordinates in Eq. II.1, we get the transformation from tetrahedron AyA,B>Cs to
tetrahedron A;A;B>Cs by

T bir bz bi3 X1 by
Yy | = ba baa ba yi |+ bs |, (I1.6)
2] bs1 b3z bss 21 bs

J1

where
1— X
e —
11 1_)\17

12



I1.2. Methods

Ay

Figure I1.2 — Division of a tetrahedron in coordinate transformation: (a) A
general tetrahedron cloak and (b-d) the sub-domains of the cloaking domain.

o >\2 - >\1 ‘/'UBQ - 'CEAQ
b12

1-— )\1 YB, ’
b — )\2 - )‘1 TByYCy, — TCYB, + T A, (yB2 - yCz)
13 — — )
1— )\1 YBo20y
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Similarly, the points in tetrahedron AyByB.Cs are mapped onto tetrahedron
AlBlBQCQ by

Ty C11 Ci2 Ci13 T2 C4
vy | =1 e o2 co Y2 | +| e | (IL.7)
Zé C31 C32 Cs3 22 Ce

J2

where
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The mapping from points in tetrahedron AyByCyCs to points in tetrahedron
A1 B,C1Cy is given by

Ty diy dip dis T3 dy
ys | = du dan dos ys |+ | ds |, (I1.8)
Zé d31 dzz ds3 <3 dg
J3
where
)\2 €2 — €1 Ty
dip = — —
)\1 1— €1 )\1ZEA2
dio — 1 l€2 — &1 . (Ull’BQ . 1) )\Qul — A1U2x32] 7
U1YB, 1-— &1 >\1$A2 )\1
dia = €2 — €1y [ Ty Yo, <uleg 1) 1] 1 [)\Qul — )\1U2 B Y, )\2 — )\1
13 = - — —1l|+— —
l—e1 2oy [MZa,  wyp, \MZTa, 20, M U1y B, M

Eg9g — €& Ulr U
dyy = 2 1 Yoo ( 1By 1) + i7
1 —e1 wyp, \Miza,
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Ao — €2 — €1 Yo, l Ty Yc, (ulez 1) 1]
23 = — - - — 1y,
1—¢1 20, | M4, wWYB, \A1Ta,

€9 —E&1 20,

d31 = —
1 — &1 )\1$,427

€2 — €1 R0y U1T B,
d32 = -1 )

1—¢e1 mys, \ T4,

s = €2 — €1 l Loy Yoo (Uﬂ?Bg _ 1) . 1] 11,

1—¢e1 [ Mza, wys, \MiTa,

€9 — &1

d4 — Tcy,
1-— €1
€2 —¢&1

d5 - Yoy,
1— €1
€2 —¢&1

d6 = ZCy-
1 — &1

Substituting the obtained transformation matrix Ji, Jo and Js into Eq. (I1.4),
we get the transformed material properties for each segment. In the above trans-
formation, we assume the tetrahedron OAyByCy to be void and we map it to the
void tetrahedron OA;B;C4, thus the object inside is cloaked. Remark that we
can still fill the cloaked domain with a medium. Following Ref. [Kohn 08], the
transformed parameters for the cloaked domain are given by

o= ALU1E]
n T

dingl((2)7, (2 (2 ey = 1o

U €1 AU

€2

(pc). (11.9)

AU

11.3 RESULTS AND DISCUSSION

I1.3.1 Cloaks with 8 faces

We first build an octahedral cloak where OAy, OBy and OC A, lie on the z, y
and z axes, respectively (see Fig. (I1.3a)). The space to be cloaked is depicted in
blue while the cloaking domain is depicted in grey. We split the top and bottom
halves into four symmetric tetrahedra. Each tetrahedron is divided into three
segments and then mapped following the method outlined in above section. In
the octahedral cloak, we set \y = u; = 1 = 0.01 and Ay = puy = €9 = 0.5. For
convenience, we normalize the material properties with respect to unit conductivity
and heat capacity in background medium. The octahedral cloak is totally divided
into 8 tetrahedra and hence 24 segments. Owing to symmetry, we only present
material properties of the three representative segments (properties of A; A BoCy,
A1 B1B5Cy and A;ByC1C5y are marked with lower case 1,2 and 3, respectively),
which are
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kY = diag (0.38,1.98,2.58) , (pc); = 1.98
K% = diag (39.6,50,10.8), (pc), = 0.04
k% = diag (1.98,5.86,0.0001) , (pc); = 0.0008

Properties of other parts can be easily obtained using symmetries. Numerical
simulations are then conducted by COMSOL Multiphysics. We set temperatures
of the left boundary (the boundary in negative x axis) and right boundary (the
boundary in positive z axis) as 7, = 2 K and T = 1 K, respectively. Other
boundaries are thermally insulated to ensure that conduction is the dominant
heat transfer mechanism in this case. For clarity, we only show the cloaking
performances on two typical sections where the white lines are iso-thermal lines.
Simulation results for the steady-state case (see Fig. (II.3b)) show that heat fluxes
pass through the object and return to their original trajectory. As a result, the
external heat field is not disturbed. For an outside observer, it seems that the heat
is transferred through a homogeneous medium.

Figure I1.3 — Schematic of (a) an octahedral heat cloak and (b) its steady-state
cloaking performance.

In the dynamic case, we add perfect matched layer on the right boundary
and apply two time-dependent thermal sources on the left boundary, which are
Ty = Ty exp(—t*/2) + 1 and Ty, = Tj sin(wt/2) +2. We set Tp = 1 K and
conduct simulations. Good cloaking performances are observed for both cases at
different time. In Fig. I1.4, we set continuously decreasing temperatures on the
left boundary and observe good cloaking effects all the time. In Fig. 1.5, we apply
periodic thermal boundary on the left and notice that heat energy transfers from
left to right. During the transfer process, good cloaking performance is observed
at changing thermal profiles.
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Figure II.4 — Dynamic cloaking performances of the octahedral cloak with the
left boundary Ty = T, exp(—t?/2) + 1.

I1.3.2 Cloaks with 32 faces

We also designed more complicated cloaks with 32 faces (see Fig. 11.6). Similar
to the octahedral cloak, the polyhedral cloak is totally divided into 32 tetrahedra
and hence 96 segments. We set Ay = uy = 1 = 0.01 and Ay = s = g5 = 0.5.
Owing to symmetry, we only take the parts in the first quadrant as the case and
present material properties of the representative segments. In the first quadrant,
the cloak is divided in four parts and each part is further divided into 12 segments,
material properties of which can be obtained from two representative parts (6
segments) by symmetry. For the central part OByCyEs, the properties of the
three segments are

kY = diag (0.51,1.98,1.98), (pc); = 1.98
kY = diag (291.14,0.05,0.03) , (pc),, = 0.04
k% = diag (3.92,0.0001, 1.98) , (pc)y = 0.0008

where properties of BiBoCyFEs, B1C1CyFE; and B1C1E;Ey are marked with lower
case 1,2 and 3, respectively. The other three parts on the edges have similar
forms. Therefore, we present the representative part OA;BsCy with one edge on
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Figure I1.5 — Dynamic cloaking performances of the octahedral cloak with the
left boundary Ty = Tj sin(wt/2) + 2.

the z-axis:
kY = diag (2.286,0.437,1.977) , (pc)|, = 1.98
kb = diag (146.755,0.007,0.035) , (pc), = 0.04 .
kE = diag (2.647,0.002,1.98) , (pc)y = 0.0008

where properties of A1 A3ByCy, A1 B1ByCy and A1 B;C1C5 are marked with lower
case 1,2 and 3, respectively. Simulation results for the steady-state case (see Fig.
I1.6b) again show that this polyhedral cloak achieves good cloaking.

In the dynamic case, we apply same boundary conditions as those of the octa-
hedral cloak. In Fig. 1.7 and Fig. 11.8, good cloaking performances are observed
at changing thermal profiles.

I1.3.3 Cloaks with curved boundaries

We have shown in above section that the proposed method can be applied
to polyhedral cloaks with more faces. Theoretically, an arbitrarily shaped cloak
with curved boundaries can be approximated by an arbitrarily large number of
polyhedral cloaks, hence our approach applies to a wide range of geometries. For
cloaks with curved boundaries, they are firstly approximated as series of tetrahedra
and then divided into homogeneous segments. In this process, we approximate the
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B,
first quadrant

Figure I1.6 — Schematic of (a) a polyhedral heat cloak and (b) its steady-state
cloaking performance.

curves by piecewise lines and apply a linear transformation on each segment. As
an illustration, we show in this section how sphere cloaks and cylindrical cloaks
can be obtained by our method.

We built an arbitrary tetrahedron, three vertices of which lie on the surface of
the sphere and one vertex lies on the centre (see Fig. 11.9). We make simplifying
assumptions that

a=pF=7=0, i =m =€ =m =l =€ =1 (I1.10)

The tetrahedron will increasingly approximate parts of the sphere as 6 de-
creases. It is also worth noting that the second and third parts (denoted as
AgByB2Cy and AgByCoCy in Fig. 1.2, respectively) occupy increasingly small
relative fractions, and can be negligible as € approaches 0. Therefore, we mainly
focus on the first part. Basing on the approach presented above, we can easily get
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Figure I1.7 — Dynamic cloaking performances of the polyhedral cloak with the
left boundary T = Tyexp(—t*/2) + 1.

t=2s

Z
Y
LX
Figure I1.8 — Dynamic cloaking performances of the polyhedral cloak with the
left boundary Ty = Tysin(7t/2) + 2.
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Figure I1.9 — Diagram demonstration of (a) an tetrahedron derived from the
sphere and (b) the studied tetrahedron with simplifying conditions.

material properties of the tetrahedron as

2
}:if + 2U-m) ("27’71> tan (6) ——”12:777’21 tan (0) ——’7277;721 tan (0)

- 1- 1— _
K = _mtm tannze) 1=m 0 (pc)' = ! /ey
771217721 G 1-m 7 1= "2
— =1 tan (0) 0 e
(I1.11)

As 0 approaches 0, the heat conductivity in the principal direction can be expressed
as

k;(0—>0):diag<1_n2,1_m,1_771>. (I1.12)
L=—m 1=m1-—mn
We build spherical cloaks and conduct simulations where 75=0.5 and 7 is varied.
The results In Fig. I1.10 show that we can still get cloaking effects using the
constitutive properties derived from the polyhedral cloaks. It is also observed
that the cloaking performance deteriorates with increasing 7;, as more and more
heat fluxes invade the cloaked domain. When 7, = 0.5, there is no physical
transformation and hence no cloaking effects at all.

Similarly, we derive the material properties of a cylindrical cloak from the
polyhedral approach as

' . l—mp 1=—m 1—m
k., (0 — 0) dlag(l—m’l—ng’l—n)' (I1.13)

We build cylindrical cloaks and conduct simulations where 1, = 0.05 and n; is
varied. Again, we show that the polygonal approach is also applicable to cylindrical
cloaks. The parameter 7, shows similar influence on the cloaking performance.
Though smaller 7, is desirable in order to improve cloaking, one should consider
other influential factors in realizations, e.g. materias anisotropy and availability.
A smaller value of 7; means more difficulties during realization, which we will
discuss in the next section.
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— K

Figure I1.10 — Performances of the approximated spherical cloak with varied
parameters 7).

I1.3.4 Influence of geometrical parameters

In the proposed method, we map a small hollow tetrahedron OAyByCy to
tetrahedron OA;B;C1, thus the object inside the void tetrahedron is cloaked. As
we conduct the transformation from a hollow tetrahedron instead of a point, we
can obtain non-singular material properties. This is inspired by the regularized
transform first proposed in Ref. [Kohn 08]. We choose the octahedral cloak in
above section to illustrate the effect of geometry parameters on cloaking. Without
lack of generality, we set Ay = pus = e = 0.5 and Ay = pu; = ¢, = n; where
1 is a variable. A perturbation index is introduced to characterize the cloaking
performance

_ fQ |T(t,£lj',y, Z) — Tr(t7$7 Y, Z)l ds2

My (t) T 9

(IL.14)
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Figure I1.11 — Performances of the approximated cylindrical cloak with varied
parameters 7);.

where € denotes the probe domain (the domain outside of the thermal cloak). 7
represents temperatures of the homogeneous medium. The index My (t) reveals
all perturbations of the external heat profile. A lower value of My (t) denotes
better cloaking performance. For clarity, we use the notation My to demonstrate
the perturbations in the steady state case where t vanishes. M} and M? are
employed to reveal the case of only a small hollow tetrahedron and a proposed
cloak, respectively. We can observe in Fig. 11.12(a) that the two values are always
identical, demonstrating the effectiveness of our design. Besides, it can be seen
that increasing 7; results in larger perturbations and thus worsens the effects of
cloaking. When 7, equals the limiting value of 0.5, namely when the tetrahedron
OAyByCy coincides with tetrahedron OA;B;C1, there is no cloaking at all.

It seems that we should make 7; as small as possible to get better cloaking per-
formance. However, the transformed material properties are always beyond the
range of natural materials. Geometry parameters determine the material proper-
ties and they should be tailored to make the cloaks easier to realize. As we can see
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in Fig. 11.12, a smaller n; means a higher degree of material anisotropy, which poses
more difficulties in practical realization. One quantity is necessarily improved at
the cost of trading off the other one. Following the results in Fig. 11.12(b-d), one
should choose the cloaking performances considering the corresponding require-
ments of materials conudctivities.
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Figure 11.12 — Effects of the geometry parameters on cloaking performances and
material properties. (a) Comparisons of perturbations between a small hollow
tetrahedron and the proposed cloak. (b-d) Materials properties via varied
parameters for the three sub-domains.

I1.3.5 Effectiveness of homogenized multi-layered cloaks

We have obtained polyhedral heat cloaks with non-singular homogeneous but
anisotropic material properties. In real applications, the material parameters still
need to be fulfilled by layered structures. For this purpose, we start from alterna-
tions of isotropic thin layers with respective constitutive properties (kll, pllcll) and
(ky, pycy). We study a polygonal cloak and derive material properties by the pro-
posed approach. As the designed polygonal cloak is piecewise homogeneous, the
constitutive properties are all locallly constant and do not depend on the position.
The required heat conductivity and product of density by heat capacity can be
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approximated by [Guenneau 12]

yo- 1) kiky 0 Lk + bk, o Lipyey + lopycy
e L+l l + 1y

where [; and [, are thickness ratios of the two layers. For the cloak in Fig. 11.13, ge-
ometrical parameters are |OAs| = |OBs| = 1, |OA;| = |OB;| = 0.5 and normalized
material properties are ky = 4.96, ky = 0.20, k3 = 392.03, ky = 0.0026. Perpen-
dicular vectors of the layers are V! = (—0.85,—0.52)" and V2 = (—0.70, —0.71)",
respectively. As Petiteau et al. [Petiteau 14] proposed, we can determine quan-

: (IL15)

L
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3
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W
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isotherm

Figure I1.13 — Two-dimensional polygonal cloak composed of four isotropic
materials (left) and the cloaking performances (right).

titatively the effectiveness of a cloak by evaluating the standard deviation of the
isotherms in the vicinity of the cloak. A theoretically perfect cloak gives a standard
deviation value of zero for all isotherms outside the cloak as if the medium were
completely homogeneous [Petiteau 14]. In the ideal case, all isotherms outside the
cloak are straight. In Fig. I1.13 we chose the isotherm that passes through vertex
Ay in the diffusion direction as it is the most difficult to straighten.

We performed numerical simulations to check the homogenization convergence
as the number of layers NV increases. In Fig. 11.14, increasing effectiveness (decreas-
ing standard deviation) is observed for multi-layered cloaks as the number of thin
layers IV increases. We obtain the polynomial fit relationship for the convergence
rate as

y = —2.2218 — 1.8269x + 0.534722, (I1.16)

where y is the standard deviation and x is the logarithm of the number of lay-
ers: © = log;y(N). Eq. IL.16 has a different form from Petiteau’s cylindrical
cloak [Petiteau 14], demonstrating that the cloak’s shape directly determines con-
vergence. Besides, the layered polygonal cloak consists of homogeneous isotropic
layers, which is not the case in Petiteau’s work where heterogeneous layers are
used. This may also have an impact on convergence.
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Now the goal is to ascertain that the homogenized multi-layered cloak mimics
the perfect cloak (as built by transformed parameters). We derive the standard
deviation of the perfect cloak for the measured isotherm by numerical simulations,
and substitute the obtained value (8.61 x 1071¢ in this case) in Eq. I1.16. Direct
calculation gives the number of layers required to achieve our goal: N = 2.3354 x
10%. Tt is difficult or even impossible to build a nearly perfect cloak with so
many layers. However, the convergence analysis provides us with guidance on the
number of layers needed for a certain effectiveness tolerance. We note that in Ref.

6E-4
: @ Standard deviation

SE-4 5 —— Polynominal fit of standard deviation
5 4E—4—;
= :
8 ]
8 3E-4 1
B y=-2.2218-1.8269x+0.5347x
<
c
8
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2E-4 ]
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Figure 11.14 — Logarithm of the standard deviation for the measured isotherm as
a function of log,,(N). For clarity, the values of log,,(/V) are replaced by values
of N. The convergence rate was obtained by a polynomial fit.

[Craster 18], the following result is established for cloaks with a sufficiently regular
(Lipschitz) boundary within a bounded domain €2 of boundary 02
Proposition 1:

Given n; > 0, there exists a threshold time ¢*(1;) < oo such that for all
t > t*(n1) we have

\//Q\doak | T(t,2,y,2) — T,(t,,y,2) [27dOQ < CynP, (IL.17)

where (] is a constant independent of 17, and D = 2, 3 is the dimension of physical
space. This means that after the lapse of a certain threshold time t*, the temper-
ature field T outside the cloak is close to the temperature field 7, of the uniformly
conducting medium irrespective of the conductivity enclosed in the cloaked region.
Boundary measurements on 02 cannot tell appart 7" and 7T,.
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We first note that in Ref.[Pakhnin 13], the following homogenization result
is established which can be applied to layered cloaks with a sufficiently regular
(Lipschitz) boundary
Proposition 2: Given a large enough integer N > 0, there exists a threshold time
t*(IN) < oo such that for all ¢ > t*(N) we have

\//z . | T(t,z,y,2) — T (t,z,y,2) f[dQ < Co N7, (I1.18)

where C5 is a constant independent of N, T' is the temperature field in the ideal
cloak and T that in the layered cloak with NV layers.

A direct application of the triangular inequality to Propositions 1 and 2 leads
to the following result for a bounded domain €2 encompassing either a polygonal
(D = 2) or a polyhedral cloak approximated by isotropic homogeneous layers:
Corollary: Given a small parameter 7, and a large enough integer N > 0, there
exists a threshold time t*(n;, N) < oo such that for all ¢ > t*(n;, N) we have

\//Q\ loak | Tt 2,9, 2) = Tin(t, 2,9, 2) ’2daQ < (Cm? + Cy Nil)a (I1.19)

where T, is the temperature field in the homogeneous medium and T that in the
homogeneous medium surrounding the layered cloak with N layers.

Using this theoretical result as a guidance, we then compare the effectiveness
of the layered cloak and perfect cloak in the transient regime. It is observed
in Fig. I1.15(a) that the standard deviation for a layered cloak first increases and
then gradually decreases with the lapse of time, which demonstrates that a layered
cloak approximates well an ideal cloak only after a certain lapse of time, whereas at
initial times the approximation will be faily poor. In Fig. 11.15(b) it is shown that
the convergence rate is different at different time steps, demonstrating that in the
transient regime the convergence depends on both the lapse of time and the shape
of cloaks. We should also note that we use four isotropic materials in the layered
polygonal cloak. In the approximation of cloaks with curved shapes, we divide the
boundary curves into piecewise line sides and we need four materials for each side.
Therefore, the number of heat conductivities needed in the homogenization directly
depends on the number of divided sides of a cloak. In the two-dimensional case,
we will need 4n different conductivities and thus 4n different types of layers for
n sides. As an inhomogeneous spherical or cylindrical cloak can be approximated
by a polyhedral cloak with a very large number of sides, this demonstrates that it
is always easier to build a polyhedral cloak than a spherical cloak or a cylindrical
cloak.
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Figure I1.15 — Standard deviation of the measured isotherm at different time
steps with (a) varied time (b) varied number of layers.

I11.4 SUMMARY

We have proposed a method to design three dimensional polyhedral cloaks,
where the cloak is divided into tetrahedral parts. Constitutive properties are di-
rectly derived from typical coordinates by a straightforward one-step linear map-
ping. An octahedral cloak and a polyhedral cloak with 32 faces were built to verify
the proposed method. Simulation results show that the designed cloaks work well
in cloaking objects after a certain lapse of time. As most of arbitrarily shaped
cloaks can be approximated by polyhedrons, the proposed method can be applied
to a wide range of geometries. As verifying cases, we approximated spherical and
cylindrical cloaks by polyhedrons and obtained the approximated material prop-
erties. It was shown that the approximated cloaks indeed achieve good cloaking.

The geometrical parameters used in the transformation affect the properties of
each segment and thus the cloaking performance. An increment in n; provides a
larger range of material properties, but at the sacrifice of some cloaking perfor-
mance. In real applications, the parameters can be flexibly adjusted to achieve a
trade-off between cloaking performance and complexity of the material properties.

Finally, we conducted an analysis of the effectiveness of multi-layered cloaks. In
the static regime, the cloak’s shape directly determines convergence. However, in
the transient regime convergence depends on both the lapse of time and the shape
of cloaks. The cloaking performance deteriorates at short times, and becomes
gradually better after a certain lapse of time.
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Chapter III. Homogenization and optimization of thermal metamaterials for
heat diffusion control

III.1 INTRODUCTION

Transformation optics, which was the basis to perform cloaking, has been pro-
moted in various physical fields [Schittny 14, Schurig 06, Biickmann 14, Kadic 13,
Guenneau 12, Achaoui 20, Kadic 20, Cummer 07, Kadic 11] to create miscella-
neous devices, like invisible cloaks [Farhat 09], carpets [Li 08], invisible sensors
[Yang 15], illusion devices [Liu 12, Hu 18, Zhou 18] or hyperlenses [Liu 07, Li 09].
Transformation thermodynamics, a counterpart of transformation-optics, has been
proposed to guide heat flux in thermal manipulation and generate novel thermal
meta-devices, such as heat cloaks, thermal energy harvesting devices, thermal sen-
sors, etc [Fan 08, Shen 14, Xu 20, Qin 19, Liu 17, Schittny 13, Han 14b, Peng 19,
Huang 19]. Thermal energy harvesting devices, which can focus and harvest am-
bient thermal energy without severe perturbations to the heat profile outside the
devices, have vast potential in improving the energy-conversion efficiency of exist-
ing technologies [Xu 18b].

Thermal meta-devices often require extreme constitutive parameters which
are difficult to realize especially for large-scale applications. As the heteroge-
nous constitutive profile is position-dependent and continuous, some form of dis-
cretization is required. Moreover, anisotropic materials can be approximated
by structures of thin and alternating layers based on effective medium theory
[Schurig 06, Chen 10]. Thermal devices following this principle were fabricated
and experimentally characterized [Schittny 13, Narayana 12]. In these works, step-
wise approximation of the ideal parameters were made, which sacrificed the perfor-
mances to reduce fabrication difficulty. Other researchers realized thermal meta-
devices with bulk isotropic materials using the scattering-cancellation approach
[Han 14a, Zhang 20, Xu 14, Han 18, Xu 19b]. Following this approach, a class of
solar-shaped thermal harvesting devices were demonstrated, which could manip-
ulate and concentrate the heat flux using natural materials without singularities
[Chen 15, Han 13]. However, these meta-devices are always shaped as regular
profiles (cylinder, sphere or ellipse), as the scattering-cancellation method is non-
trivial for irregular or complex shapes. In some works, topology optimization
method is applied to design thermal meta-devices, where the optimized structures
always occupy irregular shapes that impose high requirements on fabraication
[Fujii 19, Fujii 20, Alekseev 19].

Except for the mentioned strategies, do we have methods that can both offer
good performance and fabrication simplicity? The answer is positive. Researchers
[Mei 07, Torrent 08] demonstrated that the constitutive medium can be approxi-
mated by microstructures in the context of acoustic metamaterials. Thanks to sim-
ilarities between the governing equations for acoustic and thermal fields, a similar
approach can be implemented for thermal metamaterials. Then the key problem is
to determine the effective property of the built microstructure and find the proper
parameters of the microstructure to mimic desired transformed parameters. Ji et
al. [Ji 18] achieved thermal concentration using fiber reinforced microstructures
based on simplified effective medium theory. Pomot et al. [Pomot 20] realized
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acoustic cloaking by microstructures with several types of perforations, combined
with a genetic algorithm. We note that the partial differential equations (PDEs)
therein have the same structure to the heat equation in the static limit, in which
case one simply has to replace the density by the conductivity and all the asymp-
totic analysis carries through. Moreover, PDEs in Ref. [Pomot 20] are supplied
with homogeneous Neumann boundary conditions that stand for rigid walls in
acoustics, and insulating walls in thermodynamics. It is thus tempting to imple-
ment homogenization and effective medium theories similar to those already used
in acoustic metamaterials, however bearing in mind that in the dynamic regime
the acoustic wave (elliptic) PDE and the heat diffusion (parabolic) PDE are very
different in nature.

In this chapter we focus on the thermal field and establish a general design road
map to obtain realizable thermal harvesting devices utilizing micro-structures. We
apply two-scale homogenization theory to determine the equivalent thermal prop-
erties and employ the Optimal Latin-Hypercube technique to obtain desired design
parameters. Beyond this problem, the process is applicable to other microstruc-
tures and to wave problems (such as in acoustics). We stress that because of
their complexity, the microstructures we investigate here would be challenging to
achieve otherwise. We numerically characterize such thermal harvesting devices
with natural materials and verify their harvesting efficiency by finite element simu-
lations. Samples are manufactured by CNC machining technique and experiemtns
are conducted. The experimental results agree with simulations, verifying the
effectiveness of our design.

I111.2 THERMAL METADEVICES DESIGN BASED ON
OPTIMIZED MICROSTRUCTURES

I11.2.1 Nonlinear transformation yielding constant anisotropic
conductivity
We recall the transformed parameters aforementioned as

JRJT
~ det(J)

and (pc)’ = deI:EJ)' (IT1.1)

kl

The transformed conductivity &’ derived by Eq. (III.1) is anisotropic and space

dependent, which is difficult to achieve in practice. To remove the singularities

and make the proposed device simpler to realize, we choose the following nonlinear
transformation instead of the linear one.

Assuming that we map the virtual space (r) onto the physical space Q'(r’)

by a general two-dimensional radial transformation, of which the inverse mapping

function is defined by 7" = g(r’). Following Eq. I1.4, the transformed conductivity
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components in polar coordinates can be obtained as

B ) Y
ky g (1) ky  g(r)

In our work, we require that k. /k, (or kj/k,) has a constant value C' (or 1/C)

with C' > 1 throughout the designed shell region. k;, denotes thermal conductivity

of the background medium. The resulting ordinary differential equation for the
mapping function g(r’) is

(I11.2)

g(r')
—=C I11.3
r! gl(rl) ’ ( )
which has a general solution
P\ ©
g(r') =Cim <> , (I11.4)
1

where (] is a dimensionless constant to be determined. Here, r; and ry are the
inner radius and the outer radius of the designed shell region, respectively. A
rigorous transformation maps the virtual space r = [0, 2] onto r’ = [ry, 5], which
can not be satisfied by Eq. II1.4. We propose a dimensionless small positive pa-
rameter s and map r = [rys, o] onto r’ = [rq, r], which approximates the rigorous
transformation asymptotically. Applying corresponding conditions g(r1) = ris
and g(r2) = 7o to Eq. 111.4 gives

L1
Cy = (“) ° (I1L.5)

()

which results in the transformation mapping function

g(r') = (2) o T <;> ’ : (11L.6)

=1y (T>C . (IIL7)

Ty

or

Following this transformation approach, we derive the constant radial (k) and
tangential heat conductivity (kj) in cylindrical coordinates as
/ /
]]ZZ =(C and 11;(2 = é (IIL.8)
In stark contrast to the material parameters obtained from rigorous linear
transformation, such a device is homogeneous in materials composition and its
performance is only determined by the thermal-conduction anisotropy (character-
ized by constant C'). We employ this geometric transformation as it avoids the
need for extreme spatially-varying parameters and thus the transformed medium
will be much easier to implement in practice. Moreover, it is enough for the proof-
of-concept demonstration. We stress that the method we describe is indeed also
applicable to the design of rigorous transformation-based thermal devices.
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I11.2.2 Design and homogenization of the microstruc-
tures

For clarity, we outline the design process for the general case with a specific
example. Assume that we create a cylindrically symmetric thermal harvesting
device with inner radius r; = 0.01 m and outer radius ro = 0.04 m (see Fig.
II1.1). The proposed device can harvest thermal energy from the surroundings
and concentrate it into the inner domain 7’ < r;. Heat energy density in the inner
domain is thus significantly increased. In our design, the thermal conductivity of
the background is k;, = 132 Wm'K~!. We set C = 2, which implies that for
the shell region we have k. = 264 Wm'K™!, k) = 66 Wm'K~!. Now we turn
to the realization of shell region parameters by two natural materials A and B
through optimized microstructures. The material distributions in Eq. (II1.8) need

Figure ITI.1 — Schematic representation of a possible realization of the thermal
harvesting device. The shell displays some periodicity along the azimuthal
direction, which is a hallmark of a concentrator. Such a device can harvest

thermal energy from its surroundings. Heat flows are concentrated into the inner
domain 7" < r; thanks to the designed shell region r; < r’ < ry.

to be mapped onto a microstructure exhibiting prescribed constitutive parameters.
We build a medium with identical elementary cells repeating periodically in space
(see Fig. II1.2 ). Generally, the well-established effective medium theory plays
a dominant role in determining effective properties and is easy and direct for
simple geometries. When designing meta-devices with complex-shaped structures,
however, it would be far from trivial to evaluate the equivalent properties. Here
we apply instead two-scale homogenization theory [Zolla 03] to determine effective
parameters with an asymptotic approach. We consider a two-dimensional periodic
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Figure II1.2 — Schematic illustration of 2D periodic lattices defined by 2
parameters (area fractions f; and fy). We choose this microstructure to mimic
the desired medium of the shell region through homogenization and optimization.

medium with square elementary cells [0, 7]? of side-length 7 < 1. The solution T,
of the steady-state heat equation with fast oscillating parameters A, = k(x/n,y/n)

V- (k,VT,) =0 (I11.9)

two-scale converges [Allaire 92], when 7 tends to zero, to the solution T}, of the
homogenized heat equation

V - (knom VT hom) = 0. (111.10)

The effective property of the periodic medium is given by

(k) — (kO,V)  —(kD,Vh)
khm:( —(k0,Vi) <k>—<kayv2>>’ (HL.11)

where 0, := 0/0x, 0, := 0/0y and < . > denotes the mean operator over the
periodic cell. Vj(z,y) and V5(x,y) are solutions defined up to an additive constant
of auxiliary problems of thermostatic type on the periodic cell [Zolla 03]:

V- [k(z,y)V(Vi —2)] =0
{ V- [k(z,y)V(Va—y)]=0" (I1L.12)

We solve the auxiliary problems in weak form by using COMSOL Multiphysics,
which sets up the finite element problem with periodic conditions imposed to the
field on opposite ends of the elementary cell. We note in passing V; and V5, are
unique solutions of Eq. (II1.12) up to additive constants, but these constants
do not affect the homogenized conductivity, as one can see that in Eq. (III.11)
only the partial derivatives of V; and V5 are involved. The potentials V;(z,y) and
Va(z,y) of an illustrative case (f; = 0.6576, fo = 0.0835) are shown in Fig. II1.3,
where we obtain the effective conductivity as
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Figure I11.3 — Potentials Vi(x,y) and V5(x,y) of the illustrative case where
f1 =0.6576, fo = 0.0835.
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It is noticed that in Eq. (I11.13) the off-diagonal components are almost negligible

and originate from numerical errors. The resulting spurious artificial anisotropy
can be safely ignored. We emphasize that with the finite element method, the effec-
tive tensor can be obtained for any periodic composite and that the same technique
was implemented before in acoustics [Pomot 20] and electromagnetism [Zolla 03],
in which case the effective density and permittivity tensors can be deduced from
the same annex problems as in our thermal case.

The effective properties of the medium can be tuned by several design pa-
rameters such as geometrical (here we use area fractions f; and f;) and material
properties (thermal conductivities k4 and kg). We restrict our attention here to
predefined material properties and set the geometrical parameters as variables.
Our goal is to find the set of geometrical parameters which properly mimic the ho-
mogenized medium. Therefore, the geometry of elementary cells should be tuned to
obtain desired equivalent properties. Considering the heavy workload of the trial-
and-error method, we implement an Optimal Latin hypercube technique to solve
the problem. We note here that the two-scale homogenization technique has been
already used to design a thermal concentrator similar to the one shown in Fig. I11.1
and to show that a concentrator consisting of concentric layers would require some
complex valued conductivities with sign-shifting imaginary parts [Petiteau 15]. In
the present case, we investigate doubly periodic designs and thus we do not face
such pitfalls.

(I11.13)
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I11.2.3 Optimization based on Latin hypercube technique

Optimal Latin Hypercube Sampling (OLHS) technique is applied to optimize
the spatial positions of control points. The aim of this process is to design a ma-
trix where the sample points spread as evenly as possible within the design region.
This method is efficient and robust due to its enhanced stochastic evolutionary al-
gorithm and significant reduction in matrix calculations to evaluate new/modified
designs during searching [Park 94]. In this work, we pre-define the two materials
as air (k4 = 0.026) and copper (kg = 400) in units of Wm 'K~ and select the
geometrical (area fraction) parameters f; and fy as design variables. The ranges
of these variables are defined as 0.5 < f; < 0.8 and 0.05 < fy < 0.1 after ini-
tial estimation. We generate one hundred sample points by OLHS technique, and
calculate corresponding effective thermal conductivity of the periodic medium for
each sample point using the two-scale homogenization theory. We emphasize the
importance of choosing proper ranges of the variables. If, for instance, we use
much larger ranges for f; and fs, the derived values can be less accurate unless a
more refined discretization (more sample points) is chosen.

We then create an approximation surrogate model from the obtained one hun-
dred space samples [Mak 00]. The surrogate model is built by the Elliptical Basis
Function Neural Network technique which establishes a relation between design
targets (k; and ko) and variables (f; and f3), as shown in Fig. 111.4 (a-b).

We use two estimators to evaluate the reliability of the surrogate model, the
coefficient of determination (R?) and the root mean square error (RMSE). These
are defined as

™ (i — i)

Ql(yi - ?ji)w
m 0.2

RMSE = \/ M (II1.15)

m

RP=1- (I11.14)

where y; and g; are respectively the real value and the predicted value of the
objective function over the same sample points, y; is the mean value of all objective
functions and m is the total number of sampling points. The closer R? is to 1 and
RMSE is to 0, the more accurate the model. In Fig. I11.4 (c-d), we can observe
that the predicted values (values obtained by the surrogate model) are in good
agreement with the actual values (values on the sample points).

The calculated R? and RMSE are listed in Table III1.1. The average error
and the maximum error among all samples are also shown. In the constructed
surrogate models, R? is larger than 0.99997 and RMSE are smaller than 0.00012.
The maximum error remains close to 0, which demonstrates that the surrogate
model is accurate.

Now we proceed with the inverse homogenization problem, that is, we want
to find the particular set of design parameters which best mimic the transformed
medium [Cherkaev 01]. The optimization problem amounts to minimizing the
objective function:

E(k?l,kfg,a,ﬂ):O{|k1—k;|+ﬁ|]{72—ké|, (11116)
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Figure I11.4 — Panels (a) and (b) show the relation between design targets (heat
conductivities ky and ky) and design variables (geometrical parameters f; and f).
The results are obtained basing on the chosen sample points and using two-scale
homogenization theory. Panels (c¢) and (d) show good agreement between actual
values and predicted values of the heat conductivities, demonstrating the
reliability of the surrogate model. The indices k; and ks denote heat conductivity
of the elementary cell in the x and y directions, respectively.

Error type k; ko

RMSE 1.2107% 4.88107°
Average 6.45107* 3.52107°
Maximum 5.47 1073 1.88 1074
R? 0.9997 1

Table II1.1 — Accuracy of the constructed surrogate model.

where o and 3 are weighting factors for the two objective sub-functions such that
a+ f = 1. The function E(ky, ks, «, 3) measures the overall difference between
obtained and objective values. We define o = § = 0.5, i.e. equal weights for
the diagonal tensor elements k; and ky. The principle is to obtain a global min-
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Predicted Targeted Relative difference

ki(Wm—'K-1) 26397 264 0.01%
k>(Wm=K-1)  66.01 66 0.02%

Table II1.2 — Comparison of predicted value and targeted value for the derived
set of parameters.

imum within the discrete solution space. We solve this inverse problem by using
a Non-Dominated Sorting Genetic Algorithm approach [Deb 02]. The one hun-
dred random structures, corresponding to the parameter space samples obtained
by the OLHS method, form the first generation. During the search process, the
population size and the number of generations are defined as 12 and 200, respec-
tively. New generations are created using crossover and mutation processes. We
set the mutation distribution index and crossover distribution index as 20 and
10, respectively. The crossover probability is set as 0.9. For the sake of clarity,
we do not detail the well-established genetic algorithm approach. In short, the
Non-Dominated Sorting Genetic Algorithm performs well enough in our case and
enables us to determine efficiently the desired design parameters.

Following this approach, we obtain the desired set of parameters as f; = 0.6576
and fo = 0.0835 for C' = 2. We then implement the microstructure and calculate
the corresponding heat conductivities. The result are listed in Table.IT1.2. It
can be seen that the obtained parameters closely mimic the desired transformed
medium.

I11.2.4 Heat manipulation performances of the designed
metadevice

We now turn to the theoretical recipe for realizing thermal harvesting based
on optimized composite microstructures. Note that the heat conductivity in Eq.
(IT1.8) is expressed in (7, ) polar coordinates while the microstructure is designed
in (x,y) Cartesian coordinates. To build a cylindrical thermal harvesting device,
we discretize the shell region into numerous units and transplant microstructures
with matched geometrical parameters into each unit. We design in this paper a
discrete thermal harvesting device with 15 radial layers and 45 tangential sectors.
Similarly to what has been done in Ref. [Pomot 20], we could have considered
an increasing number of layers and sectors to very accurately approximate the
idealized thermal concentrator parameters. However, we focus here on a practically
implementable design. The materials constituting the microstructure are naturally
available materials: copper (material A) and air (material B). It is understood
that the device could be built from other materials. We use copper and air here
considering their applicability for realistic experiments.
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Numerical calculations were conducted, where temperatures at the left and
right boundary are respectively imposed as 1 K and 0 K, for easiness in normal-
ization. We apply Neumann (perfect insulator) conditions at other boundaries. As
indicated in the scheme (Fig. I11.5), iso-thermal lines are significantly compressed
to the inner domain (r < r;). Hence, heat flux density in the inner domain is
enlarged, implying that more heat energy is concentrated into the central region.
In addition, iso-thermal lines in the background are uniform with little pertur-
bations. That is, the heat energy is harvested and concentrated into the central
region without much perturbation of the external thermal field. We emphasize
that similar computations would also hold for time-harmonic acoustic and elec-
tromagnetic equations. We further conduct a quantitative analysis of the thermal

. —

_
Temperature (K)

< I

Figure I11.5 — Temperature fields in the steady state for (a) the ideal case and (b)
the proposed thermal harvesting device. In both cases, heat flows are
concentrated to the inner domain without much perturbations to the external
thermal field.

harvesting behavior of the proposed scheme. Two measurement lines are defined.
An horizontal line (y = 0) is selected to reveal perturbations of the external ther-
mal field whereas a vertical line (x = ry) is chosen to illustrate the heat harvesting
efficiency. We also build an additional contrast plate that occupies the same area
as the harvesting device but that is composed only of a homogeneous background
medium. The following index 7 is defined to evaluate the energy harvesting effi-
ciency as

Ty — T
Toeyy — Ty

el (I11.17)

T2

o =
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The index My is introduced again to characterize the perturbations to external
fields (i.e. the thermal neutrality of the concentrator)

_ Jo T (z,y,2) — T,(x,y, 2)| dQ
Jp 4 |

where () denotes the probe domain of external thermal fields and 7, represents
the temperature field of the homogeneous medium. The index My reveals all
perturbations to the external heat profile.

It is apparent in Fig. I11.6(a) that thermal energy is significantly concentrated
into the inner domain, as a tight focusing with a local heat-intensity increase is
observed. We list thermal gradients inside the inner domain (characterized by
AT, = |Ty=r, — Th=—r,|) and harvesting efficiencies for different cases in Tab.
[T1.3. The results indicate that thermal gradients in the central region are almost
twice as large as in the contrast plate. The concentration efficiency is significantly
lifted. Both results reach nearly theoretical values, demonstrating that the heat
concentrating scheme is both effective and accurate.

My

(I11.18)
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Figure II1.6 — Comparison of temperature profiles between the harvesting device
and the contrast plate along the measurement lines (a) y = 0 and (b) z = ry. All
results are obtained in the steady-state and the insets denote positions of
measurement lines. We define AT = |T'(x,y, z) — T,.(z,y, 2)| to quantitatively
demonstrate the heat harvesting performances. Significant heat-focusing in the
inner domain (—r; < x < r1) and minor fluctuations in external domain (along
x = 1ry) are both oberved, demonstrating good heat concentrating performances.

It can be observed in Fig. II1.6(b) that temperatures along the vertical mea-
surement line are almost uniform, indicating that the external thermal field is only
slightly influenced. We notice some minor perturbations in Tab. II1.3 which are
mainly due to the discretization process and to numerical errors.

Thus far, all that has been achieved for heat can be directly translated to
airborne acoustics (with rigid inclusions) and electromagnetism (with perfectly
conducting inclusions, in the case when the magnetic field is polarized perpendic-
ular to the xy-plane), since governing equations are identical in the static limit,
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Index Ideal Proposed Bare plate
ATy, (K) 0.4 0.39 0.2
Mo 0.5 0.49 0.25

My (K) 0 0.0025 0.0003

Table II1.3 — Thermal harvesting performances for different cases.

and so results in Fig. [11.5 and Fig. II1.6 hold for the acoustic and electromagnetic
counterparts of the thermal concentrator. We would like to investigate now the
diffusive nature of heat conduction. We define same boundary conditions as the
steady state case and focus here on the evolution of thermal harvesting perfor-
mance over time. Temperature distributions at different time steps ¢ are shown
in Fig. (IIL.7), where thermal gradients and perturbations are also plotted as a
function of time. It is observed that perturbations of the external thermal profile
increase and then decrease after a certain lapse of time, whereas the thermal gra-
dient of the object increases gradually toward its maximum value. The distortions
to external thermal field is mainly casued by ignoring heat capacity[Schittny 15].
Generally, the proposed design performs well for harvesting thermal energy, with
significant heat flux concentrated in the inner domain and little perturbation to
the outside thermal field, once the permanent regime has been reached. We stress
that the design process proves feasible as the created device works efficiently and
converges to almost the same harvesting performance as in the ideal case.

The heat concentration efficiency is directly determined by the constant C
[Han 13], which in turn can be approached by the material properties and the
geometry of the microstructures. To gain more insights into the underlying mech-
anism of the microstructure, we derive and show in Fig. I11.8 the relation between
design variables (area fraction f; and f5) and the heat concentration efficiency.
For comparison, we further assume two other materials C and D to substitute for
material B, with heat conductivity k¢ < kg < kp. It is observed that higher
concentration efficiency requires larger f; and smaller f; which directly indicates
larger geometrical anisotropy. Besides, we notice that smaller design variables are
needed to achieve a given efficiency for a larger conductivity of the second mate-
rial (for constant material A). Larger material anisotropy also allows for a larger
maximum concentration efficiency.

Note that the microstructure we employed in Fig. [I[.2 is not the unique
choice. One can use other elementary cells as long as they are appropriate to
obtain the required anisotropy. To validate the wide-range application of our
approach, we further present several other elementary cells and build corresponding
devices. Steady state simulations are conducted with same boundaries with the
aforementioned case. In Fig. 111.9, we set material properties as design variables
and recover the widely used solar-shaped device in literatures. In Fig. I11.10, we
obtain the same design as in Fig. III.1 but based on a different elementary cell
obtained by a sub-lattice translation.
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Besides, we show in Fig. [II.11 a split ring element cell for which it seems
unlikely that the effective medium theory could be easily applied. We observe that
in all these cases, thermal gradient are elevated within the onject domain —r; <
r < rp, revealing that heat fluxes are concentrated to this domain. Besides, the
surroundng temperature profile are not influenced, showing that good harvesting
performance is achieved without much perturbations to the external field. As a
note, the symmetry of the split ring element cell is reduced compared to the other
cases, but the effective tensor remains diagonal. The strength of our approach
becomes apparent when dealing with such more complex geometries, where the
application of effective medium theory is far from trivial.

We stress that using the optimization approach in this paper high-performance
thermal-harvesting designs can be obtained that meet given external constraints,
such as maximum or minimum values for material properties and geometrical
parameters. We can search for the best solution among materials properties, mi-
crostructures and geometrical parameters within the full available range, providing
a substantial flexibility and many degrees of freedom in practical applications.

Note that the impact of volumetric heat capacity is ignored, as steady-state is
the more practical case and more widely studied, from the point of real applications
[Guenneau 12, Han 13, Han 15b]. But they can aslo be considered as additional
design targets in the optimization process. Besides, we considered in this paper
two-dimensional (2D) harvesting devices as fabrication and measurement are pre-
sumably simpler than in 3D. The proposed optimization method, however, is also
well suited to the design of 3D thermal harvesting devices. A major difference
is that more design variables are required in 3D, and thus more computational
resources would be required to undertake such a study, for which the theoretical
part of the present work would apply mutatis mutandis.
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Figure I11.7 — Thermal harvesting performances of the proposed device in the
transient regime. (a) Temperature fields are illustrated at different times ¢. The
performances get gradually better after a certain lapse of time. The scale bar
denotes 20mm. (b) Thermal gradients of the inner domain
(AT;, = |T,=, — T,—_,,|) and perturbations to external thermal field (My ) are
plotted as functions of time. The quantitative results agree well with those
revealed in (a).
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Figure I11.8 — Relation between design variables (area fractions f; and fy) and
the concentration efficiency. The inset shows the studied elementary cell where
one material is pre-defined as k4 = 0 and another material is varied. In addition
to material B (kg = 400 Wm'K™!), we also considered material C
(ko = 300 Wm~'K~!) and material D (kp = 600 Wm~'K~!) for a comparison.
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Figure II1.9 — (a) Laminar structures defined by two material parameters (k; and
k) if Ly = Ly and two additional geometrical parameters if L; # Ly. The
optimized parameters are k; = 0.26782 and ko = 3.7328 if we impose L = L.
(b) Corresponding thermal harvesting performance.
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Figure I11.10 — Additional optimized microstructures and corresponding thermal
harvesting performance. (a) Elementary cell defined by two geometrical
parameters f; = 0.34238, fo = 0.91675. The materials used are same with those
in Fig. II1.2. (b) Corresponding thermal harvesting performance. The scatters
denote temperatures of the proposed device while the solid line are the
temperatures from a bare plate. Following the proposed design process, we have
dealt with different microstructures and obtained same thermal conductivities as
k. =264 Wm K™t kj =66 Wm 1K~
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Figure II1.11 — (a) Split ring structure defined by five geometrical parameters.
The optimized parameters are f; = 0.1037, fo = 0.1261, f3 = 0.4799, f4 = 0.2614,
and f5 = 0.0994. (b) Corresponding thermal harvesting performance.
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II11.3 SAMPLE FABRICATION AND EXPERIMENTAL VAL-
IDATION

We have fabricated and characterized the proposed thermal harvesting devices
that mold the flow of heat around the object in a metal plate. To obtain the
heat conductivity k, = 132 Wm'K™! in the background and central region, we
design a composite structure by drilling holes into a copper plate. The corre-
sponding (room temperature) bulk heat conductivities of the two materials are
ks = 0.026 Wm'K~! and kp = 400 Wm*K~!. The latter is larger than the
former by more than 4 orders of magnitude, which facilitates the design. The
effective heat conductivity can be achieved by two-scale homogenization theory or
by Maxwell-Garnett theory as

2(ky —ks) f
kf—l-ks—(kf—ks)f

ke =k |14 (I11.19)

where k. is the effective heat conductivity, ks and k; are heat conductivities of
the solid materials (copper here) and filling materials (air here). Following this
approach, we built holes array (diameter 1.6 mm) in the background and central
plate with equal space 2 mm.

For the fabrication of the proposed structure, we used the CNC machining
technique to produce the patern shown in Fig. II1.12b,c. We design in the nu-
merical analysis a discrete thermal harvesting device with 15 radial layers and 45
tangential sectors. However, such a structure can not be obtained due to accu-
racy limitations of the CNC machining technique. Hence, we rather fabricate a
device with less refined discretization in both tangential and radial directions. As
mentioned above, we could have considered an increasing number of layers and
sectors to very accurately approximate the idealized thermal concentrator param-
eters, but here we focus on a practical design. Considering the trade-off between
functionality and fabrication difficulty, we have made the samples shown in Fig
I11.12Db,c.

To measure the temperature profiles via Planck thermal emission, we used a
conventional infrared thermal camera (FLIR A6702sc) to capture thermal images.
Considering that copper is highly reflective, we cover the sample surface with
white paint which significantly reduces the surface reflectivity. Furthermore, we
coat the sample with a thin layer of polydimethylsiloxane (PDMS) with thickness
around 200 pm. The PDMS layer is nearly "black" for the wavelengths detected by
the infrared camera which facilitates the capture of thermal images. Besides, the
PDMS layer serves as a heat insulator on the related boundaries. It can also reduce
heat convection between the sample and the surroundings, which has considerable
influence on the thermal images.

A photograph of the experiment setup is shown in Fig. [II.12a, where local
heating on the left side of the plate is realized by a tank filled with hot water and
the right side is immersed in an identical tank with room-temperature water. The
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Figure II1.12 — Fabricated samples and experimental setup. (a) Photograph of
the experimental setup. (b) Blueprint of the designed thermal harvesting device.
The red areas are bulk copper (kg = 400 Wm™'K™!) whereas the white regions
denote air (k4 = 0.026 Wm~'K™!). (c¢) Photograph of the sample made by CNC
machining. White paint and thin PDMS layer are added on the sample to reduce
surface reflectivity. The PDMS layer also acts as a heat insulating layer that
reduces heat convection to the surroundings.

other sides are left free and are covered with a PDMS thin layer. An elevator is used
to tailor the position of the infrared camera to capture images of the temperature
profiles.

In Fig. I11.13, we show the numerical and experimental results for the proposed
device at various times t after exposing the plate to the heat baths at ¢ = 0 s.
We observe that the thermal harvesting device successfully fulfills its tasks in
that heat fluxes are focused to the central region. The heat density are elevated
compared to the surroundings. Furthermore, the temperature field outside of the
device is almost not affected, as if nothing was there. Our experimental results
agree with the corresponding numerical calculations (performed with COMSOL
Multiphysics), validating the effectiveness of the design.

We note some differences between experimental and numerical results. When
designing the samples, we made compromises between functionality and fabrica-
tion difficulty. This discretization process would be minimized by building a large
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Numerical Experimental

Temperature (C)

Figure I11.13 — Measured temperature distributions at different times ¢ as
indicated. At ¢t = 0 s we start from a homogeneous room temperature profile.
Numerical results are shown in the left column, whereas experimental results are
depicted in the right column. The white lines are isotemperature lines.

enough number of layers and sectors. Besides, in the ideal case we did not account
for heat conduction and thermal radiation to the surrounding air, which also con-
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tribute to the remaining discrepancies. In addition, although some measures have
been adopted to decrease heat convection, like coating the surface with a PDMS
layer, the negative influence of heat convection is still not eliminated.

Generally, the fabricated structure accomplishes the two goals: concentrating
heat fluxes to the central region and imposing no perturbations to the external
temperature fields. To gain a better vision on the experimental results, we pro-
pose a model considering the above aspects though they not part of the device
design. The temperature profiles in the steady state are studied, as shown in Fig.
[11.14. In the numerical simulations, we define surface emissivity as 0.9 and natu-
ral convection coefficient 20 Wm~2K. The hot end and the cold end, in agreement
with experiments, are defined as 373 K and 323 K, respectively. Compared with
the bare plate (Fig. III.14a), the simulation results in Fig. III.14c clearly show
thermal concentrating performances that, however, not as good as the ideal case
shown in Fig. III.14b, due to thermal convection and emission effects. We ob-
serve that the experimental results (Fig. 111.14d) agree better with the numerical
simulations in Fig. IIl.14c, demonstrating that the abovementioned aspects are
the main factors contributing to the differences between experimental and sim-
ulation results. Here a relatively larger convection coefficient is employed as we
are considering not a pure plate but a surface with many holes that contributes
to more thermal convection. In additon, we show that by using larger convection
coefficients, the simulation results agree better with the experiments, illustrating

that it is an effective influencing aspect.
T
=l |
i |
N |
\ .
Figure I11.14 — Temperature distributions in the steady state for (a) a bare plate;

(b) transformed parameters without considering thermal convection and

emission; (c) transformed parameters considering thermal convection and
emission; (d) experiments.

/
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I11.4 SUMMARY

We proposed a general method to design thermal-energy harvesting devices
from naturally available materials. We designed composite microstructures and
calculated their effective conductivity by the two-scale homogenization technique.
We then implemented the Optimal Latin hypercube method to obtain design pa-
rameters that can best mimic the transformed medium. We built a harvesting
device model based on the obtained optimized microstructures. A sample is fab-
ricated with copper and PDMS. Experiments are conducted subsequently. Both
numerical and experimental results demonstrate good thermal harvesting perfor-
mance, thereby validating the effectiveness of the design method.

The optimization method adds great flexibility to the constraints that can be
imposed on devices, which allows one to find the best possible solutions with differ-
ent geometrical structures and component materials. We stress that the flexibility
and simplicity of the method is a good addition to existing heat manipulation
techniques, including other thermal functionalities, i.e. cloaking and illusion. It
also paves a path for novel optical, acoustic and electromagnetic devices based on
form-invariant governing equations.
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Chapter IV. Thermal metasurface for selective emission and heat radiation
control

IV.1 INTRODUCTION

In this chapter, we propose a simple strategy to realize thermal camouflage
based on infrared-transparent thin films thickness engineering. Using this simple
approach, we demonstrate spatial tunability and continuity in thermal emission.
By locally changing the thickness of the coating film, we obtain a continuous change
of emissive power and consequently implement the desired thermal functionalities.
This technique of thermal radiation manipulation has the following advantages:
1) In theory, perfect camouflage can be achieved since the required continuously
changing thermal radiation can be realized by a calculated thickness distribution
that is also continuous, without further discretization and approximation. 2) The
same surface emissivity can be obtained with coating films of different thickness,
allowing for size flexibility in fabrication. 3) Structural simplicity follows from the
fact that only bilayer films are employed.

IV.2 SELECTIVE EMISSION BASED ON LAYERED MEDIUM

IV.2.1 Principle of thermal emission control

When observed by an infrared camera, an object is detected as it has different
thermal radiation power with its surroundings. According to the working principle
of an infrared camera, the observed temperature of an object is based on the
detected radiation form the target surface, which includes mainly three parts, i.e.,
object radiation P,, surroundings reflection P, and air radiation P,, expressed
respectively as

P, = R\P\(T4,), P, = €,5o)\(T15,), Py = €. Pon(T4) (IV.1)

where R, and ¢, are surface reflectivity and emissivity of the object, ¢, is the
emissivity of the surrounding air, 7, and T, are temperatures of the surrounding
air and the object, P, is the radiation of a blackbody. The detected thermal
radiation can be expressed as

E)\ = "élod_2 [Ta)\(PT + Po) + Pa] ) (IV2>

where A, is the viewing area of the object, d is the distance between the infrared
camera and the object, 7., is the spectral transmittance of the air. The infrared
camera transfers the detected radiation into corresponding signal voltage as Vg =
Ap [ar Exéad), where Ap is the lens area of the infrared camera and ¢, is the
spectral response function [Song 20].

Understanding the working principle of an infrared camera, we realize that
the key to achieving selective emission and obtaining related functionalities lies on
tailoring the detected thermal radiation. Following Eq. IV.2, we easily find that we
can tune the detected thermal radiation by controlling the object temperature T, or
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by controlling the surface emissivity ¢,. Comparably, regulating the temperatures
of an object to match with its surroundings is far from easy and often needs
external energy consumption. Some researches reports on thermal camouflaging
through transformation thermodynamics, but with complicated structures difficult
to fabricate [Li 18b]. Here we realize selective thermal radiation through tuning
surface emissivity by engineering the thickness of an optical thin-film.

Surroundings B = R3Ppx(T,) Recorded image

—
Talp

—
2 i
Object P, = £,Ppa(T,) 1@ ‘Eap et
B f e
Target

= AR Eypada
i

Figure IV.1 — Illustration of the working principle of an infrared camera: capture
thermal radiation of an object and transfer the detected radiation to signal
voltage, and further plot contour images.

IV.2.2 Surface emissivity calculation based on transfer
matrix method

Our design is based on multilayered structures whose the optical properties are
analytically obtained using the transfer matrix method depicted in Fig. IV.2. We
consider three arbitrary layers and two interfaces. The tangential electric field at
any position within the layer, is a superposition of two plane waves traversing the
medium at opposite directions with

Ej—lj - Etj + Esj
’ , IV.3
{ noHj-1; = (Eij — Egj) n; (1V-3)
at the first interface and
Ejjn = Eij + By
’ , V.4
{ noHj g1 = (Eij — Erj)ny (IV-4)

at the second interface, respectively. Considering that

Ejj =B, e %
{zmes, v

we relate the field amplitudes on two sides by

E;i 1 cosd; -Lsind; E; i
: _ n; : . IV.6
< noH;_1; > ( in;sind;  cosd; noHjj+1 ( )
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The transmission matrix of the j-th layer can be thus obtained as

M, — [ cos d; nijsinéj ] | V1)

injsind;  cosod;

and the transfer matrix for the whole multilayer film structure, consisting of N
layer read as
N
miyp M2
M = =1 M, Iv.8

( Moy Moz ) ]1:‘[1 ! ( )
where n; = n;+in} and 6; = 27\~ n;d; cos a; is the effective phase shift thickness
of the jth layer, with d; the geometrical thickness and n; the refractive index. The
reflectivity Ry and transmitivity 7% of the multilayer film read as
Mg |?

2
7T)\ - |T)\|2 —
mi1

(IV.9)

mi

Kirchhoff’s law states that the emissivity of an object in thermal equilibrium
is equal to its absorptivity, i.e.,

Eobj<>\) = A)\ =1- R)\ - T)\. (IVlO)

(tangential) 5
z
Be1 Eij Ey.
(tangential)

nj+1 e & & & o

Figure IV.2 — Notation of electric field amplitudes wthin an arbitrary multilayer.
The subscripts indicate the medium, the signs + and — distinguish between
incident and reflected waves, respectively.

Using Planck’s law, the thermal radiance of an object in the atmosphere window
is given by

)\2 )\2
Py (T) = A g\ T)A = / eonj(N) Ins(\, T, (IV.11)

A1
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where I,p;(\, T) is the spectral radiance of the object, Isg(\, T) = 2hc2A™(elhpe/(AkpT))—
1)~1 is the spectral radiance of a blackbody at temperature T', hp is Planck’s con-

stant, kp is the Boltzmann constant, ¢ is the vacuum speed of light, A is the
wavelength, €,;(A) is the spectral emissivity and [A1, Ao is the spectral range of

the infrared camera.

Eq. IV.11 demonstrates that the perceived radiation by an IR camera can be
effectively tuned by engineering the emissivity of the metasurface. Note that the
operating wavelength range is often 3 —5 um or 8 — 14 pm. Outside those two
windows, infrared radiation is mostly attenuated by the surrounding air.

-
o

q . ZnS mEm Carbon mmm Silicon

o
o

£a,
=
Emissivity
o
[}

Wavelength (um)

, 0-356 IEREmissivityill 0.96 34 I Popi(Wm ) 155

—

w
w

Thickness (um)
N

Thickness (um)
N

—_—

|

o

10 12 14 340 360 380 400
Wavelength (um) Temperature (K)
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Figure IV.3 — (a) Schematic of the bilayer film deposited on a substrate (silicon).
(b) Spectral emissivity as a function of wavelength. (c¢) Dependence of surface
emissivity on film thickness and wavelength, obtained from Eq. (IV.10). (d)
Integrated radiation power as a function of film thickness and temperature,
obtained from Eq. (IV.11). The white iso-contour line depicts the radiation
power of Pop;(T) = 72.72 Wm 2.

55



Chapter IV. Thermal metasurface for selective emission and heat radiation
control

A thermal IR camera integrates the received energy over its operational wave-
length and transfers the integration values to recorded temperatures in thermal
images, which can be expressed by

A2
T, = C Puy(T) = C A €onj(N) s\, T, (IV.12)

where C'is a constant related to the lens area and spectral responsivity of a thermal
camera [Qu 18]. Clearly, the detected radiation temperature 7} of an object (not a
black-body) recorded in infrared images is not equal to its real temperature 7. T,
is directly related to Pop;(T") which is dependent on both the emissivity €op; (tuned
by the film thickness d in this work) and the real temperature T'. To achieve perfect
thermal camouflage, the recorded temperature 7} (or P,,;(1")) should be spatially
constant. Considering that each surface unit has a different temperature, we tune
the spectral emissivity of each unit to make 7, (or Pyy;(7)) the same over the whole
sample by depositing over each unit a thin film of the corresponding thickness. We
emphasize that the proposed strategy also applies to thermal radiation illusion or
coding.

IV.3 THEORETICAL REALIZATION OF INFRARED CAM-
OUFLAGE AND OTHER FUNCTIONALITIES

We now proceed to realize thermal radiation modulation by engineering optical
properties of the surface. For clarity, the design process for the general case is
outlined through a specific example. Let us focus on the integrated radiation
power Pop;(T) in the operating wavelength range 8 — 14 pm that is directly related
to the observed temperatures in the infrared images of the IR camera. We choose
carbon as the ground layer with a thickness of 4 ym, leading to zero transmission
(T\ = 0). Silicon is chosen as a substrate. Then, we use a dielectric layer made
of zinc sulfide (ZnS) as a transparent material within the range of wavelengths
8 — 14 pum [Debenham 84, Lee 19] (see Fig. IV.3(a)). On the basis of energy
balance, we calculate the emissivity from Eq. (IV.10). Spectral emissivity for
various film thicknesses is shown in Fig. IV.3(b,c). With an increment of film
thickness from 3.5 pm to 3.9 um, the emissivity peak shifts from 0.93 at 10.7 ym
to 0.92 at 11.8 pm. Here the emissivity range [0.356,0.96] is obtained, which can
not be broadened, and can only be changed by choosing other materials. We note
by passing that ZnS is not the only choice. Other transparent materials may also
be good alternations, but in condition that the multilayered medium can offer
broad tailorable emissivity ranges.

The emissivity as a function of thickness of ZnS and wavelength is depicted in
Fig. IV.3(c). It can be seen that one can control the emissivity by engineering the
thickness of ZnS. Using Eq. (IV.11), the radiated power is calculated as a function
of ZnS thickness and temperature (see Fig. IV.3(d)). For example, the integrated
power Pop;(T) = 72.72 Wm™? is shown by a white iso-contour line in Fig. IV.3(d).
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Objects having temperatures spanning the range 330 — 400K would be effectively
detected to have the same emissive power if their surfaces were deposited with a
dielectric layer whose thickness is determined by corresponding white iso-contour
line.

In the following, we design thermal camouflage based on our mulatilayered
media approach. Figure [V.4(a) shows a continuous temperature distribution gen-
erated by a heat spot located at the center of the silicon substrate (thermal con-
ductivity ks = 1.3 W im™'K~!. The side length of the simulated plate is 100 mm
and the radius of the heat source is 2 mm. The surface is in contact with air with
natural convection coefficient 2 W= m2K~! at temperature 340 K. As an exam-
ple, we outline the camouflage of surface points along the center line of the plate.
Figure IV.4(b) shows the integrated radiation power at three typical points along
the center line (namely A, B and C), where it is observed that higher temperatures
result in larger radiation powers, in general. The first step is to select a desired
radiation power Fop; that all points can achieve with a selected film thickness.
The possible range of the integrated radiation power is outlined in grey area. The
camouflaged temperatures range from 340 K to 380 K (see Fig. IV.4b). We select
the thickness profile shown in Fig. IV.4c for P, = 72.72 Wm ™2 .

The observed uniform camera temperature is shown in Fig. IV.4(b) with black
line for the designed film with inhomogeneous thickness. The camera temperature
field is obtained using Eq. (IV.12), where C'is obtained using blackbody radiation.
Therefore, the heat spot located at the center is hidden for an IR camera. This
illustrating case demonstrates the thermal camouflage functionality by selective
emission and thickness engineering.

It is noted that there is not only one possible thickness distribution that can
realize such camouflage effects. We marked in Fig. IV.4(b) two groups of poten-
tial film thickness that can achieve same intergrated radiation power. This size
flexibility will add much convenience to practical applications.

Based on the approach above, we can further engineer the whole surface emis-
sivity (thickness) to realize thermal functionalities such as camouflage, illusion,
and coding (Fig. IV.5).

In Fig. IV.5(al-a3), we illustrate thermal camouflage. The required layer
thickness is smallest at the central position and increases from the center out-
ward (see Fig. IV.5(a2)). We observe that the camera temperature field is uniform
(T, = 319.8K) after film deposition, and thus the heat spot in the background
plate is invisible to the detector, demonstrating perfect camouflage functional-
ity (see Fig. IV.5(a3)).

By tailoring the distribution of the thickness of the coating film, we further
obtain the thermal coding functionality in Fig. IV.5(b1-b3). Instead of making an
object invisible, here we aim at make some desgined thermal messages appear from
the "nothing" state. In an uniform thermal field (Fig. [V.5(b1)) (360 K), we leave
out a subarea "HI" and deposit a coating layer of thickness 0.5 um everywhere
else (see Fig. IV.5(b2)). As a result, the heat signature "HI" (camera temper-
ature 360 K) emerges from the background thermal field (camera temperature
319.8 K depicted in Fig. IV.5(b3)). We determine coating layer thicknesses using




Chapter IV. Thermal metasurface for selective emission and heat radiation
control

b 3807

)

> 360}

2 A
5 340 Real temperature

o

E) 3201 Camera temperature

50 25 0 25 50

X (mm)

25 0 25 50
Thickness (pm) X (mm)

Figure IV.4 — Outline of the process to realize thermal camouflage. (a) A
continuous temperature distribution generated by a heat spot located at the
center of the silicon substrate. We aim to make the detected temperatures
uniform along the white center line. (b) Original temperature distribution (red
line) and pseudo camera temperature (black line) observed along the center line.
(b) Integrated radiation power at three typical points along the center line versus
film thickness. The grey region outlines the available integrated radiation power
range that is accessible to camouflage by thickness engineering. The dashed line
is for Poyi(T) = 72.72 Wm™2. (d) Film thickness distribution required to obtain
the apparent uniform temperature in panel b, plotted along the center line.

the radiation power of Fy,; = 72.72 Wm~2 . We finally demonstrate the thermal il-
lusion functionality in Fig. IV.5(c1-¢3), where the heat signature "NO" is observed
instead of the original message "YES" to confuse observers. This illusion func-
tionality is also realized by properly engineering the film thickness. The surface
is divided into three sub-regions: "YES", "NO", and background (Fig. IV.5(c2)).
We deposit the sub-regions "YES" and background with film thicknesses 0.3 pum
and 0.5 um, respectively, whereas sub-region "NO" remains uncoated. After depo-
sition, the sign "NO" will be observed in the camera image instead of the original
sign "YES" (Fig. IV.5(c3)). The thermal illusion functionality works like a com-
bination of thermal camouflage and thermal coding, where real thermal messages
are rendered invisible while misleading messages are observed instead. We empha-
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size that more functionalities can be obtained through the proposed flexible film
thickness engineering strategy. In applications, the spatially-distributed thickness
can be realized by micro- or nano-fabrication like plasma deposition.

In our design, a very important aspect is the huge scale difference between
variations of physical quantities (such as the temperature) inside the layer thickness
and in the lateral directions. Whereas, the layer thickness is of the order of a
few microns, the thermal gradient and thus the thermal distribution only change
significantly over very large lateral distances. Considering a meter-size object and a
temperature difference between the two sides of AT = 100 K, then at the scale of a
typical infrared (IR) wavelength of 10 , the temperature change is only about 1072 .
At that scale, the temperature variation can be considered continuous and the local
change in thickness will not lead to any significant lateral scattering. Based on
this reasoning, in the coding and illusion devices depicted in Fig. TV.5(b1-b3) and
Fig. IV.5(c1-c3), the apparent discontinuities in the thickness and temperature can
be made continuous to avoid scattering from the edges. Here we have ignored this
aspect in the plots as the discontinuities can be smoothed out easily.
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Figure IV.5 — Demonstration of different thermal functionalities. Thermal
camouflage: a heat source in the background plate (see panel al) is hidden to the
IR camera (see panel a3) after thickness engineering (see panel a2). Pseudo
camera temperature is 7, = 319.8 K. Thermal coding: For an uniform
temperature field (see panel bl), the message "HI" is observed by the IR camera
instead (see panel b3). The sub-area "HI" is unchanged while the remaining area
is coated with a film of thickness 0.5 pym (see panel b2). Camera temperatures of
the subarea "HI" and the remaining area are 7, = 360 K and 7, = 319.8 K,
respectively. Thermal illusion: An original thermal image "YES" (see panel cl) is
recorded as a different image "NO" in the IR camera (see panel ¢3). Original
temperatures of the sub-area "YES" and other regions are 380 K and 360 K,
while after thickness engineering camera temperatures in the sub-area "NO" and
other area are 360 K and 319.8 K, respectively. For all cases, the selected
radiation power is Fy,; = 72.72 Wm—2.
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IV.4 SUMMARY

In conclusion, a multilayer film based selective emission strategy was proposed
and investigated for applications in infrared camouflage, thermal coding and ther-
mal illusion. Through thickness engineering, the emissivity can be tuned continu-
ously over a large range. The technique features advantages of a simple structure,
easy fabrication and size flexibility. Our work provides an alternative solution
to infrared stealth and other thermal radiation management technology based on
selective emission.
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Chapter V. Thermal metamaterials based on thermally driven deformation

V.1 INTRODUCTION

In this chapter, we design thermally actuated elements that provide funda-
mental mechanical motions (rotation and translation) at the microscale, which are
crucial deformations highly required by a microrobot performing in a controlled
manner. Then we fabricate functional stacks combining the proposed elements.
The fabrication of such complex bimaterial samples is realized using a single mate-
rial system but locally varying laser exposure. The stacks produce accurate move-
ment under an applied thermal stimulus and totally recover to the rest state when
the external stimulus is switched off. The system supports accurate motional am-
plitudes, reversible response, and is well controlled by a simple thermo-mechanical
process (thermal expansion) in a dry environment. We demonstrate the possibility
of building a three-axis microrobot with a single material using single-step lithog-
raphy and thus bring thermoelastic metamaterials for microrobots closer to real
applications. Our proposed design is a highly promising basis paving the way for
the next micro-nanorobotic generation.

V.2 CONCEPT DESIGN AND SAMPLES FABRICATION

V.2.1 Working mechanism of the bilayer beams

Our thermally actuated structures are based on bilayer beams, utilizing the
different thermal and mechanical properties of two different layers. As shown in
Fig. V.1, the bilayer beam length becomes longer (or shorter) under temperaure
elevation (or decrement). Upon a temperature change dT’, the original length
changes from Ly to Ly = Lo(1 + aydT) and Ly = Lo(1 + a2dT) for the two
layers, respectively, when exposed to unbounded state. Note that we consider the
small thermal deformation in the linear stage. In the case that as > a1, a length
difference is thus generated with a magnitude Lo(ae — aq)dT. In the presence
of perfect bonding of the two layers, this length gap is bridged by prescribing
internal forces of opposing directions. Arising from the moment imbalance due to
prescribed axial load through the cross sectional centroids of each layer, equilibrium
of moment is maintained by prescribing the internal moments of both layers. This
will give rise to the curvature depicted in Fig. V.1 [Lim 19].

The absence of external forces requires the axial forces acting on the two layers
to be of opposing directions but equal magnitude o1h; = o9hy with the stress
01 = Fie; and 09 = Fhey, where Ey, By are Young’s moduli and the strains
are obtained by ¢ = dLy/L; and es = dLs/Ls. Assuming equal layer thickness
hy = hs, the force equilibrium becomes

EydLihy  EsdLohs
Lo(1+aydT)  Lo(1 + apdT)’

(V.1)
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The length gap Lo(az — aq)dT diminishes via shortening layer 1 and lengthening
layer 2 by magnitude of dL; and dLs, respectively, i.e.

dLl + dL2 = Lo(ag — Cl’l)dT. (V2)
Combining Eq. V.1 and V.2, we obtain

. LO(O[Q — Oél>dT . Lo(OéQ — Oél)dT

dL, = N B iaar L2 = | Bz ol (V.3)
Es 1+a1dT Ey 1+azdT
from which we calculate the bilayer arc length as
Lore = Lo(1 + a1dT) — dLy or Lgye = Lo(1 + aodT) + dLo. (V.4)
The curvature of the bent bilayer beam can be obtained by
1 (g — aq)dT : (V.5)

o % + %(EIII + Eﬂ?)(ﬁ + E2h2)

where h = hy+hy denotes the total thickness and I,, (n = 1,2) are second moments

of area determined by I,, = % Note that the Timoshenko model applies to Euler-
Bernoulli beams only which confines its validity to slender beam only [Lim 19].

The thermally induced horizontal displacement of a bilayer beam can be ob-
tained by

|dx| = r [1 — cos (L;m)} : (V.6)

Unbounded||§| Bounded | || Bending

v

Figure V.1 — Illustration of the changes in bilayer beam length caused by thermal
expansion.

Vertical displacement is also induced under temperature changes

LaTC
\dy| = Laye — 7 sin () . (V.7)

r
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We notice that vertical displacement is not needed in our design, which indeed has
a negative influence. To obtain the maximum thermally induced motion and hence
the best actuation performance, improvement of the bilayer beams was conducted.
For a single bilayer beam under a thermal stimulus, both axial and tangential
movements are induced. The end of a bilayer beam will be tilted (Fig. V.2a).
Such a tilt angle at the end of the bilayer beams significantly reduces the effective
motional amplitude of the whole structure. Instead of a simple single bimaterial
beam, a S-shaped pattern is chosen here (Fig. V.2b). If two bilayer beams with
inverted layer compositions are connected to form a S-shaped beam, indeed, the
tilt angle at the end of the second beam is compensated for (see Fig. V.2) [Jia 09].
An overlap part was added to connect the two inverted bilayer beams, making the
structures mechanically more robust. Besides, the overlap part largely facilitates
the fabrication process.

-

’ [N
d -/
Tilt tip

Mechanical

Figure V.2 — Deformation of the bilayer beams. (a) Schematic of a simple single
bilayer beam showing the tangential tilt end in response to a temperature
change. (b) Two bilayer beams with inverted layer compositions are connected to
form an S-shaped beam. (c¢) The proposed structure with an overlap shows no
tilt angle at the end of the beams. It is also mechanically more robust.

V.2.2 Design of thermally driven smart metamaterials

We start by designing two elementary robotic unit cells that produce either
rotational or translational motion under a thermal stimulus (see Fig. V.3). We
illustrate the operating principle of the elements as follows: the bilayer beam
expands and bends upon heating, due to the difference in thermal expansion prop-
erties, giving rise to a net translation (rotation) of the element (see Fig. V.3b-c).
For the constructed parameters we used in Fig. V.3 and for the temperature ele-
vation of 40 K, we obtained a rotation angle of around 1.8° and an translational
amplitude of 0.92 yum, respectively.
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Key parameters marked in the panels are: oy = 3.84 x 107° K™, ap = 4.67 x
10_5 K_l, E1 = 3.98 GP&, E2 =3.9 GP&, H1 = U2 = 04, h1 = hQ =3 pm,
hs = 54 pym, hy = 21 pm, hy = 36 pym, hg = 12 pm, hy = 33 pm, Ly = 57 pm,
Ly =63 pm, Lg = 18 pym, Ly = 15 pm, Ly = 48 pm, wy; = 15 pm, we = 24 pm,
dy =48 pm.
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Figure V.3 — Illustration of the operating principle of rotational and translational

stages. (a) Bi-material beam and its deformation under a change in surrounding

temperature of 40 K. (b-c¢) Operating principle of the translational and rotational
elements, respectively. The component with higher (lower) CTE is depicted in

blue (gray). The initial positions of the elements are outlined for visual
comparison. The directions of motion are indicated by arrows. For clarity,
deformations in panel (a) and panels (b-c) are scaled by 10 times and 40 times,
respectively.

The elements can build up a functional stack and further assemble into a robotic
arm with three orthogonal orientations (see Fig. V.4). Such a robotic arm can re-
alize multiple movements based on rotation and translation along each axis, which
is vital to position a robotic tip in space. The induced translational (rotational)
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Chapter V. Thermal metamaterials based on thermally driven deformation

motion of each element accumulates and enlarges the motional amplitudes at the
end of the stack. By tailoring the translation (rotation) amplitudes for each axis,
the robotic arm is capable of performing three-dimensional (3D) motion in re-
sponse to an external thermal stimulus (see Fig. V.5). In addition, the motional
amplitude of the tip end is well controlled by temperature changes.

@

o, E1= Hyp o Oy, Eza )
I  —

@

y

X

Figure V.4 — A microrobot consists of a three-dimensional assembly of rotational
and translational elements. Along each axis, rotation and translation are
produced upon temperature changes. Accumulation of these motions along each
axis leads to mobility of the tip end (marked in red). The micro robotic arm can
position the tip end in space controlled by external temperature changes.

V.2.3 Fabrication technique

In this work, we use 3D gray-tone two-photon lithography to fabricate complex
two-component metamaterials. It is far from trivial to fabricate such structures
with two different materials in a single step at the micro-scale. We note from Eq.
(V.1-V.6) that the key to thermally responsive metamaterials primarily lies in the
thermal expansion properties of the two different components. It was demonstrated
in references [Qu 17, Rys 19] that the coefficient of thermal expansion (CTE) does
not only depend on the type of polymer used, but for a given monomer it also
depends on the laser writing power during photo-polymerization. As a proof,
we have fabricated bulk polymer cubes with different writing powers (side length
50 pm, made from IP-Dip, Nanoscribe GmbH) and we have measured their CTEs.
In the fabrication process, an average value of 20 mW is defined as the reference
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o)

Figure V.5 — Illustration of controlling the motions of the microrobot by thermal
stimuli: (a) a microrobot with each stack composed of five elements, (b-d) the tip
end changes its position with thermally induced translation in Z, X and Y
orientation, respectively. (e-f) the tip end changes its position with thermally
induced rotation along Z and X orientation, respectively. As comparison, the
original position in depicted by the white configuration.

power. The actual power is given by the reference power times the power scaling
factor, which is varied locally in the spirit of gray-tone lithography. We change the
power scaling factor (and hence the exposure power) to fabricate different cubes
(see Fig. V.6a). During the measurement, we heat each polymer cube with a
thermal gradient AT = 50 K and capture images of the deformation. By using
the public domain image processing software ImagelJ, we proceed to convert each
image to 8-bit format, then define edges and consequently convert the images to
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Chapter V. Thermal metamaterials based on thermally driven deformation

binary ones. Closing and filling algorithms are successively performed to obtain
the internal areas defined by the edges (see Fig. V.6f,g). Finally, based on the
obtained areas measured in pixels, we estimate the CTE following

A Ay

ayp = QAbAT (VS)

where A, and Ay are the areas obtained from images captured before and after
heating, respectively.

The mechanical properties (here Young’s modulus F) for different laser powers
are also obtained by measuring the aforementioned bulk polymer cuboid samples.
Brillouin microscopy is employed here, as it offers non-invasive access to the inter-
nal micromechanics of soft structures at optical resolution. Recent reports have
interpreted Brillouin micrographs in terms of the Young’s modulus for cells and
tissues [Scarcelli 11, Scarcelli 15, Zhang 17]. We use Brillouin light scattering to
measure the longitudinal elastic modulus (see Fig. V.7), following

)\wb 2

Mr=p (2 n sin(g)> (V-9)
where M is the longitudinal elastic modulus, A and # are the wavelength and angle
between the incident and scattered wave vectors. A and 6 are typically prescribed
by the stup of the Brillouin microscope, taken to be 532 nm and 7, respectively.
Refractive index n and density p are 1.5534 and 1000 kg/m?, respectively. The
Brillouin frequency shift was measured based on the frequency difference between
the Rayleigh and the Stokes peaks, as described below. Young’s modulus was then
obtained from
(14+v)(1-2v)

B = My 1—v

(V.10)

where v is Poisson’s ratio taken as 0.4 here. We note that only the ratio E;/E,
actually enters into the effective deformation of bi-material beams [Qu 17].

The correlation between the CTE and Young’s modulus verus the laser ex-
posure power are established in Fig. V.8. We observe that the CTE decreases
(Young’s modulus increases) approximately linearly with the laser exposure power.
We thus demonstrate that different materials properties can be realized with a sin-
gle material system but varied local exposure powers. Specifically, Young’s mod-
ulus for polymers written by laser exposure factor 50% and 45% are obtained as
E; = 3.98 GPa and Ey; = 3.9 GPa, respectively. CTEs for polymers written by
laser exposure factor 50% and 45% are obtained as oy = 3.84 x 107® K~! and
ay = 4.67 x 1075 K71, respectively.

As a proof of demonstration, we fabricate bilayer beams with two components
defined by two different power scaling factors and beams with a single compo-
nent for comparison (see Fig. V.9). Observations show that the two-component
beams deform and bend as the surrounding temperature changes, but also that
they shrink during development, whereas the single-component beams are almost
not influenced by temperature variations, demonstrating that the two components
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imEdges

imfill

Figure V.6 — The CTE versus laser exposure power is obtained by measuring
areas before and after heating. (a) Bulk polymer cubes written by different laser
power scaling factors. (b) Outline of the general process in ImagelJ to obtain
areas measured in pixels: the optical image of a polymer cube in panel (c) is first
converted into 8-bit format in panel (d). Then an edge detection algorithm is
applied and the image is converted into a binary image in panel (e). After
applying closing algorithms in panel (f) and filling algorithms in panel (g), we
finally obtain the internal area defined by these edges in panel (h).

indeed have different properties. We thereby safely validate the fabrication strat-
egy and demonstrate the possibility of printing a microrobot in only one step using
a single photoresist and gray-tone lithography.
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Figure V.7 — Measurement of mechanical properties. (a) Schematic of the
Brillouin microscope. (b) The Brillouin frequency shift wj, of longitudinal
phonons is determined as the peak of the scattered intensity. (c, d) Magnified
views of the left and right peaks, where the frequency differences between
different cubes are clearly observed.

V.2.4 Sample fabrication

Based on the above laser writing strategy, we fabricate the metamaterials de-
picted in Fig. V.3 using a single photoresist but two laser writing powers. The
rotational and translational stacks were both assembled in the z-direction by 5 el-
ements. Samples were fabricated using a negative tone photoresist (IP-Dip, Nano-
scribe GmbH) and a commercial 3D gray-tone two-photon lithography system
(Photonics Professional, Nanoscribe GmbH). A drop of resin was deposited on a
fused silica substrate with dimensions 25 x 25 x 0.7 mm? and photopolymerized
with a femtosecond laser operating at A=780 nm. After printing, the sample was
developed for 20 min in Propylene glycol methyl ether acetate (PGMEA) solution
to remove the unexposed photoresist and rinsed for 3 min in Isopropyl alcohol
(IPA) to clear the developer.

In the fabrication process, the reference power was defined as 20 mW. The
actual power was given by the reference power times the power scaling factor,
which was varied locally in the spirit of gray-tone lithography. We construct the
less active component with a laser power scaling factor of 50% and the more active
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Figure V.8 — CTE and Young’s modulus versus different laser powers. The
bottom horizontal axis gives the power scaling factor whereas the top horizontal
axis gives the actual power. Standard deviations are added. The CTE decreases
(Young’s modulus increases) with the laser exposure power. Both variations are

approximately linear.

component with a factor of 45%. The more active component was first fabricated
with a power scaling factor 45% (9 mW). Then the laser was drifted and another
component was fabricated with power scaling factor 50% (10 mW).

Clearly, a larger difference in selected power scaling factors would bring in
larger motional amplitudes; however, it would also add more difficulties during
fabrication and would specially lead to less repeatable motions for poorly exposed
polymers. Here, we aim at designing an accurate and repeatable response, we
thus must use the less damageable material. Poorly exposed polymer structures
are indeed porous, they shrink a lot and they are thus not resistant to ambient
conditions. We have fabricated polymer cubes (side length 20 pum, made from
IP-Dip, Nanoscribe GmbH) with different power factors. It was observed in Fig.
V.10 that the polymer cubes became more porous and the quality deteriorates
with increasing power factors.

We further fabricated samples using the power factors less than 70 %. It was
found that samples with a larger difference in laser powers are more prone to
fabrication imperfections. Herein we present some samples in Fig. V.11. One
group of samples are fabricated by combining laser power factors 65 % and 45 %,
while another group combined laser power factors 70 % and 45 %. The samples
consist of 5 layers. We checked each layer and show optical micrographs of the
samples. In some layers, the bi-layer beams are disconnected and some parts of the
beams are even missing. This is caused by the huge difference in shrinkage during
development. By contrast, with the chosen power scaling factors (45 % and 50 %)
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Figure V.9 — Electron micrographs of (a, b) beams fabricated by single laser
exposure power and (c) two-component beams fabricated using different laser
powers. The beam lengths from smallest to largest are 10 pym, 20 gm, 30 ym and
40 pm, respectively. In the images, "LP" is the abbreviation of exposure laser
power and the numbers denote the power scaling factors as a percentage of a
nominal power. Pre-bending of the bi-material beams is observed and originates
from the different volume shrinkages of the two different components during
development.

Figure V.10 — Electron micrographs of cubes fabricated by the same polymer but
different exposure powers. The reference power is 20 mW. The material got more
porous with the increment of laser powers

the fabricated samples show better mechanical stability and fewer imperfections.
The compromise between functionality and quality of structuration leads to these
two powers.

Optical and scanning electron microscopy (SEM) micrographs of the fabricated
stacks with selected power scaling factors 45 % and 50 % are shown in Fig. V.12.
The built components look alike in optical and electronic images, but that they
are actually different in their thermal and mechanical properties. We notice the
pre-bending of bi-material beams, which originates from different volume shrink-
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-

#1 65% - 45% #2 65% - 45%

#3 70% - 45% #4 70% - 45%

Figure V.11 — Optical micrographs of the samples showing fabrication
imperfections. The larger the difference in shrinkage during development, the
less resistant the beams are to ambient conditions.

age during the development process. Within the linear regime, this pre-bending
does not change the thermal operation. Instead, it directly evidences that the two
components with different exposure powers are different in their thermal and me-
chanical properties. We can also notice the rotation (or translation) that results
from pre-bending, in agreement with the designed operation principle.
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Figure V.12 — Functional stacks fabricated by gray-tone lithography. (a) (c)
Optical micrographs and (b) (d) SEM images. Each stack is composed of five
elements. The samples are composed of two constituent components fabricated
with a single photoresist but two different laser exposure powers. Differential
shrinkage during development leads to pre-bending of the bi-layer beams, further
leading to rotation (translation) of the stack shown in the panels.

V.3 THERMALLY DRIVEN MOTIONS

V.3.1 Concept validation

To test the concept, we discuss the actuating performance of the functional
stacks (see Fig. V.13). We use an electronic beam as external stimulus. Upon
electron beam heating (for about 10 seconds), the structures exhibit a thermal-
mechanical response with corresponding motion. We wait for a given time (here 60
minutes) for the environment and the samples to naturally cool back to the initial
temperature. Note that such long cooling times are needed due to the absence
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of active cooling. When external heating is released, motion gradually decreases
until the initial rest point is retrieved. Such an observation suggests that the
thermal-driven behavior is sensitive and reversible.

The electron heating process is conceived to conceptually and visually show
the actuation mechanism. Due to the nature of heat diffusion and the fact that
polymers are bad heat conductors, motion is mainly observed at the top layer.
Considering the inaccuracy in controlling temperatures and heating/cooling speed,
we quantitatively characterize actuation behavior in an enclosed chamber under
well controlled external thermal conditions. The characterization is conducted
in the dry environment which is more practical and widely used in engineering
applications. In literatures, simple bending behavior of micro-beams under tem-
perature changes are demonstrated in aqueous enviorment, which is easier for the
experiment but will damage the porous polymer materials we used.

Figure V.13 — Conceptual validation of the actuation mechanism of (a) rotary
lattices and (b) translation lattices. The thermal stimulus was applied on the top
end of the structures by electronic beam exposure. When the thermal stimulus
was set on, the structures showed overall motion; when the stimulus was set off,
the relative deformation and motion disappeared gradually, demonstrating a
sensitive and reversible thermal-driven process. The red cross-lines in panel (a)
and the central circle are added to make deformations clearer.
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V.3.2 Quantitative analysis on thermally driven motions

In order to evaluate quantitatively the thermally induced actuation mecha-
nism, we conduct finite element analysis (FEA) and temperature-dependent mea-
surements to check whether the structures behave exactly as designed. For FEA,
we use the commercial software COMSOL Multiphysics. In the experiments, the
structures are heated in an enclosed chamber with well controlled temperatures.
We apply image cross-correlation analysis to obtain the temperature-induced dis-
placement field and hence reveal the motion mechanism. Figure V.14 summarizes
the temperature-dependent measurement results. It is observed in Fig. V.14a,c
that the rotational and translational amplitudes increase linearly with the thermal
gradient, in good agreement with FEA. Desired motional amplitudes can hence be
accurately achieved by applying predefined temperature variations. Besides, mo-
tional amplitudes decrease to zero as the temperature returns to its initial value,
revealing a well reversible performance. These results quantitatively demonstrate
that the designed structures feature an accurate and reversible behavior under
thermal stimuli.

The numerical and experimental results for the translational structures under
temperature elevation 75K are then compared with theoretical prediction (ob-
tained from Eq. V.6), shown in Table V.1. It is observed that the differeces are all
within an acceptable range, showing that the proposed structures are accurate in
thermally controlled behavior. We also note that in the rotational structures the
junctions also play a very important role and thus we switched to full 3D FEM
model to avoid making too crude theoretical approximations on the design. There-
fore, we displayed and compared the experimental and FEA results to validate the
accuracy of our proposed structures.

Normalized Disp. Difference

Theoretical 14 %o 0
Numerical — 14.89 %o 6.3%
Measure 1 15.12 %o 8%
Measure 2 12.95 %o 7.5%
Measure 3 13.45 %o 4.2%

Table V.1 — Comparason between theoretical, numerical and experimental results
for the translational structure.

We observe minor differences between the measured results, FEA results and
theoretical predictions. The uncertainty mainly originates from the inaccuracy of
the measured CTE and Young’s moduli. Imperfections of the fabricated samples
also add to these differences. For example, due to a drift during writing, the two
layers in some of the bi-material beams may not be well connected, even to the
extent of detaching. We should note that in our design (especially for the rotation
structure) the junctions also play a very important role and thus we switched to
full 3D FEM model to avoid making too crude approximations on the thermally
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induced motion. Therefore, we mainly display and compare the experimental and
FEA results to validate the accuracy of our proposed structures throughout the

work.
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Figure V.14 — Temperature-dependent measurement of the fabricated stacks.(a)
(¢) Dependence of motional amplitudes of the stacks with the thermal gradient
for rotation and translation, respectively. The plots show a symmetric, linear and
reversible amplitude response. (b) (d) Cyclic stability of the structures for
rotation and translation, respectively, where temperatures are switched between
25°C (marked in blue) and 45°C (marked in red). The error bars (marked in
black) show the difference between experimental and numerical results. Note
that the translational displacements in panels (c-d) are normalized to the initial

non-heated stack length in the z-direction.

To check the robustness of the thermally-driven operation, we test the func-
tional stack under several heating-and-cooling cycles. Both the heating process and
the cooling process last for 25 minutes during each cycle, ensuring that the system
can reach its steady state. Hence, the full cycle time of a reversible switch is 50
minutes for the thermal cycling conditions used. As shown in Fig. V.14b, the ro-
tation angle changes from around 0.08° to 0.92° as temperatures are switched from
25°C to 45°C. This actuation is reversible and repeatable upon several heating-
and-cooling cycles, and the thermally-induced motional amplitudes are stable with
small deterioration, which demonstrates a predictable long and stable working life.
Similar relations of translational stacks are also observed in Fig. V.14d.
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V.3.3 Parameter analysis for further optimization

One may raise concerns regarding the small motion produced by the samples.
In this work, the samples are fabricated to demonstrate extremely accurate and
reversible operation, at the sacrifice of motional amplitudes. However, the observed
motion is still comparable to what has been reported in the literatures for micro-
structured thermally responsive metamaterials in a dry environment [Qu 17] and
it has to be emphasized that actuation is remotely controlled and does not rely on
an external mechanical actuation as is often the case.

We investigated by numerical simulation the relationship between motional am-
plitudes and constructed parameters (see Fig. V.15). It is found that the thermally
induced amplitudes increase linearly with the increment of the aspect ratio and the
differences between CTEs. More built layers will also add the amplitudes at the
end of the stacks. Therefore, the amplitudes can be effectively adjusted by tuning
structural and material parameters, or imposing larger temperature variations.
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Figure V.15 — Influence of key parameters on motion amplitude. (a,c)
Dependence of motion amplitude on thermal expansion coefficients for structures
with 3, 5 and 7 layers, respectively. Note that oy is fixed and marked out in red,

while ap is varied. (b, d) Dependence of motion amplitude on geometrical
properties for structures with 3, 5 and 7 layers, respectively. Here we define the
aspect ratio as A = 22 or the ratio between length and thickness for the

h1+ho
bi-material beam. Geometrical nonlinearity has been accounted for.
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V.4 THERMO-MECHANICAL PERFORMANCES

We finally estimate the potential torque (or force) that the designed structures
can produce to move an object. The analysis of mechanical responses requires
the correlation of the motional amplitude to an external load. Thereby, we use
numerical calculations with the commercial software COMSOL Multiphysics. In
our simulations, we consider a rotational (or translational) element with a torque
(or force) applied to the sideways surface (or to the top end) in the opposite di-
rection to the thermally induced displacement. A temperature elevation of 20 K
is then imposed. Motional amplitudes are obtained versus increasing weight load-
ing. The load-carrying capability is characterized by the applied load and by the
specific work that the elements produce under the temperature elevation. The
rotational (translational) elements work like Hooke’s torsion (linear) springs by
twisting (pushing) the end along its axis. Specifically, when a rotational (trans-
lational) element undergoes a temperature elevation, it exerts a torque (force) on
external objects that is proportional to the angle (displacement), in analogy with
a spring in a twisted (compressed) state (see the insets in Fig. V.16a,b). Note that
the torsion (linear) spring strictly obeys Hooke’s law, as the elastic limit is not
reached in this work (see Fig. V.16¢,d). We calibrate the cells as Hooke’s springs
and obtain the torsion coefficient (stiffness) for the rotary (translational) cell by
linear fitting as 28453 uN . um/rad (6.76 uN/pum).

With increasing weight loading, the actuation angle (displacement) decreases
linearly while the specific work first increases to the maximum value of 59 X
1073 J/kg (1.1 x 1073 J/kg) and then decreases gradually. Importantly, elements
with a temperature elevation AT = 20K can offer a considerable actuation torque
(or force) that is able to move roughly 1000 times their own weight (see Fig.
V.16a,b). The results are comparable with the characterization results in liter-
ature [Kotikian 18] in which, however, only contraction at the millimeter scale
are demonstrated. Note that one can obtain larger actuation torque (or force)
by simply imposing larger temperature variations or by adjusting construction
parameters.
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Figure V.16 — (a,b) The specific work (i.e., the work normalized to the mass of
the structure) and the actuation motion of the elements under thermal stimuli
are plotted versus the normalized load and represented in analogy with Hooke’s
springs. Loads M, and M; have been normalized by the mass of the rotational
element (2.5 x 1071% kg) and translational element (2.1 x 107! kg), respectively.
(c,d) Mechanical behavior of the elements. Torsion coefficients and stiffness in
analogue with springs are obtained.

V.5 SUMMARY

In summary, we have developed thermomechanical metamaterials that achieve
elementary motions (rotation and translation) under thermal stimuli and can fur-
ther assemble into a three-axis microrobot. The thermally driven behavior is
obtained in a controlled manner and in a dry environment. The proposed meta-
materials are fabricated using a single polymer but two different laser writing
powers, thus making each part different in its thermal and mechanical properties.
We verified that the designed compact metamaterials show accurate, stable, and
reversible response through numerical simulations and experiments. Their oper-
ation can be easily and accurately controlled by external thermal sources, with
great potential in microrobotics and other related domains.
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Conclusions and outlook

This thesis considered the design of thermal metamaterials, including thermal
metadevices that manipulate heat flux and thermomechanical metamaterials that
deform in response to heat stimuli. The specific contributions of this work are as
follows.

1. A method of designing 3D arbitrary shaped thermal cloaks was presented, fol-
lowing a simple linear transformation. The resulting properties are anisotropic
but inhomogeneous, which is simplified to engineering manufaction and can
be realized easily with layered structures.

2. We establish a general road map to build thermal harvesting devices utiliz-
ing microstructures design. The devices are realized by naturally available
materials. We demonstrate that this approach is applicable to a variety of
microstructures which adds great flexibility to practical application.

3. A selective emission technique is proposed to realize manipulaton of thermal
radiation. Based on this approach, infrared camouflage, thermal coding and
thermal illusion functionality are achieved and presented.

4. We design thermomechanical metamaterials towards microrobots using the
bilayer beam scheme. The proposed actuating metamaterials can realize
basic deformations (rotation and translation) under thermal stimuli. We
verified excellent reversible, accurate and stable thermally induced perfoir-
mances by simulations and experiments.

These contributions are expanded in details as follows.

In general, transformation optics based cloaks produce properties that are
anisotropic and inhomogeneous. For heat cloaks with arbitrary shapes, the prop-
erties are more complicated. To make them easier, three dimensional arbitrarily
shaped cloaks were proposed with homogeneous materials properties. As most ar-
bitrarily shaped cloaks can be approximated by polyhedra and further divided into
a series of tetrahedra, we considered a linear mapping approach to design cloaks
with tetrahedron shapes (i.e. tetrahedral cloaks). In this framework, homogeneous
material properties are obtained for each division. We extended this approach to
cloaks with more faces (8 faces and 32 faces) and cloaks with curved boundaries
(cylindrical cloaks and spherical cloaks). Basing on the proposed approach, we
analyzed the effectiveness of the polygonal cloak composed of an alternation of
homogeneous isotropic layers, and noted that cloaking deteriorates at short times,
then gradually becomes better.

We then proposed a general method to design thermal harvesting devices from
naturally available materials. We designed a cross-shaped composite microstruc-
ture and calculated the effective conductivity by the two-scale homogenization
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technique. The optimal Latin hypercube method was implemented to obtain geo-
metrical parameters that can best mimic the desired transformed medium. It was
found that with optimized parameters, the obtained conductivity has minor differ-
ences (less than 0.02%) compared to targeted values. We implanted the optimized
microstructures into a thermal harvesting device. A sample was fabricated with
copper by the CNC machining technique, and experiments were then conducted.
Both numerical and experimental results demonstrate good thermal harvesting
performance, thereby validating the effectiveness of the design method. To val-
idate the wide application range of our approach, we illustrated other types of
structures like split rings, alternative layered medium and void rectangles, and
we showed that they also make thermal harvesting devices with excellent heat
concentrating performances.

In addition to the above active control of in-plane heat conduction, we also
investigated the manipulation of out-of-plane heat radiation. A multilayer film
based selective emission strategy was proposed to realize flexible manipulation of
thermal radiation within the infrared band 8 — 14 um. Using this simple approach,
we demonstrated spatial tunability and continuity in thermal emission. We vali-
dated this concept by constructing a multilayered medium with Carbon (thickness
4 um) and ZnS film (tailorable thickness) on a silicon substrate. We showed that
one can obtain a continuous change of emissive power by locally changing the thick-
ness of the coating film ZnS. This technique was investigated for applications in
infrared camouflage, thermal coding and thermal illusion. The technique features
advantages of a simple structure, easy fabrication and size flexibility. Our work
provides an alternative solution to infrared stealth and other thermal radiation
management technology based on selective emission.

Using thermal stimuli as an additional physics, we have developed metama-
terials that can achieve elementary motions (rotation and translation) towards
microrobots, responding to external temperature changes. The thermally driven
behavior is obtained at the microscale, in a controlled manner and in a dry environ-
ment. We fabricated the proposed metamaterials using a single materials system
but varying local writing powers. It was found that components fabricated with
larger writing powers show smaller Young’s modulus and larger thermal expansion
coefficients. We verified that the designed metamaterials show accurate, stable,
and reversible response through numerical simulations and experiments. We fi-
nally estimated the potential torque (or force) that the designed structures can
produce to move an object. The designed unit cells with a temperature elevation
AT = 20K can offer a considerable actuation torque (or force) that is able to move
roughly 1000 times their own weight.

Based on abovementiond works, we may go further on these aspects in the
future, as detailed next.

Future work may partly focus on dynamic and tunable emissivity control. As
mentioned in this thesis, thermal radiation can be manipulated by surface emis-
sivity. In practical applications, the temperatures of the objects and surroundings
can change dynamically. To achieve thermal camouflage responding to varying sur-
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roundings, the emissivity should adjust itself correspondingly. Therefore, for the
next step we may consider the design of metasurfaces that can tune their surface
emissivity depeding on thermal stimuli, realizing adaptive camouflage effects.

Controlling the directionality of an absorptive or thermally emissive material is
a great challenge in contemporary materials and photonics research. High thermal
emission at unwanted directions can lead to deterioted effectiveness of the ther-
mal devices like camouflage. Therefore, part of our future work will be on this
aspect, that is, to design metasurfaces or metastructures that can realize thermal
camouflage effects for broad angular ranges.

We have designed thermomechanical metamaterials controlled by external tem-
perature changes. However, we sometimes meed local deformation instead of the
global one. In the next step, we plan to build metamaterials that respond to only
selective laser wavelength ranges. Here, a laser will be employed as the heating
source. In this way, we can choose which parts to deform intentively, by simply
selecting the laser wavlength used. This will imply great significance on the control
of microrobots, micro/nano-actuators and so on.
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V.13 Conceptual validation of the actuation mechanism of (a) rotary lat-
tices and (b) translation lattices. The thermal stimulus was ap-
plied on the top end of the structures by electronic beam exposure.
When the thermal stimulus was set on, the structures showed over-
all motion; when the stimulus was set off, the relative deformation
and motion disappeared gradually, demonstrating a sensitive and
reversible thermal-driven process. The red cross-lines in panel (a)

and the central circle are added to make deformations clearer. ... ..
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