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ABSTRACT	OF	THE	DISSERTATION	

	

Infrared	Optical	and	Thermal	Properties	of	Microstructures	–	from	Nature	to	Bio-inspired	
Materials	

by	

Anirudh	Krishna	

Doctor	of	Philosophy	in	Mechanical	and	Aerospace	Engineering	

University	of	California,	Irvine,	2020	

Professor	Jaeho	Lee,	Chair	

	

	

Control	over	mid-infrared	optical	properties	is	critical	for	applications	such	as	

thermoregulation,	infrared	sensing,	thermal	imaging,	and	thermal	camouflage.	The	distinct	

wavelength	ranges	for	heating	and	cooling	by	radiative	heat	transfer	call	for	selective	

emitters	to	fulfill	the	need	for	spectral	optical	control.	The	present	doctoral	research	

focuses	on	the	role	played	by	microstructures	in	controlling the	infrared	optical	properties	

of	materials	and	understanding	the	relationship	to	temperature	and	impact	on	thermal	

properties.	There	is	a	plethora	of	examples	of	microstructure-dependent	optical	properties	

in	nature.	The	present	work	focuses	on	the	mid-infrared	optical	and	thermal	properties	of	

microstructures	and	aims	to	learn	from	nature	in	developing	bio-inspired	microstructures	

geared	towards	varying	human	needs	and	applications.	

Butterfly	wings	have	garnered	much	attention	towards	studies	on	their	visible	

optical	properties,	but	not	much	is	known	about	their	infrared	optical	and	thermal	

properties.	The	mid-infrared	wavelengths	of	7.5-14	μm	coincide	with	the	atmospheric	

transmission	window	and	are	particularly	important	for	radiative	heat	transfer	in	the	
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ambient	environment.	A	high	mid-infrared	emissivity	can	allow	for	cooling	by	aiding	in	

heat	loss	to	the	outer	space,	whereas	a	low	mid-infrared	emissivity	can	minimize	this	heat	

loss.	This	work	uses	Fourier-transform	infrared	(FTIR)	spectroscopy	and	infrared	

thermography	to	show	that	the	mid-infrared	emissivity	of	butterfly	wings	from	warmer	

climates	is	up	to	2	times	higher	than	that	of	butterfly	wings	from	cooler	climates.	I	also	use	

rigorous	coupled-wave	analysis	(RCWA)	and	finite-difference	time-domain	(FDTD)	

computations	to	reproduce	the	spectroscopy	data.	The	spectral	emissivity	values	govern	

the	thermal	properties	of	butterfly	wings,	and	the	thermal	computations	show	that	

butterfly	wings	in	their	respective	habitats	can	maintain	a	moderate	and	viable	

temperature	range	through	a	balance	of	solar	absorption	and	infrared	emission.	Using	the	

computed	optical	properties,	a	potential	correlation	between	the	mid-infrared	emissivity	of	

their	wings	and	climatic	conditions	such	as	air	temperature	has	been	investigated.		

In	a	similar	vein,	Saharan	silver	ants	make	use	of	their	hair-like	microstructures	to	

enhance	their	mid-infrared	emissivity	and	remain	cool	in	the	desert	climates.	This	work	

replicates	the	relatively	simple	hair-like	structures	in	the	form	of	corrugated,	periodic	

microstructures	to	control	the	infrared	optical	properties	of	various	materials.	

Furthermore,	I	add	tunability	to	the	optical	properties	by	utilizing	elastomeric	substrates	

and	show	mid-infrared	emissivity	control	by	mechanically	reconfigurable	graphene.	Here,	

mechanical	stretching	and	releasing	induces	controlled	morphology	changes.	By	

integrating	graphene	with	stretchable,	elastomeric	substrates,	I	fabricate	10	µm	pitch	

crumpled	graphene	optimized	for	mid-infrared	emissivity	control.	The	interference	

between	adjacent	crumpled	features	and	diffraction	at	the	graphene/air	interface	lead	to	

wavelength-specific	variations	in	transmissivity,	and	consequently	emissivity	for	the	
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crumpled	graphene	at	9.9	µm	and	13	µm	wavelengths.	The	measurements	also	show	

reversible	changes	of	emissivity	over	30	cycles	of	stretching	and	releasing	at	the	

wavelength	of	9.9	µm.	

To	present	a	more	practical	system,	I	have	developed	a	selective	emitter	using	a	

simple	metallic	coating.	By	evaporating	nickel	on	a	pre-strained	elastomer,	I	create	700	nm	

periodic	corrugations	that	increase	the	nickel	absorptivity	from	0.3	to	0.7	in	0.2-2.5	µm	

wavelengths	due	to	multiple	scattering,	as	supported	by	spectroscopy	and	computations.	

The	optical	change	is	reversible	and	is	used	to	demonstrate	a	stretchable	wearable	system.	

The	corrugated	nickel	on	a	human	body	at	309	K	allows	a	heat	flux	of	62	Wm-2	out	of	the	

skin	when	stretched	and	79	Wm-2	into	the	skin	when	released.	

The	present	doctoral	research	thus	studies	the	role	of	microstructures	in	the	optical	

and	thermal	properties	of	natural	beings	and	applies	the	findings	towards	bio-inspired	

materials	that	aim	to	satisfy	ever-growing	human	needs.	
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INTRODUCTION	

	

Many	animals	living	in	extreme	environments	rely	substantially	on	maximizing	or	

minimizing	the	heat	losses	from	their	bodies	to	ensure	survivability	in	their	habitats	(1–8).	

Several	animals	have	effectively	adapted	to	their	habitat	environments	by	making	use	of	

their	unique	surface	microstructure-dependent	mid-IR	optical	properties	to	control	the	

heat	losses	(2–6).	The	interaction	of	microstructures	with	incident	radiation	plays	an	

important	role	in	the	thermoregulation	of	animals	in	nature	(5,	9–14).	Specifically,	the	

animals	make	use	of	the	mid-IR	wavelength	range	of	7.5-14	µm,	which	plays	a	vital	role	in	

heat	losses	in	the	ambient	environment.	The	mid-IR	wavelengths	correspond	to	the	

wavelength	range	where	thermal	emission	takes	place	as	governed	by	Planck’s	law	(15–

17).	Moreover,	this	wavelength	region	also	hosts	the	window	of	atmospheric	transmission	

(18),	which	can	lead	to	substantial	radiative	cooling	in	the	ambient	environment	to	outer	

space	at	3	K	(–270˚C)	(19,	20).	

Among	several	examples,	polar	bears	make	extensive	use	of	their	microscale,	hollow	

fur	to	trap	heat	and	remain	warm	even	when	ambient	air	temperatures	are	around	-50˚C	

(1–3).	Minks	and	arctic	foxes	thrive	in	arctic	environments	similarly	making	use	of	their	fur	

for	warmth	(7,	8,	21).	In	the	other	extreme,	many	tropical	and	equatorial	animals	remain	

cool	by	maximizing	heat	re-emission	in	the	mid-IR	wavelengths.	Notably,	animals	such	as	

the	fennec	fox	(6),	the	Saharan	silver	ant	(22),	and	the	thistledown	velvet	ant	(23)	make	

use	of	their	surface	microstructures	to	cool	down	in	the	otherwise	unbearable	heat	of	the	

deserts	they	inhabit.	The	success	of	nature	in	optimizing	structure-dependent	optical	and	

thermal	properties	has	opened	the	possibilities	for	developing	solutions	to	human	needs	to	
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stay	cool	or	warm	(24–27).	While	human	thermoregulation	is	an	important	application,	the	

natural	microstructures	have	inspired	diverse	systems	and	products	for	other	applications	

as	well,	including	vapor	and	IR	sensors	(28,	29),	and	for	enhanced	visible	optical	control	

(30).	

	

Figure	1.	Animals	around	the	world	that	make	use	of	microstructure-dependent	optical	properties	to	stay	warm	or	cool	

in	extreme	environments.	From	left	to	right,	the	figure	depicts	the	thistledown	velvet	ant	(23),	Bistonina	biston	butterfly	

(31,	32),	polar	bear	(1–3,	33,	34),	Saharan	silver	ant	(22),	fennec	fox	(6),	arctic	fox	(8,	32,	33),	mink	(7,	32,	33),	bird	of	

paradise	(35),	and	Troides	magellanus	butterfly	(4,	32).	While	the	animals	come	from	varying	extremes	in	habitat	climate,	

such	as	the	desert-dwelling	thistledown	velvet	ant,	Saharan	silver	ant,	and	fennec	fox,	the	tropical	Bistonina	biston	and	

Troides	magellanus	butterflies,	and	bird	of	paradise,	and	the	arctic	climate	polar	bear,	arctic	fox,	and	mink,	they	all	

successfully	thrive	in	their	respective	habitats	due	to	thermoregulation.	

	

In	the	midst	of	all	animals	that	have	been	studied,	butterflies	remain	attractive	due	

to	their	near-global	geographic	spread	necessitating	some	form	of	adaptation	to	keep	warm	

or	cool	in	varying	habitats	(4,	5).	However,	when	it	comes	to	butterflies,	the	focus	of	the	

majority	of	studies	has	been	on	visible	to	near-IR	wavelengths	(0.2–2.5	µm	wavelengths)	

where	coloration	and	solar	absorption	take	place.	Butterflies	heat	up	their	wings	by	

absorbing	the	heat	from	the	sun,	in	the	ultraviolet	(UV)	to	near-IR	wavelengths	of	0.2	to	2.5	

µm.	This	heating	is	essential	for	facilitating	thermoregulation	in	cold-blooded	animals	that	
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rely	on	habitat,	climate,	behavioral	changes,	and	evolutionary	adaptations.	Butterflies	

regulate	their	body	temperature	by	controlling	their	activity	level	(5,	10,	36–38).	Most	

butterflies	are	required	to	attain	a	body	temperature	of	20-50˚C,	regardless	of	habitat,	in	

order	to	be	able	to	fly	(39–41).			

However,	the	relevance	of	surface	microstructures	in	butterfly	wings	to	

thermoregulation	is	incompletely	studied	because	of	a	dearth	of	understanding	about	their	

optical	properties	in	mid-IR	wavelengths	that	govern	thermal	emission	in	the	ambient	

environment.	This	part	of	the	spectrum	(mid-IR)	has	not	yet	been	systematically	examined	

for	butterflies	while	the	effect	of	mid-IR	radiative	cooling	has	attracted	much	attention	for	

engineering	systems	(19,	42,	43)	as	well	as	for	other	biological	species	(22,	25,	44)	in	the	

recent	literature.	

An	increasing	number	of	radiative	thermal	management	systems	rely	on	spectral	

emissivity	control	for	optimal	functionality.	For	instance,	the	ultraviolet	(UV)	to	near-

infrared	(near-IR)	absorptivity	is	critical	to	the	functioning	of	thermophotovoltaics	and	

solar	absorbers/collectors,	while	mid-IR	emissivity	(in	the	atmospheric	transmission	

window	of	7.5-14	µm)	determines	the	performance	of	radiative	cooling	and	thermal	

imaging.	However,	conventional	surface	materials	have	emissivity	values	that	are	either	

high	or	low	throughout	the	spectrum	(20).	For	example,	ceramic	materials	are	typically	

emissive	and	metallic	materials	are	typically	reflective	and	not	emissive.	Consequently,	

there	exists	a	strong	need	to	develop	selective	emitters	that	optimize	the	optical	properties	

of	surfaces	in	distinct	wavelength	regions,	for	distinct	applications	as	necessary.	Previous	

studies	have	successfully	developed	a	wide	variety	of	systems	ranging	from	vapor	sensors	

to	angle-independent	reflectors	(28,	29,	45).	In	similar	vein	as	the	existing	studies,	this	
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present	work	aims	to	derive	inspiration	from	nature	in	optimizing	spectral-selective	

emitters	for	cooling	and	heating	applications.	

While	studies	of	passive	selective	emitters	provide	interesting	solutions	to	spectral	

emissivity	control	(19,	20,	29,	46,	47),	the	investigation	of	dynamic	modulation	of	the	

spectral	emissivity	poses	new	opportunities.	This	is	because	passive	selective	emitters	

have	fixed	spectral	emissivity	profiles	(19,	20,	46)	and	variations	in	the	ambient	thermal	

environment	(such	as	diurnal	or	seasonal	changes)	would	need	to	be	accounted	for	by	

dynamic	adjustment	of	the	emissivity.	With	inspiration	from	the	studies	on	microstructure-

dependent	optical	and	thermal	properties	in	nature	(22,	31,	48),	one	may	develop	

microstructures	that	offer	dynamic	optical	and	thermal	control	and	provide	elegant	

solutions	for	a	multitude	of	human	needs.	 	
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CHAPTER	1	

1.1	Infrared	Optical	and	Thermal	Properties	of	Butterfly	Wings	

While	visible	coloration	and	solar	absorption	characteristics	have	been	extensively	

studied	in	butterflies	(49–53),	their	mid-IR	optical	properties	and	thermoregulation	have	

not	(4,	5).	Butterfly	wings	also	scatter	mid-IR	radiation	apart	from	UV,	visible,	and	near-IR	

radiation	(31).	This	could	be	due	to	the	presence	of	unique	microstructures	that	specifically	

interact	with	the	mid-IR	wavelengths.	To	effectively	regulate	their	wing	temperatures,	

butterflies	may	have	evolved	microstructures	that	affect	their	solar	absorptivity	and	mid-IR	

emissivity	(5,	12,	54,	55).	Analyzing	the	role	of	microstructures	in	thermoregulation	could	

enhance	our	understanding	of	the	survival	mechanisms	of	butterflies.	

I	analyze	four	species	(Archaeoprepona	demophoon	mexicana,	Celastrina	echo	sidara,	

Heliconius	sara	sprucei,	Limenitis	arthemis	astyanax)	from	distinct	geographical	regions	

ranging	from	the	Ecuadorian	rainforests	to	the	Front	Range	of	Colorado’s	Rocky	Mountains,	

U.S.A.	The	varying	geography	is	also	accompanied	by	climatic	variation	ranging	from	hot	

and	humid	in	the	rainforests	to	the	mountainous	cold	climates.	A.	demophoon	is	found	in	

Oaxaca,	Mexico	through	the	year,	where	the	air	temperature	remains	around	20-35˚C	

(warm/dry)	(56).	C.	echo	is	found	in	abundance	in	the	Rocky	Mountains	in	Colorado,	U.S.A.	

between	the	months	of	April	and	June,	with	air	temperatures	between	10-25˚C	(cool/dry)	

(56).	H.	sara	is	found	in	Ecuador	throughout	the	year,	where	the	air	temperatures	are	

between	25-35˚C	(warm/humid)	(57).	L.	arthemis	is	found	in	Florida,	U.S.A.	in	abundance	

from	March	to	October,	where	the	air	temperatures	are	around	15-30˚C	(moderate/humid)	

(57).	The	four	species	could	thus	serve	as	arbiters	for	species	from	differing	climatic	and	

geographical	conditions.	These	four	species	also	lack	optical	data	in	the	mid-IR	spectrum,	
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and	have	not	been	evaluated	for	their	thermoregulation.	With	measured	and	computed	

optical	data,	I	performed	analytical	computations	and	measurements	of	the	thermal	

performance	of	these	samples	to	analyze	their	behavior	both	in	the	temperatures	of	their	

respective	habitats	and	when	placed	in	a	uniform	control	environment.	
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1.2	Wing	Microstructure	and	Optical	Characterization	

	 The	periodic	microstructures	present	in	the	butterfly	wings	were	analyzed	using	

SEM	imaging	with	a	Philips	XL-30	microscope	of	the	right	dorsal	hindwing	of	each	sample.	

The	images	shown	in	Figure	2	depict	the	mesh-like	microstructures	present	on	the	wing	

scales	of	the	butterfly	samples.	These	microscale-meshes	contain	periodic	ridges	linked	

together	by	cross-links	in	the	transverse	direction.		

Periodic	microstructures	have	been	hypothesized	to	correspond	to	structural	

coloration	of	butterfly	wing	scales	(5,	14,	49,	51,	52,	58,	59).	Hence,	I	compared	the	SEM	

images	from	various	locations	on	the	butterfly	wing	samples.	From	optical	imaging,	A.	

demophoon	and	L.	arthemis	wings	have	distinct	structurally	colored	regions,	while	H.	sara	

appears	mostly	blue	except	for	the	edge	of	the	wing.	C.	echo	displays	uniform	visible	

coloration.	Under	SEM	imaging,	however,	the	varying	regions	of	the	wing	all	display	

periodic	mesh-like	microstructures	across	the	varying	colored	regions.		

The	dimensions	for	the	ridge	periodicity	(a),	cross-link	periodicity	(b),	ridge	

thickness	(c),	and	cross-link	thickness	(d)	were	measured	from	the	SEM	images	and	are	

reported	with	their	respective	standard	deviation	values	from	measurements	at	100	

locations	across	multiple	scales	for	each	sample	(Figure	2).	The	dimensional	parameters	

vary	across	the	different	species,	with	a	ranging	between	1-2	µm,	b	ranging	between	0.5-1	

µm,	c	between	0.25-0.5	µm,	and	d	at	0.2	µm.	The	parameter	e	was	taken	from	

measurements	of	angled	SEM	images	of	the	samples,	with	e	=	1.2	±	0.1	µm,	and	is	

comparable	to	the	existing	literature	(60–62).	The	biological	nature	of	the	samples	

presents	an	inherent	natural	variation	in	the	structural	parameters	ranging	between	0.01-

0.2	µm,	and	could	lead	to	broadband	optical	and	thermal	control	(45,	63,	64).	
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Using	the	microstructures	obtained	from	the	SEM	imaging	of	the	butterfly	wing	

samples	(Figure	2),	I	evaluated	the	spectral	absorptivity/emissivity	for	the	samples	by	

rigorous	coupled-wave	analysis	(RCWA)	(20,	65,	66),	with	custom-modified	open-source	

code	(20,	65,	66).		The	geometric	dimensions	for	computation	were	gathered	from	the	SEM	

images	as	shown	in	Figure	2,	and	the	refractive	index	and	extinction	coefficient	of	chitin	

were	taken	from	the	literature	(4,	67,	68).	The	natural	variations	and	disorder	in	the	

structural	parameters	do	not	permit	perfect	periodicity	and	hence	I	used	the	measured	

average	of	each	of	the	geometric	dimensions	of	the	microstructures	in	order	to	impose	

periodicity.	

 
Figure	2.	Optical	images	and	SEM	images	for	the	right	dorsal	hindwings	from	(A)	A.	demophoon,	(B)	C.	echo,	(C)	H.	sara,	

and	(D)	L.	arthemis.	The	images	depict	the	presence	of	periodic	microstructures	on	the	wing	scales	of	the	butterflies.	The	

periodic	microstructures	are	present	as	mesh-like	features	with	prominent	ridges	and	cross-links	that	traverse	the	ridges	

(depicted	as	Inset	schematics).	(E−H)	The	microstructures	are	modeled	as	a	unit	cell	based	on	dimensions	from	the	SEM	

images.	Figure	reproduced	from	(69).	
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The	RCWA	results	(Figure	3)	for	each	of	these	samples	depict	mid-IR	emissivity	

values	ranging	between	0.2-0.6,	show	similar	optical	behavior	across	the	computation	and	

spectroscopic	measurements,	and	demonstrate	the	suitability	of	using	a	unit	cell	

approximation	to	model	the	butterfly	wing	microstructures.		

 
Figure	3.	Experimental	and	computational	emissivity	data	between	7.5	and	14	µm	wavelengths	(within	the	atmospheric	

transmission	spectrum)	for	the	sample	butterfly	species	(with	schematics	for	the	specimens)	for	(A)	A.	demophoon,	(B)	H.	

sara,	(C)	C.	echo,	and	(D)	L.	arthemis.	(E)	The	emissivity	values	are	computed	using	RCWA	based	on	structural	dimensions	

(A–D)	from	SEM	imaging.	The	emissivity	values	are	plotted	with	respect	to	the	wavelength	and	corresponding	blackbody	

temperature	[calculated	using	Wien’s	law].	The	agreement	of	the	computed	emissivity	with	the	measured	emissivity	

signifies	the	accuracy	in	the	assumption	of	a	unit	cell	approximation	for	the	microstructures	present	on	the	butterfly	

wings.	Figure	reproduced	from	(69).	

	 Spectroscopy	on	the	butterflies	was	carried	out	on	the	right	dorsal	hind-wing	of	

individual	specimens	of	A.	demophoon	(n=5),	C.	echo	(n=4),	H.	sara	(n=4),	and	L.	arthemis	

(n=9).	The	measurements	provide	the	emissivity	(and	consequently	the	absorptivity,	

assumed	equal	to	the	emissivity	by	Kirchhoff’s	Law	(17))	as	unity	minus	the	sum	of	the	

reflectivity	and	transmissivity	(17,	70)	(Figure	4).		
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The	UV/Vis	spectroscopy	yields	absorptivity/emissivity	dips	(and	hence,	reflectivity	

peaks)	for	A.	demophoon	(with	a	reflectivity	peak	of	0.26	centered	at	0.4	µm),	H.	sara	

(reflectivity	peak	of	0.11	around	0.37-0.41	µm),	and	L.	arthemis	(reflectivity	peak	of	0.32	

between	0.38-0.42	µm),	with	a	near-uniform	reflectivity	of	0.33	for	C.	echo.	The	solar	

absorptivity	allows	for	absorption	of	incident	solar	irradiation	to	aid	in	heating	of	the	

butterflies	by	absorption	of	incident	solar	irradiation	(9).	I	observed	moderately	high	solar	

absorptivity	values	for	all	four	species	(>0.5)	within	the	visible	spectrum	(0.3-0.7	µm),	

slowly	tapering	down	to	0.2-0.6	as	the	near-IR	wavelength	regions	are	approached	(Figure	

4a).	The	average	solar	absorptivity	of	the	samples	contains	an	uncertainty	of	±0.03	for	A.	

demophoon	and	C.	echo,	±0.05	for	H.	sara,	and	±0.04	for	L.	arthemis.	

The	mid-IR	emissivity	values	were	then	recorded	by	Fourier-transform	infrared	

(FTIR)	measurements.	While	the	mid-IR	emissivity	in	the	wavelengths	of	7.5-14	μm	

remained	at	0.2-0.3	for	C.	echo	and	L.	arthemis,	A.	demophoon	and	H.	sara	showed	a	mid-IR	

average	emissivity	of	0.4-0.6	(Figure	4b).	The	average	mid-IR	emissivity	of	the	samples	

contains	an	uncertainty	of	±0.03	for	A.	demophoon,	±0.02	for	C.	echo,	and	±0.05	for	H.	sara	

and	L.	arthemis.	There	are	prominent	emissivity	peaks	in	the	wavelengths	of	3	µm	and	6	µm	

due	to	the	presence	of	chitin	(4),	seen	across	all	butterfly	samples.	The	mid-IR	wavelengths	

of	7.5-14	µm	are	critical	for	thermoregulation	by	means	of	mid-IR	heat	loss	(19,	20,	71,	72).	

Changes	in	thermal	performance	of	butterfly	wings	by	varying	mid-IR	emissivity	as	

observed	here	might	aid	in	thermoregulation	of	the	butterflies.	
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Figure	4.	Spectral	emissivity	(absorptivity)	values	for	the	butterfly	wing	specimens	(right	dorsal	hindwing).	(A)	UV/Vis	

spectroscopy	for	A.	demophoon	(yellow),	H.	sara	(red),	C.	echo	(gray),	and	L.	arthemis	(blue)	measures	the	spectral	

emissivity	in	the	wavelength	range	of	0.3	to	2.5	µm.	The	results	depict	moderately	high	emissivity	(absorptivity)	values	

throughout	the	UV/Vis	spectrum,	with	the	average	values	being	around	0.82	for	H.	sara,	0.69	for	C.	echo,	0.67	for	L.	

arthemis,	and	0.55	for	A.	demophoon.	(B)	FTIR	spectroscopy	performed	in	the	wavelength	range	of	2.5	to	20	µm	to	

evaluate	the	mid-IR	emissivity	(absorptivity)	profiles	for	the	butterfly	wing	specimens.	The	results	depict	mid-IR	(7.5	to	

14	µm)	emissivity	(absorptivity)	values	ranging	from	around	0.54	for	H.	sara	(red),	0.42	for	A.	demophoon	(yellow),	0.3	

for	L.	arthemis	(blue),	and	0.18	for	C.	echo	(gray),	in	decreasing	order.	The	spectra	are	depicted	with	an	overlay	of	the	

atmospheric	transmission	spectrum	(7.5	to	14	µm)	which	aids	in	re-emission	of	heat	to	outer	space	and,	consequently,	

heat	loss.	Figure	reproduced	from	(69).	

Next	I	sought	to	validate	the	FTIR	measurements	of	mid-IR	emissivity	by	using	IR	

thermography	to	measure	the	average	mid-IR	emissivity	of	the	butterfly	wing	samples	

between	the	wavelengths	of	7.5-14	µm.	The	spectral	average	mid-IR	emissivity	values	from	

IR	thermography	range	from	a	low	of	0.24	±	0.04	for	C.	echo,	to	a	high	of	0.52	±	0.05	for	H.	

sara,	with	intermediate	values	of	0.33	±	0.04	for	L.	arthemis,	and	0.42	±	0.05	for	A.	

demophoon.	The	IR	thermography	results	were	then	compared	with	the	average	emissivity	

(in	the	7.5-14	µm	wavelength	range)	taken	from	FTIR	spectroscopy	and	showed	similar	

values	(Figure	5).				
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The	IR	imaging	in	Figure	5	depicts	nearly	uniform	mid-IR	emissivity	across	the	

right	dorsal	hind-wing	samples,	measured	as	a	function	of	the	perceived	temperature	on	

the	IR	map.	On	the	A.	demophoon	wing,	I	noticed	regions	of	lower	emissivity	closer	to	the	

proximal	region,	with	a	nearly	uniform	higher	emissivity	present	towards	the	edge	of	the	

wing.	For	the	C.	echo	wing,	I	observed	a	near-uniform	low	emissivity	across	the	sample,	

with	a	near-uniform	high	emissivity	on	the	H.	sara	wing	barring	high	emissivity	black	

regions	closer	to	the	wing	hinge.	The	L.	arthemis	wing	depicts	minimal	variation	in	

emissivity	across	the	wing	moving	from	the	hinge	to	the	edge.	The	IR	imaging	thus	depicts	

no	clear	mid-IR	distinction	across	the	visibly	distinct	colored	regions	of	the	samples,	and	

indicates	the	possibility	that	different	microstructures	are	responsible	for	

thermoregulation	and	coloration.	The	measurement	of	mid-IR	emissivity	by	IR	imaging	at	a	

temperature	of	69-70˚C	yields	comparable	results	to	the	FTIR	spectroscopy	done	at	20-22˚

C,	depicting	negligible	variation	of	optical	properties	with	changes	in	sample	temperature.	
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Figure	5.	Comparison	of	average	mid-IR	emissivity	for	various	right	dorsal	hindwing	specimens	between	the	wavelengths	

of	7.5	and	14	µm	using	IR	thermography	and	FTIR	measurements	for	(A)	L.	arthemis,	(B)	C.	echo,	(C)	H.	sara,	and	(D)	A.	

demophoon.	The	IR	mapping	presented	here	depicts	variations	in	emissivity	values	across	the	wing	specimens,	with	lower	

emissivity	regions	moving	toward	the	blue	colors	on	the	map,	and	higher	emissivity	regions	moving	toward	the	red.	

While	C.	echo	depicts	an	average	mid-IR	emissivity	of	0.24,	the	values	remain	at	0.33	for	L.	arthemis	and	at	0.42	for	A.	

demophoon	and	reach	a	value	of	0.54	for	the	H.	sara.	The	uncertainty	of	the	measured	emissivity	values	includes	the	

uncertainty	in	the	measurement	temperature	and	the	inherent	uncertainty	of	the	instrument	itself.	The	results	for	the	4	

species	depict	close	similarity	in	values	for	the	different	methods	and	validate	the	measurement	observations.	Figure	

reproduced	from	(69).	
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1.3	Habitat	Climate	Correlation	

The	differing	ambient	environmental	and	climate	conditions	in	the	habitats	of	

different	butterfly	species	imposes	varying	radiative	demands	on	the	butterflies.	I	

evaluated	the	butterfly	species	with	the	tabulated	geometric	dimensions	of	the	

microstructures	present	on	the	wing	surfaces	from	prior	literature	findings	(Table	1)	(49,	

62,	69,	73–78).	The	dimensions	are	taken	as	input	parameters	for	the	RCWA	computation,	

along	with	the	refractive	index	and	extinction	coefficients	of	the	materials	involved	(for	

instance,	chitin	(4,	67,	68)).	The	results	depict	that	as	one	observes	the	mid-IR	

wavelengths,	the	butterflies	attained	emissivity	values	around	0.24-0.60	(Figure	6).	The	

mid-IR	wavelengths	of	7.5–14	µm	are	critical	for	thermoregulation	by	means	of	radiative	

cooling	(9,	19,	20,	71,	72).	The	varying	values	of	emissivity	in	the	mid-IR	wavelengths	could	

thus	result	in	varying	thermal	performance	of	the	butterfly	wings	under	different	

environmental	thermal	conditions.	The	results	depict	a	possibility	for	radiative	

thermoregulation	in	the	butterfly	wings	by	means	of	structural	modulation	of	spectral	

emissivity.	
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Table	1.	Geometric	dimensions	of	the	microstructures	present	in	the	butterfly	wings	under	consideration.	The	

microstructures	are	predominantly	in	the	form	of	series	of	parallel	ridges	that	are	connected	in	the	perpendicular	

direction	by	cross-links.	The	dimensional	input	parameters	for	the	emissivity	computation	include	the	periodicity/pitch	

of	the	ridges	(a)	and	the	cross-links	(b),	and	their	respective	thicknesses	(c	and	d),	and	the	unit	cell	height	(e).	The	

average	mid-IR	emissivity	as	a	result	of	the	corresponding	RCWA	computation	is	listed	against	each	of	the	samples.		

Sample Name Abundance 
Avg. Ann. Air 

Temperature [K] (79, 
80) 

a 
[µm] 

b 
[µm] 

c [µm] 
d 

[µm] 
e 

[µm] 

Average Mid-IR Emissivity 

RCWA FDTD 

Heliconius sara (69) Year-round 300 ± 5 1 0.5 0.5 0.2 1.2 0.60 0.52 

Heliconius doris (49) Year-round 300 ± 5 1.2 0.6 0.5 0.2 1.2 0.58 0.48 

Troides helena (73) Year-round 303 ± 8 1.2 0.5 0.2 0.1 1.2 0.52 0.43 

Hypochrysops delicia (74) Year-round 303 ± 8 1.5 1 0.2 0.1 1.2 0.51 0.44 

Graphium agamemnon (75) May-September 301 ± 4 1.2 0.7 0.2 0.1 1.2 0.52 0.44 

Euploea mulciber (76) April-October 301 ± 4 1.2 0.8 0.1 0.1 1.2 0.49 0.43 

Aricia icarioides (74) Year-round 303 ± 8 1.5 1 0.4 0.1 1.2 0.52 0.43 

Archaeoprepona demophoon (69) Year-round 301 ± 3 2 0.5 0.5 0.2 1.2 0.51 0.44 

Danis danis (74) Year-round 289 ± 3 2 1.2 0.2 0.1 1.2 0.47 0.41 

Ogyris amaryllis (74) Year-round 288 ± 3 2.1 1.6 0.2 0.1 1.2 0.47 0.40 

Allancastria cerisyi (77) March-July 288 ± 3 1.2 0.7 0.5 0.1 1.2 0.48 0.39 

Curetis acuta (78) April-October 289 ± 3 2 1 0.2 0.1 1.2 0.30 0.28 

Jalmenus evagoras (74) Year-round 288 ± 3 2 1 0.2 0.1 1.2 0.30 0.28 

Celastrina argiolus (74) April-July 288 ± 3 2.1 0.9 0.1 0.1 1.2 0.26 0.26 

Limenitis arthemis (69) March-October 287 ± 3 2 0.85 0.5 0.2 1.2 0.33 0.30 

Teinopalpus imperialis (77) April-July 284 ± 4 1.7 0.5 0.2 0.1 1.2 0.36 0.31 

Papilio machaon (62) March-September 281 ± 5 1.9 1 0.5 0.2 1.2 0.31 0.28 

Polyommatus icarus (74) May-September 284 ± 4 1.7 0.8 0.2 0.1 1.2 0.26 0.24 

Arhopala japonica (74) Year-round 279 ± 2 2.5 1 0.2 0.1 1.2 0.31 0.24 

Chrysozephyrus brillantinus (74) Year-round 271 ± 1 2.5 1 0.1 0.1 1.2 0.29 0.24 

Celastrina echo (69) April-July 274 ± 2 2 1 0.25 0.2 1.2 0.21 0.19 

	

In	order	to	effectively	analyze	the	correlation	of	optical	properties	of	the	butterfly	

wings	with	climatic	conditions,	it	would	be	meaningful	to	analyze	the	spectral	average	

emissivity	values	in	the	wavelength	range	of	significance.	For	example,	the	mid-IR	
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spectrum	(from	7.5	µm	to	14	µm	wavelengths,	the	atmospheric	transmission	window)	is	

expected	to	offer	radiative	cooling	of	the	samples	by	re-emission	of	heat	to	outer	space	(19,	

20).	The	distinct	wavelength	range	for	re-emission	of	heat	does	not	permit	a	comparison	of	

the	overall	spectral	average	emissivity	with	the	environmental	climate.	I	thus	compare	the	

average	mid-IR	emissivity	to	the	annual	average	air	temperature	at	the	corresponding	

locations.	

A	distinction	among	the	various	habitat	climatic	conditions	of	the	butterflies	was	

made	using	the	Köppen-Geiger	climate	classifications	(79,	80).	The	climate	classifications	

consider	the	monthly	average,	maximum,	and	minimum	values	of	air	temperature	and	

precipitation	across	all	locations	of	the	world	and	are	used	to	map	the	climatic	zones	of	the	

various	locations.	The	use	of	monthly	average,	maximum,	and	minimum	values	reduces	

uncertainties	that	arise	by	simple	consideration	of	annual	average	temperature	(due	the	

fluctuation	in	the	values	recorded	temporally	and	spatially).	The	Köppen-Geiger	

classification	acts	as	a	uniform	arbiter	for	the	climatic	zones	of	various	locations	globally	

and	was	thus	used	in	the	analysis	of	climatic	data	in	the	present	study	(Figure	6a).	

A	more	detailed	analysis	was	then	performed	by	considering	the	range	of	air	

temperature	values	for	each	habitat,	with	the	data	verified	by	the	Köppen-Geiger	

classification	for	the	habitats	of	the	butterflies.	In	order	to	further	avoid	spatial	variations	

in	the	air	temperature	data,	the	reported	values	were	taken	as	the	average	of	the	reported	

data	across	at	least	3	different	weather	stations	within	the	habitat	of	each	of	the	butterflies	

(56,	57).	The	temporal	variations	in	data	were	avoided	by	considering	the	annual	average	

ambient	air	temperature	for	the	analysis.	A	generalized	trend	for	the	annual	average	

ambient	air	temperature	values	indicate	correlations	to	the	latitude	of	measurement	and	
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the	altitude	of	the	location	as	well	(79).	For	instance,	the	northern	plains	in	India	

experience	a	different	air	temperature	(corresponding	to	a	different	climate	classification)	

compared	to	the	elevated	regions	of	the	Tibetan	plateau,	although	both	locations	are	along	

the	same	latitudes.		

I	then	compared	the	mid-IR	emissivity	of	the	butterfly	wings	with	the	corresponding	

annual	average	air	temperature	values	in	their	respective	habitats	(Figure	6b).	The	mid-IR	

emissivity	values	are	averaged	for	each	butterfly	within	the	wavelength	range	of	7.5–14	

µm.	The	results	depict	a	correlation	between	mid-IR	emissivity	and	annual	average	air	

temperature,	in	which	a	linear	regression	fit	yields	a	coefficient	of	correlation	(R)	of	+0.86.	

The	corresponding	coefficient	of	determination	(R2)	is	+0.74,	indicating	that	74%	of	the	

changes	in	the	mid-IR	emissivity	can	be	explained	by	changes	in	the	air	temperature.		

The	mean	value	of	the	mid-IR	emissivity	for	the	entire	dataset	was	0.40,	with	a	

standard	deviation	of	0.13,	with	all	values	ranging	between	a	minimum	and	maximum	of	

0.21	and	0.60	respectively	(Figure	6c).	The	Celastrina	echo	butterfly	displays	an	average	

mid-IR	emissivity	of	0.21,	with	the	average	air	temperature	ranging	lesser	than	280	K	(7˚C)	

annually	(climate	classification:	Dfc)	(56,	57,	79,	80).	However,	Heliconius	sara	depicts	an	

average	mid-IR	emissivity	of	0.60,	with	an	annual	average	air	temperature	of	greater	than	

290	K	(17˚C)	(climate	classification:	Af)	(56,	57,	79,	80).	The	variation	in	mid-IR	emissivity	

with	ambient	air	temperature	is	hypothesized	to	correspond	to	control	over	the	cooling	

capabilities	offered	by	re-emission	of	heat	from	the	butterfly	wings	(31,	69).	Higher	values	

of	mid-IR	emissivity	result	in	greater	heat	loss	from	the	wings	by	re-emission	of	heat	to	

outer	space	(at	a	temperature	of	3K	or	–270˚C).	The	results	show	a	correlation	between	the	

annual	average	ambient	air	temperature	and	the	mid-IR	emissivity	that	can	be	
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hypothesized	to	indicate	climatic	adaptations	to	heat	loss	from	the	butterflies	across	

varying	habitats.	

I	also	analyzed	the	possible	correlation	between	mid-IR	emissivity	and	

precipitation,	another	factor	considered	in	the	Köppen-Geiger	climate	classifications.	The	

analysis	showed	wide	variations	in	precipitation	globally,	with	no	perceived	direct	link	to	

either	latitude	or	altitude	(56,	57).	While	butterflies	exist	in	diverse	habitats	with	respect	to	

geography	and	temperature,	establishing	a	morphological	connection	to	adaptations	for	

varying	precipitation	could	provide	valuable	insight	into	the	survival	mechanisms	of	

butterflies.	Butterfly	wings	have	been	extensively	studied	for	their	hydrophobic	

characteristics	(81–83).	However,	there	has	been	no	established	evidence	of	morphological	

adaptations	for	precipitation/humidity.	I	analyzed	the	annual	average	precipitation	across	

the	various	habitats	and	plotted	them	on	a	relative	scale	from	low	to	high	(light	blue	to	

deep	red)	(Figure	6b).	Based	on	the	analysis,	there	was	no	direct	link	between	mid-IR	

emissivity	and	precipitation.	While	butterflies	are	known	to	adapt	hydrophobic	surfaces	by	

variation	of	surface	morphology,	the	dominant	geometric	parameters	controlling	spectral	

emissivity	and	hydrophobicity	are	found	to	be	different	(81–83).	
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Figure	6.	(a)	Geographical	mapping	of	the	sampled	butterfly	species	around	the	world.	The	coloration	of	the	map	

indicates	the	annual	average	ambient	air	temperature	(84).	The	text	adjacent	to	the	data	points	indicate	the	habitat-

related	Köppen-Geiger	climate	classification	(80).	The	coloration	of	the	data	points	themselves	indicates	the	annual	

precipitation	received	in	the	habitats	of	each	of	the	butterflies	(56,	57).	(b)	Correlation	of	mid-IR	emissivity	with	annual	

average	air	temperature.	The	mid-IR	emissivity	was	averaged	over	7.5–14	µm	for	each	butterfly	wing	computed	based	on	

reported	microstructure	data	in	the	literature	(49,	62,	69,	73–78).	For	a	linear	fit	to	the	presented	data	set,	there	is	a	

correlation	of	εmid-IR	=	0.01Tair	–	2.59	(the	dotted	line	represents	the	fit,	with	the	gray	band	representing	the	99%	

confidence	interval	for	the	fit).	The	corresponding	coefficient	of	correlation	is	+0.86	and	the	coefficient	of	determination	is	

+0.74.	The	correlation	between	the	mid-IR	emissivity	and	the	annual	average	air	temperature	may	be	hypothesized	to	

adaptations	for	thermoregulation	by	heat	loss	via	re-emission	of	heat	to	outer	space.	(c)	Computational	emissivity	

predictions	for	the	wing	structures	of	various	butterfly	species	from	around	the	world.	The	plot	depicts	the	emissivity	in	

the	mid-IR	wavelengths,	up	to	15	µm.	The	optical	property	values	were	computed	based	on	structural	dimensions	from	

SEM	analyses	in	existing	literature	(49,	62,	69,	73–78).	The	computations	were	performed	using	a	unit	cell	approach	

based	on	experimental	validation	in	existing	literature	(69).	
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While	the	comparison	of	the	mid-IR	emissivity	with	the	annual	average	air	

temperature	depicted	a	positive	correlation,	there	remained	a	need	to	distinguish	between	

the	air	temperature	values	during	daytime	and	during	nighttime	(56,	57).	This	was	

especially	important	as	the	butterflies	are	more	active	during	daylight	hours,	and	

comparatively	sedentary	during	night	(38).	Similar	to	the	earlier	analysis,	I	performed	an	

evaluation	of	the	correlation	between	the	mid-IR	emissivity	and	separated	daytime	and	

nighttime	annual	average	temperature	values	for	each	of	the	butterflies	(Figure	7).	The	

results	indicated	positive	correlations	of	the	mid-IR	emissivity	to	both	the	daytime	(Figure	

7a)	and	the	nighttime	(Figure	7b)	annual	average	air	temperature	data.	The	coefficient	of	

correlation	for	the	daytime	data	was	+0.82,	and	that	for	the	nighttime	data	was	+0.87,	

indicating	that	68%	and	76%	of	the	variations	in	the	mid-IR	emissivity	respectively	can	be	

explained	by	variations	in	the	daytime	and	nighttime	annual	average	air	temperature.	

	

Figure	7.	Comparison	of	mid-IR	emissivity	with	daytime	and	nighttime	annual	average	air	temperature	values	(56,	57)	

for	the	butterflies.	(a)	Average	mid-IR	emissivity	in	the	wavelength	range	of	7.5–14	µm	of	butterfly	wings	with	respect	to	

the	daytime	annual	average	air	temperature	in	their	habitats.	The	linear	correlation	corresponds	to	εmid-IR	=	0.01Tair	–	

2.78,	with	a	coefficient	of	correlation	of	+0.82.	(b)	Average	mid-IR	emissivity	in	the	wavelength	range	of	7.5–14	µm	of	

butterfly	wings	with	respect	to	the	nighttime	annual	average	air	temperature	in	their	habitats.	The	linear	correlation	

corresponds	to	εmid-IR	=	0.01Tair	–	2.76,	with	a	coefficient	of	correlation	of	+0.87.	The	gray	band	in	both	plots	represents	
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the	99%	confidence	interval	for	the	fits.	The	plots	use	the	same	method	of	calculations,	the	same	sources	of	information,	

and	the	same	color	coding	as	Figure	6.		

In	similar	fashion,	it	was	possible	that	the	comparison	of	mid-IR	emissivity	with	

summer	and	winter	average	air	temperatures	(56,	57).	In	addition	to	the	seasonal	analysis,	

I	also	included	an	analysis	of	the	air	temperatures	of	the	months	during	which	each	of	the	

butterflies	are	found	in	abundance	in	their	habitats.	The	results	(Figure	8)	indicate	

observable	correlations	of	the	mid-IR	emissivity	to	the	summer	(Figure	8a),	the	winter	

(Figure	8b),	and	the	abundant	months	(Figure	8c)	average	air	temperature.	The	

coefficient	of	correlation	for	the	summer	data	was	+0.90,	and	that	for	the	winter	data	was	

+0.82,	indicating	that	81%	and	67%	of	the	variations	in	the	mid-IR	emissivity	respectively	

can	be	explained	by	variations	in	the	summer	and	winter	average	air	temperature.	It	was	

interesting	to	observe	that	the	coefficient	of	correlation	was	higher	for	summertime,	during	

which	many	butterflies	are	active.	The	coefficient	of	correlation	for	the	abundant	months	

was	even	higher,	at	+0.95,	indicating	that	90%	of	the	changes	in	mid-IR	emissivity	can	be	

explained	by	variations	in	air	temperature.	These	results	that	suggest	that	there	may	exist	a	

strong	correlation	between	the	air	temperature	for	the	butterflies	in	their	habitats	during	

months	they	are	active	at,	and	their	respective	mid-IR	optical	properties.	

	

Figure	8.	Comparison	of	mid-IR	emissivity	with	summer,	winter,	and	abundant	months	average	air	temperature	values	

(56,	57)	for	the	butterflies.	(a)	Average	mid-IR	emissivity	of	butterfly	wings	with	respect	to	the	summer	average	air	
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temperature	in	their	habitats.	The	linear	correlation	corresponds	to	εmid-IR	=	0.01Tair	–	3.04,	with	a	coefficient	of	

correlation	of	+0.90.	(b)	Average	mid-IR	emissivity	of	butterfly	wings	with	respect	to	the	winter	average	air	temperature	

in	their	habitats.	The	linear	correlation	corresponds	to	εmid-IR	=	0.01Tair	–	1.79,	with	a	coefficient	of	correlation	of	+0.82.	(c)	

Average	mid-IR	emissivity	of	butterfly	wings	with	respect	to	the	abundant	months	average	air	temperature	in	their	

habitats.	The	linear	correlation	corresponds	to	εmid-IR	=	0.01Tair	–	2.91,	with	a	coefficient	of	correlation	of	+0.95.	In	all	the	

plots,	the	gray	band	represents	the	99%	confidence	interval	for	the	fits.	The	plots	use	the	same	method	of	calculations,	the	

same	sources	of	information,	and	the	same	color	coding	as	Figure	6.	
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1.4	Thermal	Characterization	

	 I	also	predicted	the	steady	state	temperatures	attained	by	the	wings	in	their	

respective	habitats,	with	the	temperature	and	solar	irradiation	data	taken	for	July	over	the	

past	decade	(2007-2017)	(56,	57,	85,	86)	in	Santa	María	Huatulco,	Oaxaca,	Mexico	for	A.	

demophoon	(87),	and	Deckers,	Colorado,	USA	for	C.	echo	(56,	57).	The	temperature	data	

were	also	compared	with	other	weather	stations	within	their	habitats	such	as	Azulillo	and	

San	Pedro	Pochutla,	Oaxaca,	Mexico,	and	Cheesman	and	Estes	Park,	Colorado,	USA	(57,	88).	

While	inherent	variation	in	data	exists	across	multiple	sources,	the	sources	I	used	are	

considered	reliable	and	should	account	for	locational	variation.	The	data	are	thus	expected	

to	accurately	depict	the	thermal	environment	of	the	butterflies,	barring	other	sources	of	

variation	in	their	thermal	microhabitat	as	discussed	below.	The	samples	were	assumed	to	

be	exposed	to	incident	solar	irradiation	(Psun”)	taken	to	be	varying	at	580-1000	Wm-2	for	

each	location	correspondingly.	While	the	butterflies’	habitats	may	offer	forest	cover	or	

other	obstacles	to	solar	irradiation,	the	butterflies	generally	bask	under	direct	sunlight	(10,	

89,	90),	and	as	such,	the	forest	cover	can	be	assumed	to	have	minimal	effect	on	the	incident	

solar	radiation.	The	samples	interact	with	the	surroundings	by	means	of	convective	and	

conductive	losses	(Pcond+conv”),	with	heff	taken	to	be	5	Wm-2K-1	(for	calm	air),	10	Wm-2K-1	(for	

a	gentle	breeze),	or	20	Wm-2K-1	(for	a	strong	breeze).	Increasing	convection	from	the	wings	

to	the	surrounding	air	for	both	butterflies	would	result	in	surface	temperatures	that	

gradually	approach	the	air	temperature.	I	computed	the	net	radiative	power	(Pnet”)	using	

equations	from	existing	literature	(20).	

The	calculations	(Figure	9d,	9e)	show	a	steady-state	wing	temperature	of	47-51˚C	

attained	by	both	samples	with	respect	to	their	corresponding	habitats	at	12	noon	with	peak	
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solar	irradiance.	The	temperatures	remained	within	20-50˚C	and	likely	aid	in	survival	by	

thermoregulation	(9,	13,	37).	The	analysis	predicts	the	upper	limit	for	daytime	wing	

temperature	as	it	assumes	clear	skies,	and	overpredicts	nighttime	radiative	losses	by	

assuming	the	entire	dorsal	wing	is	exposed	to	the	cold	sky.	The	actual	butterflies	at	

nighttime	are	likely	perched	under	leaves,	within	rock	crevices,	in	clusters,	or	with	the	

dorsal	side	of	the	wings	hidden	(38,	91).		

The	present	study	analyzes	the	steady-state	wing	temperatures	of	the	butterflies	at	

rest.	During	flight,	the	energy	balance	is	expected	to	differ	from	the	rest	condition	due	to	

changes	in	the	thermal	processes	associated	with	the	butterflies.	While	the	major	changes	

involve	variations	in	convection,	there	is	also	the	possibility	of	metabolic	heat	generation	

(89),	and	other	related	thermal	processes.	Flight	is	expected	to	increase	the	convection	

coefficient	(h)	for	the	butterflies	due	to	increase	in	associated	wind	velocity	over	the	wings,	

leading	to	possible	lowering	of	wing	temperatures	(Figure	9d,	9e).	For	example,	an	

increase	in	the	h	from	10	Wm-2K-1	to	20	Wm-2K-1	leads	to	a	decrease	in	the	wing	

temperature	for	A.	demophoon	and	C.	echo	from	50-51˚C	to	40-44˚C.	Meanwhile,	the	flight	

activity	itself	could	lead	to	increased	metabolism	and	correspondingly	a	possible	increase	

in	the	butterflies’	temperatures.	The	temperature	prediction	for	butterfly	wings	during	

flight	requires	further	investigations	and	transient	heat	transfer	analysis	with	information	

about	convection	and	metabolic	properties	(90).	
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Figure	9.	Thermal	analysis	of	butterfly	wings.	(A)	Schematic	of	temperature	measurement	setup	under	a	control	

environment	with	the	energy	balance	considered	for	the	thermal	analysis,	including	incoming	heat	from	the	sun	and	

atmosphere,	outgoing	radiation	to	outer	space,	and	conductive	and	convective	losses.	(B)	Optical	image	of	temperature	

measurement	on	the	A.	demophoon	right	dorsal	hindwing	specimen.	The	specimen	is	held	with	clamps	placed	on	a	

specimen	holder	mounted	on	thermal	isolation	legs.	(C)	Measured	temperature	comparison	of	the	4	specimens	of	

butterflies	under	similar	ambient	climate	conditions	in	a	control	environment	(Irvine,	CA)	on	July	31,	2018.	While	A.	

demophoon	(yellow)	and	H.	sara	(red)	attained	wing	temperatures	of	37	°C	at	noon,	C.	echo(gray)	and	L.	arthemis	(blue)	

heated	up	further	to	41	to	42	°C,	highlighting	the	role	of	mid-IR	heat	losses	in	warmer	climate	butterflies.	The	

measurements	are	validated	by	computational	temperature	predictions.	(D	and	E)	Theoretical	predictions	of	the	butterfly	

wing	temperatures	in	their	respective	habitat	conditions	for	the	2	species,	(D)	A.	demophoon	and	(E)	C.	echo,	depicting	a	

surface	temperature	of	47	to	51	°C	[within	the	habitable	range	of	20	to	50	°C]	with	an	effective	heat	transfer	coefficient	of	

10	W⋅m−2⋅K−1	(a	gentle	breeze)	at	12	noon.	The	habitat	air	temperatures	were	taken	as	an	average	in	July	for	the	past	

decade	(2007–2017)	and	the	dashed	lines	representing	the	incident	solar	irradiation.	Figure	reproduced	from	(69).	
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CHAPTER	2	

2.1	Butterfly-inspired	Micro-tree	Designs	for	Thermal	Management	

	 The	spectral	characteristics	of	the	incident	radiation	and	the	spectral	properties	of	

the	surface	materials	themselves	largely	dictate	the	radiative	thermal	phenomena	affecting	

surfaces	exposed	to	ambient	conditions.	Incident	solar	radiation	is	governed	by	Planck’s	

law	of	radiation	based	on	the	solar	surface	temperature	and	incident	wavelength.	The	

Planck	curve	for	solar	radiation	at	the	solar	surface	temperature	of	5778	K	results	in	a	peak	

in	incident	radiation	around	the	visible	and	near-infrared	wavelengths	and	explains	the	

heating	up	of	surfaces	exposed	to	wavelengths	between	0.2	μm	and	2.5	μm	(92).	Moving	to	

the	higher	ends	of	near-infrared	and	mid-	to	far-infrared	regions,	the	presence	of	an	

atmospheric	transmission	spectrum	(18)	aids	in	the	radiative	cooling	of	surfaces	by	

permitting	re-emission	of	heat	using	outer	space	as	a	heat	sink	at	3	K.	The	radiative	

exchange	is	also	dependent	om	the	spectral	properties	of	surface	materials.	Various	surface	

materials	interact	in	different	ways	to	incident	solar	radiation,	depending	on	their	inherent	

optical	and	spectral	properties.	In	general,	metallic	surfaces	have	relative	permittivity	

values	that	vary	greatly	with	wavelength	(where	relative	permittivity	is	the	inherent	

material	property	responsible	for	attenuating	electromagnetic	waves	in	a	medium).	This	

leads	to	spectrally	varying	refractive	indices.	As	a	consequence,	metallic	surfaces	have	

inherently	low	surface	emissivity	(with	typical	values	ranging	up	to	0.3),	making	them	

highly	reflective	over	a	wide	spectral	range.	Ceramic	surfaces	are	a	contrast	to	metallic	

surfaces,	with	largely	spectrally	stable	relative	permittivity	values.	This	leads	to	moderate	

refractive	indices	and	relatively	high	spectral	emissivity	values	(with	typical	values	ranging	

above	0.6).	Optically,	this	leads	to	metals	having	a	characteristic	luster	and	shine,	while	
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ceramics	possess	dull	surfaces.	Thermally,	metals	often	heat	up	to	above-ambient	surface	

temperatures	when	exposed	to	solar	radiation,	with	ceramic	surfaces	cooling	down	to	sub-

ambient	temperatures.	It	is	thermally	interesting	and	practically	useful	to	have	ceramic	

surfaces	that	heat	up	for	cheap	and	localized	heating	and	metallic	surfaces	that	cool	down	

for	energy	conservation	and	to	avoid	mechanical	failure	and	deterioration.	This	could	be	

done	all	the	while	maintaining	the	desirable	malleability	and	ductility	of	metals	and	

hardness	and	brittleness	of	ceramics.	The	thermal	properties	of	the	surfaces	can	be	

controlled	by	varying	the	spectral	emissivity.	A	high	spectral	emissivity/absorptivity	

between	0.2	µm	and	2.5	µm	with	low	infrared	emissivity	in	the	atmospheric	transmission	

spectrum	between	7.5	µm	and	14	µm	would	lead	to	the	surface	absorbing	solar	radiation,	

but	lacking	means	to	re-emit,	leading	to	the	heating	up	of	the	surface.	A	low	spectral	

emissivity	for	0.2-2.5	µm	with	a	high	emissivity	for	7.5-14	µm	would	lead	to	radiative	

cooling	of	the	surface.	The	spectrally	varying	nature	of	heating	and	cooling	demands	a	level	

of	spectral	tuning	in	surface	emissivity	that	cannot	be	provided	by	bare	metals	or	ceramics	

and	suggests	modifications	to	the	surface	morphology	for	optimal	radiative	thermal	

management.	Radiative	thermal	management	could	potentially	allow	for	heating	or	cooling	

of	surfaces	without	relying	on	the	consumption	of	electricity	or	resources	for	convection	or	

conduction	(93–99).	This	results	in	cheap	alternatives	to	conventional	thermal	problems	

(93–95).	

Existing	solutions	for	radiative	thermal	management	typically	offer	very	little	

spectral	control	of	emissivity	(46,	47,	100–103).	This	can	be	improved	by	an	increased	

geometric	control	over	the	surface	morphology	(19,	72,	104).	With	an	increase	in	the	

morphological	complexity	of	the	structures,	there	are	additional	geometrical	variables	that	
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offer	better	tuning	and	control	of	the	spectral	surface	emissivity.	While	there	are	various	

factors	determining	the	emissivity,	I	present	a	morphology-driven	approach	to	potentially	

overcome	the	typical	spectral	emissivity	behavior	imposed	by	the	choice	of	material.	I	

present	the	use	of	microscale	tree-like	structures,	or	micro-trees	in	short,	as	a	

morphological	choice	for	radiative	thermal	management,	due	to	the	possibility	of	control	

over	various	geometric	parameters.	This	is	justified	by	comparing	the	micro-trees	to	pure	

grating	structures,	which	yield	narrower	spectral	peaks	or	dips	(105).	This	is	also	depicted	

in	Figure	10(c),	where	a	pure	grating	structure	(where	a	duty	cycle	of	b/L	nears	the	lower	

end	of	values)	offers	poorer	spectral	selectivity	compared	to	a	micro-tree	structure.	

Micro-trees	are	also	widely	studied	for	their	biological	interest	(14,	50,	52),	offering	

spectral-selective	emissivity	and	reflectivity	(4,	106–111).	The	spectral-selective	emissivity	

profiles	are	a	consequence	of	interference	among	the	periodic	surface	structures,	

diffraction	at	the	interfaces,	and	other	optical	phenomena	(112).	Such	micro-tree	designs	

have	been	used	for	applications	ranging	from	artificial	thermal	and	vapor	sensors	(28),	

spectral-selective	infrared	sensors	(113),	and	flexible,	angle-independent	reflectors	(45),	

but	have	not	been	fully	exploited	for	radiative	thermal	management	applications	as	yet.	

The	choice	of	the	micro-tree	structures,	thus,	stems	from	an	aim	to	achieving	

increased	control	over	geometric	factors	affecting	spectral	emissivity.	With	multiple	

periodicities	and	dimensional	factors	dictating	the	design	of	the	structures,	they	are	

assumed	to	present	an	equally	high	level	of	geometrical	variables	to	control	and	tune	the	

spectral	emissivity	profile	as	desired.	Because	the	choice	of	emissive	surfaces	is	now	

morphology	driven,	one	is	no	longer	confined	by	limitations	imposed	by	material	choice.	
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This	paves	the	way	for	the	use	of	low	cost,	and	low	purity	materials	for	radiative	thermal	

management	applications.	 	



 

30 
 

2.2	Computational	Prediction	of	Optical	Properties	

Measurement	or	computation	of	the	surface	emissivity	can	either	be	done	

experimentally	or	via	modeling	and	simulation.	Experimental	measurements	of	surface	

emissivity	are	typically	done	with	the	use	of	radiometers,	spectrometers,	such	as	Fourier	

transform	infrared	(FTIR)	spectrometers	(114,	115),	and	pyrometric	techniques	(that	

measure	the	emitted	radiation	from	high	temperature	surfaces)	(116)	for	simultaneous	

measurement	of	surface	emissivity	and	temperature.	Computational	analysis	requires	the	

use	of	calculation	of	surface	emissivity	by	modeling	or	simulation.		

A	simple	means	of	computing	the	surface	emissivity	as	a	function	of	surface	

morphology	involves	the	use	of	surface	roughness	analysis,	using	a	given	root	mean	

squared	(RMS)	surface	roughness.	Varying	the	RMS	surface	roughness	would	consequently	

lead	to	variations	in	the	spectral	emissivity	profile.	The	general	trend	with	an	increasing	

surface	roughness	is	expressed	by	an	increase	in	overall	emissivity	values,	especially	

towards	the	long	wavelength	regions.	While	it	is	possible	to	compute	the	emissivity	for	

surfaces	of	a	wide	range	of	surface	roughness,	it	is	fairly	difficult	to	differentiate	between	

separate	topographies,	such	as	triangular	or	rectangular	structures.	This	is	mitigated	by	the	

use	of	more	advanced	means	for	the	computation	of	surface	emissivity.	Rigorous	coupled	

wave	analysis	(RCWA)	(117)	and	integral	equation	method	(IEM)	(118)	are	both	

established	methods	of	surface	emissivity	computation.	Because	IEM	requires	Monte	Carlo	

simulations	of	Gaussian	surfaces	and	the	usage	is	confined	to	a	few	specific	surface	

geometries,	I	use	the	RCWA	to	explore	various	geometries	of	micro-trees	in	this	work.	

RCWA	computes	the	surface	emissivity	by	a	rigorous	solution	of	the	Maxwell’s	equations.	It	



 

31 
 

accounts	for	complex	surface	geometries	and	morphologies	by	considering	them	as	a	

combination	of	a	finite	number	of	layers	stacked	on	top	of	each	other.	This	is	then	followed	

by	an	analytical	solution	along	a	preferred	direction	or	plane,	and	a	numerical	solution	

along	the	other	two	directions	or	planes.	The	RCWA	considers	the	geometry	of	the	sample	

and	the	optical	properties	of	the	materials,	such	as	the	relative	permittivity	(dielectric	

function)	and	the	magnetic	permeability	(consequently	also	being	related	to	the	refractive	

indices	of	the	materials,	given	by	the	square	root	of	the	product	of	the	relative	permittivity	

and	permeability)	(65,	66,	119,	120).	The	RCWA	solves	for	the	forward	and	reverse	

scattering	matrices	for	incident	wave	vectors,	and	gives	the	reflectivity,	transmissivity	and	

emissivity	as	output	values.	The	reflectivity	(ρ)	is	computed	from	the	reverse	scattering,	

the	transmissivity	(τ)	is	computed	from	the	forward	scattering,	and	the	emissivity	(ε)	is	

given	as	ε	=	1-ρ-τ	(65,	66,	119,	120).	The	dimensional	details	of	the	tree-like	structure,	

namely	the	lamellae	(branch)	spacing,	the	lamellae	thickness,	the	lamellae	width,	the	ridge	

(stem)	thickness,	the	ridge	height,	the	number	of	lamellae,	are	input	to	create	the	geometry	

for	the	RCWA.	This	is	followed	by	the	definition	of	the	unit	cell	parameters,	which	

essentially	define	the	pitch/periodicity	of	the	tree-like	structures	themselves.	The	structure	

is	thus	defined	geometrically	as	a	two-dimensional	(2D)	structure.	The	RCWA	computation	

utilized	in	this	work	assumes	the	periodic	unit	cells	to	extend	infinitely	in	the	third	

dimension,	and	also	to	be	replicated	infinitely	as	a	periodic	feature	as	well.	The	

computation	is	thus	done	for	the	unit	cell,	with	appropriate	Floquet/Bloch	boundary	

conditions	to	facilitate	the	periodic	nature	(65,	66,	119,	120).	

The	optimization	of	the	structures	for	use	in	various	applications	is	done	by	

controlling	the	geometric	parameters	(surface	morphology).	An	illustration	of	the	
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optimization	method	used	in	the	work	to	obtain	the	desired	spectral	emissivity	is	provided	

by	Figure	11	and	Figure	12,	where	the	parameters	are	each	varied	in	turn,	while	other	

structural	parameters	are	held	constant,	to	determine	the	optimized	value	of	each	

structural	parameter.		

The	focus	is	now	shifted	to	spectrally	controlling	the	emissivity	of	the	micro-trees	

for	radiative	heating	and	cooling,	offering	metallic	surfaces	that	cool	down	and	ceramic	

surfaces	that	heat	up	under	ambient	conditions.	While	many	possible	combinations	of	

materials	and	geometric	dimensions	exist,	I	present	here	the	choices	of	common	

engineering	materials,	with	optimized	geometries	for	radiative	heating	or	cooling.	The	

choice	of	the	material	used	for	the	structures	depends	on	the	intended	application.	I	choose	

a	typical	ceramic	material	to	optimize	and	lower	its	emissivity	for	radiative	heating.	

Ceramics	typically	have	an	overall	high	spectral	emissivity,	and	I	aim	to	lower	the	

emissivity	in	the	infrared	and	raise	it	in	the	solar	region	to	heat	the	generally	cool	ceramic	

surfaces	up.	The	use	of	silica	(SiO2)	in	solar	cells	has	been	demonstrated	(19,	94)	primarily	

due	to	the	transparent	nature	of	silica	and	its	high	transmissivity	in	the	visible	region	of	the	

solar	spectrum.	Another	possible	material	is	alumina	(Al2O3),	due	to	its	ease	of	use	as	a	

manufacturing	material.	Alumina	also	has	the	advantage	of	being	easily	produced	by	

atomic	layer	deposition	(ALD)	(121,	122).	The	microscale	structures	could	potentially	be	

manufactured	for	practical	use	by	utilizing	a	base	structure	provided	by	patterned	silicon,	

onto	which	alumina	is	then	deposited	by	ALD	(121,	123,	124).	Possible	manufacturing	

methods	are	reviewed	and	detailed	in	previous	works	(98).	The	lithography	techniques	

(such	as	e-beam,	dual	beam	laser	interference,	or	photolithography)	have	proven	

particularly	successful	in	this	aspect	for	the	manufacturing	of	patterned	silicon	base	(28,	
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112).	The	alumina	layer	can	then	be	deposited	on	via	ALD.	The	use	of	alumina	in	the	

aircraft	and	aerospace	industry	has	also	been	widely	demonstrated	(125).	The	choice	of	

alumina	is	also	bolstered	by	the	closeness	of	the	refractive	indices	of	alumina	and	silica	for	

the	range	of	wavelengths	that	are	being	evaluated	(123,	124,	126),	with	the	wavelength-

dependence	of	the	refractive	indices	being	evaluated	with	the	help	of	data	from	Sellmeier’s	

relation	and	other	spectral	correlations	(127).	Alumina	also	displays	a	high	level	of	

transmissivity	(>80%)	for	a	majority	of	the	spectrum	(128,	129)	solidifying	its	application	

for	thermal	management	and	for	related	solar	applications.	The	added	capability	of	being	

suitable	for	mass	production	and	large-scale	manufacturing	as	well	(28,	130)	makes	it	a	

suitable	choice	of	material	for	designing	the	optimized	radiative	heating	microstructures.	

Considering	a	design	of	microscale	branched	grating	structures	for	alumina	on	a	silicon	

substrate,	the	requirement	for	a	high	emissivity	for	the	wavelengths	up	to	2.5	µm	yields	the	

ridge	periodicity	as	1	µm,	and	the	lamella	periodicity	as	3	µm,	with	3	lamellae	per	ridge.	

The	widths	of	the	lamellae	are	uniformly	0.4	µm,	and	their	thicknesses	1	µm,	with	the	

lamellae	extending	infinitely	along	each	ridge,	of	width	0.1	µm.	The	emissivity	spectrum	for	

this	structure	is	given	in	Figure	10,	with	optical	data	based	on	bare	alumina	(131).	The	

purpose	of	the	micro-trees	is	validated	when	compared	to	bare	alumina,	as	bare	alumina	

yields	a	relatively	flat,	high	emissivity	over	the	entire	spectrum.	This	would	not	serve	the	

purpose	of	a	surface	with	a	tunable	emissivity.	The	ceramic	micro-trees	could	thus	

potentially	offer	radiative	heating	for	a	typically	cool	ceramic	surface.	

The	second	combination	of	materials	presented	in	the	analysis	considers	aluminum	

micro-trees	on	a	silicon	substrate.	The	aluminum	microscale	structures	could	also	

potentially	be	manufactured	for	practical	applications	by	utilizing	a	patterned	silicon	base	
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structure,	onto	which	the	aluminum	layer	is	then	deposited	by	vapor	deposition	methods,	

or	other	comparable	means	(28,	112,	130).	The	patterning	of	the	silicon	base	is	done	

potentially	by	lithography	(dual	beam	interference	or	e-beam	lithography)	or	other	

methods	(28,	112).	Deposition,	by	evaporation	or	chemical	vapor	deposition	(CVD)	could	

then	be	used	to	manufacture	the	aluminum	layer	on	the	silicon	base.	Aluminum	is	a	typical	

metal,	and	its	low	spectral	emissivity	leads	to	heating	up	of	its	surface.	I	investigate	the	

possibility	of	using	aluminum	micro-trees	to	achieve	radiative	cooling	of	a	typically	hot	

aluminum	surface.	The	optimized	geometry	for	radiative	cooling	purposes	with	the	

requirement	for	a	high	emissivity	between	the	wavelengths	of	7.5	and	14	µm	yields	a	ridge	

periodicity	of	10	μm,	and	a	lamella	periodicity	of	8	μm,	with	3	lamellae	per	ridge.	The	

spacing	between	two	adjacent	lamellae	is	4	μm,	yielding	a	lamella	thickness	of	4	μm.	The	

lamellae	are	2	μm	wide	from	end	to	end,	with	the	ridges	being	1	µm	wide.	The	emissivity	

profile	of	the	aluminum	micro-tree	structure,	in	Figure	10,	is	based	on	optical	data	for	bare	

aluminum	(132).	Bare	aluminum	displays	a	flat,	low	emissivity	profile,	rendering	it	

relatively	futile	as	a	surface	with	tunable	emissivity,	and	resulting	in	a	hot	bare	aluminum	

surface.	The	metallic	micro-trees,	however,	offer	radiative	cooling,	unlike	the	bare	metallic	

surfaces.	
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Figure	10.	Various	designs	of	micro-trees	for	radiative	thermal	management	applications.	(a)	Emissivity	spectrum	for	the	

alumina	micro-tree,	with	a	ridge	periodicity	(L)	of	1	µm	and	a	lamella	periodicity	(W)	of	3	µm.	Bare	alumina	absorbs	in	all	

wavelengths,	which	is	mitigated	by	micro-trees,	that	achieve	the	optimal	scenario	acting	as	a	reflector	in	most	

wavelengths,	and	an	emitter	in	the	infrared	spectrum,	making	it	suitable	for	thermal	management	applications.	Bare	

alumina	is	rarely	used	as	a	surface	coating	and	its	surface	properties	might	not	remain	constant	due	to	non-ideal	real-life	

conditions.	Emissivity	spectrum	for	the	aluminum	micro-tree,	with	a	ridge	periodicity	(L)	of	10	µm	and	a	lamella	

periodicity	(W)	of	8	µm.	Bare	aluminum	behaves	much	as	bare	alumina	does,	though	by	reflecting	in	all	wavelengths,	

negates	its	suitability	for	thermal	management	applications.	The	spectra	are	superposed	on	the	solar	spectrum	in	the	

visible	region	(92),	which	is	responsible	for	radiative	heating,	and	the	atmospheric	transmission	spectrum	(18),	which	is	

responsible	for	radiative	cooling	in	the	ambient	environment.	(b)	The	optimized	dimensions	of	the	aluminum	micro-trees	

for	radiative	cooling,	with	a	ridge	periodicity	(L)	of	10	µm,	a	lamella	periodicity	(W)	of	8	µm,	lamella	width	(b)	of	2	µm,	

and	a	lamella	spacing	(t)	of	4	µm.	(c)	The	optimized	dimensions	of	the	alumina	micro-trees	for	radiative	heating,	with	a	

ridge	periodicity	(L)	of	1	µm,	a	lamella	periodicity	(W)	of	3	µm,	lamella	width	(b)	of	0.4	µm,	and	a	lamella	spacing	(t)	of	2	

µm.	Figure	reproduced	from	(20).	

The	emissivity	spectrum	of	these	micro-tree	structures	remains	high	in	the	visible	

wavelengths	for	heating	or	follows	the	peak	in	the	atmospheric	transmission	spectrum	for	

radiative	cooling.	The	radiative	heating	structures	offer	a	high	emissivity	up	to	wavelengths	

around	2.5	µm,	with	relatively	low	emissivity	values	for	all	other	spectral	regions.	The	

radiative	cooling	structures	have	an	emissivity	rising	roughly	at	7.5	µm	and	dropping	off	at	

around	14	µm.	The	emissivity	through	the	rest	of	the	spectrum	is	low,	maintaining	a	value	

of	around	0.2	for	most	of	the	visible	region.	This	leads	to	a	high	reflectivity	for	the	surface	
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over	all	wavelengths,	except	for	those	between	7.5	and	14	µm,	effectively	aiding	the	

reemission	of	radiation	over	the	infrared	spectrum,	while	avoiding	heat	generation	by	

reflecting	incident	radiation	over	other	wavelengths.	The	emissivity	spectrum	of	the	micro-

tree	structures	also	roughly	follows	the	trend	of	existing	radiative	thermal	management	

solutions	(19),	at	times	offering	better	results	with	respect	to	the	far-infrared	regions	as	

well.	

The	adaptability	of	the	micro-tree	structures	used	for	thermal	management	to	

various	emissivity	requirements	is	aided	by	flexibility	in	varying	the	dimensions	of	the	

structures.	With	an	example	of	the	aluminum	micro-tree	structures,	it	is	aided	by	the	

variation	of	the	ridge	spacing	and	the	lamella	spacing.	The	rise	and	fall	in	the	high	

emissivity	region	are	controlled	by	the	ridge	spacing,	because	of	the	interference	of	

photons	over	multiple	adjacent	ridges.	Increasing	the	ridge	spacing	for	the	aluminum	

micro-trees	leads	to	a	delayed	rise	and	fall	in	the	high	emissivity	region,	and	a	decrease	in	

the	ridge	spacing	of	the	aluminum	micro-trees	yields	an	earlier	rise	and	fall	in	the	high	

emissivity	region,	as	shown	in	Figure	11(b).	Similarly,	the	overall	emissivity	profile	is	

controlled	by	the	lamella	width,	shown	in	Figure	11(c).	Varying	the	width	of	the	lamellae	

varies	the	wavelength	response	due	the	interference	of	photons	between	adjacent	lamellae.	

Increasing	the	lamella	width	leads	to	a	loss	in	spectral-selective	emissivity	characteristics,	

leading	to	the	emissivity	profile	approaching	that	of	bare	aluminum.	The	lamella	spacing	

controls	the	height	of	the	emissivity	peak	in	the	high	emissivity	region.	The	optimal	lamella	

spacing	for	the	aluminum	micro-trees	is	found	to	be	at	4	µm,	as	demonstrated	in	Figure	

11(d).	Similarly,	variations	in	the	number	of	lamella	lead	to	variations	in	the	height	of	the	

emissivity	peak	in	the	case	of	the	aluminum.	The	optimal	number	of	lamellae	for	radiative	
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cooling	is	found	to	be	at	3	lamellae	per	ridge,	with	lesser	and	more	lamellae	leading	to	a	

lowering	of	the	emissivity	peak.	The	tunable	nature	of	the	photonic	structures	is	similarly	

reported	in	literature	(124),	with	variations	in	the	periodicity	of	the	structures	yielding	

varying	reflectance	peaks.	

	

Figure	11.	Tunable	nature	of	the	metallic	micro-tree	structures	aided	by	the	variation	of	the	ridge	and	lamella	spacing.	

(a)	Optimized	dimensions	for	aluminum	micro-trees	for	radiative	cooling	applications,	with	a	ridge	periodicity	(L)	of	10	

μm,	a	lamella	periodicity	(W)	of	8	μm,	lamella	spacing	(t)	of	4	μm,	and	lamella	width	(b)	of	2	μm.	(b)	Variation	in	ridge	

periodicity	of	aluminum	micro-tree	yielding	a	delayed	rise/drop	in	high	emissivity	(caused	by	increased	spacing),	or	an	

early	rise/drop	(caused	by	decreased	spacing).	(c)	Variation	in	width	of	lamellae	of	aluminum	micro-tree	leading	to	

changes	in	the	overall	spectral	emissivity	profile,	with	an	increased	width	leading	to	the	emissivity	profile	approaching	

that	of	bare	aluminum.	(d)	Variation	in	lamella	spacing	leading	to	changes	in	the	height	of	the	emissivity	peak.	The	

optimal	value	for	lamella	spacing	for	the	aluminum	micro-trees	is	found	to	be	at	4	µm.	The	colors	of	the	various	plot	lines	

signify	different	geometric	dimensions	as	denoted	in	the	plots	next	to	each	line.	Figure	reproduced	from	(20).	

Similar	to	the	morphological	adaptability	of	the	metallic	micro-trees,	the	emissivity	

profile	of	the	ceramic	micro-tree	structures	is	also	geometrically	tunable	in	nature.	

Increasing	the	ridge	spacing	for	the	alumina	micro-trees	leads	to	a	delayed	rise	and	fall	in	
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the	high	emissivity	region,	and	a	decrease	in	the	ridge	spacing	of	the	alumina	micro-trees	

yields	an	earlier	rise	and	fall	in	the	high	emissivity	region,	as	shown	in	Figure	12(b).	

Similarly,	the	overall	emissivity	profile	is	controlled	by	the	lamella	width,	shown	in	Figure	

12(c).	Increasing	the	lamella	width	leads	to	a	loss	in	spectral-selective	emissivity	

characteristics,	leading	to	the	emissivity	profile	approaching	that	of	bare	alumina.	The	

lamella	spacing	controls	the	height	of	the	emissivity	peak	in	the	high	emissivity	region.	The	

optimal	lamella	spacing	for	the	alumina	micro-trees	is	found	to	be	at	2	µm,	as	

demonstrated	in	Figure	12(d).	Similarly,	variations	in	the	number	of	lamella	lead	to	

variations	in	the	height	of	the	emissivity	peak	in	the	case	of	the	alumina/silicon.	The	

optimal	number	of	lamellae	for	radiative	cooling	is	found	to	be	at	3	lamellae	per	ridge,	with	

lesser	and	more	lamellae	leading	to	a	lowering	of	the	emissivity	peak.	
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Figure	12.	Tunable	nature	of	the	ceramic	micro-tree	structures	aided	by	the	variation	of	the	ridge	and	lamella	spacing.	(a)	

Optimized	dimensions	for	alumina	micro-trees	for	radiative	heating	applications,	with	a	ridge	periodicity	(L)	of	1	μm,	a	

lamella	periodicity	(W)	of	3	μm,	lamella	spacing	(t)	of	2	μm,	and	lamella	width	(b)	of	0.4	μm.	(b)	Variation	in	ridge	

periodicity	of	alumina	micro-tree	yielding	a	delayed	drop	in	high	emissivity	(caused	by	increased	spacing),	or	an	early	

drop	(caused	by	decreased	spacing).	(c)	Variation	in	width	of	lamellae	of	alumina	micro-tree	leading	to	changes	in	the	

overall	spectral	emissivity	profile,	with	an	increased	width	leading	to	the	emissivity	profile	approaching	that	of	bare	

alumina.	(d)	Variation	in	lamella	spacing	leading	to	changes	in	the	height	of	the	emissivity	peak.	The	optimal	value	for	

lamella	spacing	for	the	alumina	micro-trees	is	found	to	be	at	2	µm.	The	colors	of	the	various	plot	lines	signify	different	

geometric	dimensions	as	denoted	in	the	plots	next	to	each	line.	Figure	reproduced	from	(20).	

Variations	in	the	angle	of	incidence	affecting	the	emissivity	profile	must	be	

considered	in	order	to	minimize	adverse	effects	due	to	angular	changes.	Figure	13	

demonstrates	the	angular	variations	of	spectral	emissivity	for	the	metallic	and	ceramic	

micro-trees,	showing	minimal	variations	in	the	emissivity	peak	with	wavelength	over	a	

wide	range	of	angles,	with	an	abrupt	drop	as	the	angle	of	incidence	approaches	near-

parallel.	

	

Figure	13.	Angle	dependent	emissivity	spectra	for	the	metallic	and	ceramic	micro-trees.	(a)	Angle	dependent	data	for	the	

aluminum	micro-trees	for	angles	of	incidence	varying	from	0	to	89.9	degrees,	demonstrating	the	sustenance	of	the	
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emissivity	peak	between	7.5	μm	and	14	μm	for	a	wide	range	of	angles.	(b)	Angle	dependent	data	for	the	alumina	micro-

trees	for	angles	of	incidence	varying	from	0	to	89.9	degrees,	showing	a	sustained	emissivity	peak	for	the	visible	

wavelengths,	with	a	low	emissivity	elsewhere.	The	emissivity	profile	remains	fairly	invariant	for	a	majority	of	the	angular	

range,	displaying	a	sudden	decay	as	the	angles	approach	90°,	indicating	effective	use	of	the	micro-tree	structures	for	most	

applications	with	varying	angles	of	incidence,	with	none	to	minimal	loss	in	spectral	emissivity	characteristics.	(c)	The	

dimensions	and	schematic	of	the	optimized	radiative	cooling	aluminum	micro-trees.	(d)	The	dimensions	and	schematic	of	

the	optimized	radiative	heating	alumina	micro-trees.	Figure	reproduced	from	(20).	

The	results	show	a	tunable	periodic	microstructure	that	effectively	reemits	incident	

radiation	from	the	surface	through	the	atmospheric	transmission	spectrum	or	absorbs	

selectively	purely	within	the	visible	wavelength	region.	While	the	high	emissivity	region	for	

radiative	heating	corresponds	to	incoming	solar	radiation,	with	a	low	infrared	emissivity	to	

maximize	surface	heating,	the	high	emissivity	regions	correspond	to	the	thermal	regions	of	

the	wavelength	for	radiative	cooling,	thus	avoiding	the	detrimental	effects	of	undesirable	

heat	generation	on	the	surface.	The	surface	also	exhibits	a	high	reflectivity	for	all	other	

regions	of	the	spectrum,	thus	effectively	avoiding	the	heating	of	the	surface	by	any	incident	

radiation	on	it.	The	adaptability	of	the	structures	to	various	requirements	posed	on	them	is	

aided	by	the	flexibility	in	their	design	and	dimensions,	with	varying	periodicities	in	

different	aspects	of	the	structure	resulting	in	the	tuning	of	emissivity	in	different	regions	of	

the	spectrum.	The	tunable	nature	and	spectral	control	present	the	possibility	of	having	

selective	high	emissive	metallic	micro-trees	compared	to	very	low	emissivity	bare	metallic	

surfaces,	or	of	selective	low	emissivity	ceramic	micro-trees	compared	to	typically	high	

emissivity	bare	ceramic	surfaces.	
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2.3	Prediction	of	Thermal	Properties	in	the	Ambient	Environment	

Assuming	that	the	surface	is	exposed	to	incident	radiation	with	a	clear	sky	at	all	

times,	the	power	balance	on	the	surface	is	a	combination	of	the	incident	solar	radiation	

(Psun),	the	incident	atmospheric	thermal	radiation	(Patm),	the	radiation	emitted	by	the	

surface	(Prad),	and	the	conductive	and	convective	losses	from	the	surface	(Pcond+conv),	as	

given	by	Eq.	(1)	(47).	The	surface	temperature	is	denoted	as	T,	with	the	ambient	

temperature	at	Tamb.	

𝑃!"#(𝑇) − 𝑃"$%(𝑇"%&) − 𝑃'() + 𝑃*+)#,*+)- = 0	 	 	 	 	 (1)	

The	radiation	emitted	out	from	the	surface	is	computed	by	multiplying	the	spectral	

radiance	of	a	black	body	with	the	emissivity	of	the	surface,	integrated	over	the	hemisphere,	

as	in	Eq.	(2).	

𝑃!"#(𝑇) = ∫ cos 𝜃 𝑑Ω∫ 𝐼..(𝑇, 𝜆)𝜀(
/
0 𝜆, Ω)𝑑𝜆	 	 	 	 	 (2)	

∫𝑑Ω = ∫ sin 𝜃 𝑑𝜃
1
23

0 ∫ 𝑑𝜙21
0 	 	 	 	 	 	 	 	 (3)	

𝐼..(𝑇, 𝜆) =
24*!

5"(7#$ %&'(⁄ 89)
	 	 	 	 	 	 	 	 (4)	

Eq.	(3)	gives	the	angular	integral	over	the	hemisphere,	while	Eq.	(4)	computes	the	

radiance	of	a	blackbody	at	a	temperature	T,	with	λ	being	the	wavelength,	h	representing	the	

Planck	constant,	c	the	velocity	of	light	in	vacuum,	and	kB	the	Boltzmann	constant.	

The	incident	atmospheric	thermal	radiation	is	computed	similar	to	Eq.	(2),	factoring	

in	the	emissivity	of	the	atmosphere	(εatm),	with	t	being	the	atmospheric	transmittance	along	

the	zenith.	
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𝑃"$%(𝑇"%&) = ∫ cos 𝜃 𝑑Ω∫ 𝐼..(𝑇, 𝜆)𝜀(
/
0 𝜆, Ω)𝜀"$%(𝜆, Ω)𝑑𝜆	 	 	 (5)	

𝜀"$%(𝜆, Ω) = 1 − 𝑡(𝜆)9 ;<=>⁄ 	 	 	 	 	 	 	 	 (6)	

The	incident	solar	power	absorbed	by	the	surface	is	computed	in	Eq.	(7),	where	θsun	

is	the	incident	angle.	The	solar	irradiance	is	taken	for	an	air	mass	of	1.5	(AM1.5)	(133).	

𝑃'() = ∫ 𝐼@A9.C(𝜆)𝜀(𝜆, 𝜃'()) cos 𝜃'() 𝑑𝜆
/
0 	 	 	 	 	 	 (7)	

Conductive	and	convective	heat	losses	from	the	surface	are	computed	in	Eq.	(8),	

where	hc	is	the	net	heat	transfer	coefficient	for	conduction	and	convection	from	the	surface	

to	its	surroundings.	

𝑃*+)#,*+)- = ℎ*(𝑇 − 𝑇"%&)	 	 	 	 	 	 	 	 (8)	

The	solar	angle	is	assumed	to	be	30°,	with	the	hc	at	10	W/m2K.	The	model	also	

assumes	that	the	sky	is	clear	throughout	the	day,	and	that	the	effects	of	changes	due	to	

wind	are	neglected,	to	maintain	a	uniform	value	for	the	heat	transfer	coefficient.	

The	hourly	temperature	profile	is	modeled	for	daylight	hours	with	standard	

conduction	and	convection	assumptions	for	atmospheric	conditions,	as	illustrated	in	Figure	

5.	The	performance	of	the	metallic	micro-tree	structures	shows	a	surface	that	is	cooler	by	

nearly	9	K	as	compared	to	the	ambient,	while	being	~10	K	cooler	than	bare	metallic	

surfaces.	While	bare	aluminum	reaches	a	peak	temperature	of	around	301	K,	the	aluminum	

micro-trees	reach	a	temperature	of	around	291	K.	The	alumina	micro-tree	reaches	a	

temperature	roughly	2-3	K	higher	than	ambient	at	around	302	K,	compared	to	bare	

alumina,	which	reaches	a	surface	temperature	of	around	6	K	below	ambient	around	294	K.	
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Overall,	the	aluminum	micro-tree	structures	maintain	a	surface	temperature	that	

has	a	cooling	power	of	around	136	W/m2,	while	the	alumina	micro-trees	have	a	heating	

power	of	around	12	W/m2.	The	low	emissivity	of	aluminum	over	the	entire	incident	

spectrum	causes	it	to	heat	up,	and	the	high	emissivity	of	alumina	causes	it	to	cool	down.	

However,	the	tailored	and	optimized	aluminum	micro-trees	cool	down,	and	the	alumina	

micro-trees	heat	up.	

	

Figure	14.	(a)	Modeling	of	the	performance	of	the	micro-tree	structures	for	a	clear	sky	with	no	wind,	superposed	on	the	

solar	irradiance	(133).	Data	compared	with	polished	bare	alumina	and	bare	aluminum.	Metallic	surfaces,	such	as	bare	

aluminum,	have	very	low	spectral	emissivity	(and	are	highly	reflective),	and	typically	heat	up	around	1-2	K	above	

ambient,	while	the	emissivity	control	offered	by	the	morphological	tuning	of	aluminum	micro-trees	leads	to	radiative	

cooling	of	the	surface	to	around	9	K	below	ambient	at	peak	solar	irradiance.	Ceramic	surfaces,	such	as	bare	alumina,	have	
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generally	high	spectral	emissivity	values,	and	typically	have	sub-ambient	surface	temperatures	(around	6	K	below	

ambient),	while	the	morphologically	controlled	emissivity	of	alumina	micro-trees	offers	radiative	heating	and	a	surface	

temperature	of	around	2-3	K	higher	than	ambient.	(b),(c)	Comparison	of	net	radiative	power	of	microstructures	for	

radiative	thermal	management	with	bare	alumina	and	bare	aluminum,	indicating	a	net	power	of	roughly	136	W/m2	for	

the	radiative	cooling	micro-trees	for	h	=	10	W/m2K,	a	value	around	112%	higher	as	compared	to	bare	metallic	surfaces,	

leading	to	the	radiative	cooling	of	metallic	micro-tree	surfaces	as	compared	to	bare	metallic	surfaces.	The	metallic	micro-

trees	consequently	behave	much	as	bare	ceramic	surfaces	do,	thermally.	The	radiative	heating	micro-trees	have	a	

substantially	lower	net	power	than	bare	ceramic	surfaces,	with	the	net	power	being	around	12	W/m2	below	zero	(36-

40%	lower	than	bare	alumina)	for	h	=	10	W/m2K.	This	leads	to	a	heating	up	of	ceramic	micro-tree	surfaces,	as	opposed	to	

the	cooling	down	of	bare	ceramic	surfaces,	with	a	higher	net	power,	making	them	behave	thermally	much	as	bare	metallic	

surfaces	do.	Figure	reproduced	from	(20).	

While	the	assumptions	for	conduction	and	convection	offer	practical	results	for	

thermal	analyses,	a	comparison	is	done	varying	the	coefficient	of	heat	transfer	for	

conduction	and	convection	(hc)	for	values	at	0	Wm-2K-1	and	10	Wm-2K-1.		The	results	for	the	

analysis	illustrate	a	more	ideal	scenario	as	the	hc	value	decreases,	with	the	surface	

temperature	substantially	changing	with	respect	to	the	ambient.	For	radiative	cooling,	an	hc	

value	of	10	Wm-2K-1	yields	a	nearly	9	K	drop	from	the	ambient,	while	an	hc	value	of	0	Wm-

2K-1	leads	to	a	nearly	85	K	drop	from	the	ambient	conditions.	For	radiative	heating,	an	hc	

value	of	10	Wm-2K-1	yields	a	nearly	2-3	K	rise	from	the	ambient,	while	an	hc	value	of	0	Wm-

2K-1	leads	to	a	nearly	15	K	rise	from	the	ambient	conditions.	The	scenario	of	zero	

conduction	and	convection	remains	ideal,	however,	and	the	extremely	high	sub-ambient	

cooling/heating	consequently	remains	an	ideal	condition	as	well.	 	
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CHAPTER	3	

3.1	Ant-inspired	Crumpled	Materials	for	Dynamic	Optical	and	Thermal	

Control	

	 The	use	of	complex	systems	and	material	surfaces	in	aerospace	applications	

imposes	a	need	for	careful	consideration	of	thermal	management.	This	is	especially	true	

considering	the	need	for	maintaining	human	comfort	while	attaining	optimal	system	

performance	in	adverse	environmental	ambient	conditions.	While	several	examples	exist	

for	active	thermoregulation	(134,	135),	the	inherent	use	of	resources	to	allow	for	the	

thermoregulation	can	be	burdensome.	To	mitigate	this,	possible	solutions	include	passive	

regulation	by	means	of	radiative	exchange	using	selective	emitters.	

For	all	surfaces	exposed	to	the	ambient	environment,	the	solar	spectrum	between	

the	wavelengths	of	0.2	μm	and	2.5	μm	can	affect	the	functioning	of	radiative	heating	relying	

on	solar	absorption	(136).	Meanwhile,	the	mid-IR	wavelength	range	between	7.5	μm	and	

14	μm	(the	atmospheric	transmission	window)	(18)	can	be	utilized	for	radiative	cooling	

relying	on	IR	emission	(19,	42,	71,	72,	104,	137).	Distinct	spectral	ranges	for	heating	and	

cooling	impose	the	need	for	spectral-selective	modulation	and	control	of	emissivity	by	

engineered	surfaces.	Selective	emitters	can	control	the	emissivity	across	distinct	regions	of	

the	electromagnetic	spectrum	and	allow	optimal	solutions	to	systems	where	a	unique	

wavelength	response	is	desired,	and	has	been	successfully	used	in	applications	for	

photonics/optoelectronics	(138,	139),	infrared	(IR)	imaging,	and	thermoregulators	(140).		

There	are	various	emissivity	optimization	techniques	for	selective	

emission/absorption,	from	heterostructure	(metallic	and	semiconductors/oxides)	

multilayers	to	photonic	structures,	gratings,	and	other	architected	surface	features	(19,	42,	
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72,	104,	137).	The	techniques	offered	by	existing	solutions	aim	to	optimize	the	emissivity	

spectra	within	the	atmospheric	transmission	window	from	7.5-14	μm	wavelengths.	

However,	a	vast	majority	of	the	selective	emitters	rely	on	rigid	materials	and	surfaces	and	

have	a	limited	scope	of	use.	The	use	of	flexible	materials	can	offer	morphology-controlled	

(20)	dynamic	emissivity	changes	and	thus	widen	the	spectral	range	of	use.		

Transient	variations	in	the	ambient	environments	necessitate	dynamic	emissivity	

control.	Existing	dynamic	control	solutions	are	based	on	phase	change	materials	(141–143)	

and	consequently	require	large	temperature	variations	for	emissivity	modulation,	and	

curtail	the	operation	to	specific	temperature	ranges.	Reconfigurable	surfaces	address	such	

limitations	on	temperature.	Several	solutions	exist	for	dynamic	control	of	IR	properties,	

such	as	the	use	of	wave-patterned	bimetallic	layers	that	offer	strain-induced	IR	emission	

control	(144).	However,	the	use	of	the	Bragg	stacks	and	bimetallic	layers	only	offers	control	

over	narrow	spectral	bands	and	their	reconfigurability	is	limited	due	to	the	use	of	

multilayer	structures.	There	is	a	distinct	lack	of	fully	reconfigurable	solutions	for	emissivity	

control,	which	I	aim	to	achieve	with	the	use	of	a	two-dimensional	material	integrated	with	

a	flexible	material	platform.	

Here	I	present	a	solution	for	surface	topography-driven	emissivity	control	by	

crumpled	graphene	(145),	where	periodic	crumpled	features	on	the	surface	of	the	

graphene	to	control	the	radiative	properties	such	as	emissivity.	The	crumpled	graphene	

derives	its	surface	morphology	from	the	triangular	hair	structures	of	the	Saharan	silver	ant	

(Figure	15).	The	Saharan	silver	ant	utilizes	the	high	mid-IR	emissivity	and	solar-spectrum	

reflectivity	offered	by	these	hairs	to	remain	cool	even	in	the	extreme	heat	of	the	Sahara	

Desert	(22).	
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Figure	15.	Deriving	inspiration	from	the	Saharan	silver	ant	(22)	for	the	development	of	crumpled	graphene.	(a)	The	

Saharan	silver	ant	in	its	natural	habitat	in	the	Sahara	Desert.	(b)	The	ant	manages	to	remain	cool	in	the	extreme	heat	of	

the	desert	by	making	use	of	its	mid-IR	emissive	and	solar-spectrum	reflective	hair	structures	(22).	(c)	The	hair	structures	

are	of	a	triangular	cross-section	and	form	the	inspiration	for	the	crumpled	nature	of	the	graphene	surfaces	under	

consideration	here.	(d)	The	structural	schematic	of	the	crumpled	graphene	surfaces.	

	

The	choice	of	graphene	is	motivated	by	its	demonstrated	use	for	spectral	emissivity	

modulation	(146–148),	extremely	high	in-plane	strength	leading	to	large	failure	strain	

(149),	and	high	fatigue	resistance	that	allows	extended	lifetime	of	the	proposed	crumpled	

graphene	structures.		

Flat	graphene	offers	a	uniformly	low	emissivity	of	0.025	throughout	the	

electromagnetic	spectrum	(0.1-20	µm)	(150).	This	emissivity	profile	has	been	modulated	

thus	far	by	electrical	control	(146,	147)	or	nanotexturing	(148).	Crumpled	graphene	is	used	

in	this	work	to	control	the	spectral	emissivity	leading	to	a	reconfigurable	radiative	surface	

structure.	This	crumpled	morphology	can	be	coupled	with	stretchable	platforms	to	attain	

dynamic	emissivity	modulation	using	simple	mechanical	straining.	With	the	aid	of	this,	I	

aim	to	develop	solutions	for	dynamic	thermoregulation	with	the	crumpled	graphene	

selective	emitters.	 	
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3.2	Prediction	of	Optical	and	Thermal	Properties	

	 Rigorous	coupled	wave	analysis	(RCWA)	is	used	to	compute	the	surface	emissivity	

of	the	crumpled	graphene	by	a	rigorous	solution	of	the	Maxwell’s	equations(65,	151).	The	

input	parameters	include	the	optical	constants	such	as	the	relative	permittivity	(and	

consequently	the	refractive	index)	for	graphene(152,	153).	The	crumpled	graphene	

structures	are	set	up	as	periodic	triangular	features,	composed	of	30	layers	of	graphene	

steps	approximating	the	sloped	surfaces	for	crumpling.	The	output	of	the	RCWA	yields	the	

reflectivity	and	transmissivity,	and	the	emissivity	is	then	computed	as	unity	minus	the	sum	

of	the	reflectivity	and	transmissivity	(70).	The	results	are	also	compared	with	finite-

difference	time-domain	(FDTD)	computation	results	using	commercially	available	

Lumerical	software.	The	graphene	samples	are	set	up	as	periodic	triangular	structures	and	

the	graphene	layer	is	set	up	as	an	in-built	material	in	the	software.	The	outputs	of	

transmissivity	and	reflectivity	are	then	used	to	compute	emissivity	in	similar	fashion	as	

above.	

The	results	for	RCWA	and	FDTD	evaluation	of	crumpled	graphene	structures	depict	

spectral	variation	in	emissivity	profiles	for	different	values	of	crumpling	pitch	sizes	(Figure	

16).	The	appearance	of	distinct	spectral	peaks	and	dips	in	the	surface	emissivity	is	

controlled	primarily	by	the	surface	topography.	For	crumpled	graphene	samples	with	a	

pitch	size	of	140	nm,	the	emissivity	spectrum	shows	high	emissivity	within	the	UV	

spectrum.	Upon	increasing	the	pitch	size	to	10	µm	the	results	indicate	high	emissivity	in	

the	mid-IR	wavelengths	(Figure	16a,	16b).	The	distinct	spectral	emissivity	profiles	are	a	

result	of	the	interaction	of	the	incident	electromagnetic	waves	with	the	crumpled	surface	in	

distinct	spectral	regions	(20,	65,	151),	(Figure	16).	The	spectrally-distinct	emissivity	
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profiles	depend	on	the	interference	of	incident	electromagnetic	waves	over	adjacent	

crumpled	features.	The	multiple	internal	reflection	incidents	that	happen	at	the	graphene	

surface	also	induce	spectral-selective	lowering	of	transmissivity	values,	dependent	on	the	

surface	topography	and	pitch	size.	The	lowering	of	transmissivity	leads	to	an	increase	in	

emissivity	over	the	topography-controlled	spectral	regions.		

The	spectral	emissivity	results	also	need	to	be	evaluated	as	a	function	of	the	solar	

zenith	angle	of	incidence	in	order	to	optimize	the	selective	emitter	design	based	on	the	

system	and	environmental	conditions.	The	emissivity	profile	of	the	crumpled	graphene	as	a	

function	of	solar	angle	of	incidence	(Figure	16b)	indicates	a	largely	angle-independent	

profile	that	shows	a	steep	decay	in	spectral	characteristics	with	large	angles	of	incidence	

beyond	70˚.	This	is	consequently	helpful	for	the	use	of	crumpled	graphene	structures	for	

varying	device	orientations	and	environmental	conditions.	

	

Figure	16.		(a,	b)	Selective	emitters	based	on	crumpled	graphene.	The	variations	in	crumpling	pitch	affect	the	

radiative	cooling	(10	µm	pitch)	and	heating	(140	nm	pitch)	opportunities	by	using	the	incoming	solar	radiation	and	the	

atmospheric	transmission	window.	Comparison	of	the	computed	emissivity	values	of	the	290	nm	pitch	sample	and	the	10	

µm	pitch	sample	using	RCWA	and	FDTD	methods.	Flat	graphene	shows	a	uniformly	flat	emissivity	of	0.025.	The	profiles	
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are	depicted	with	a	focus	in	the	solar	(a)	and	IR	(b)	regions	of	the	electromagnetic	spectrum.	(c,	d)	The	solar	angle	of	

incidence	dependent	emissivity	spectra	for	the	crumpled	graphene	of	pitch	=	140	nm,	and	pitch	=	10	µm,	demonstrating	

the	spectrally	variant	emissivity	profiles	for	a	wide	range	of	angles.	The	emissivity	profile	remains	fairly	invariant	for	a	

majority	of	the	angular	range,	displaying	a	sudden	decay	as	the	angles	approach	70°.	The	largely	angle-invariant	

emissivity	profile	potentially	allows	the	use	of	the	crumpled	graphene	structures	for	applications	with	varying	angles	of	

incidence	in	the	ambient	environment.	Figure	reproduced	from	(154).	

	 While	the	RCWA	computations	are	performed	with	the	assumption	of	perfectly	

periodic	samples,	we	analyzed	the	effects	of	deviations	from	the	perfectly	periodic	

structures.	As	observed	from	the	SEM	imaging,	the	samples	of	140	nm	periodicity	show	a	

standard	deviation	of	±15	nm	(Figure	17),	and	samples	of	10	µm	periodicity	show	a	

standard	deviation	of	±1	µm	(Figure	18).	Taking	into	account	the	deviations	in	the	

periodicity,	we	observe	minimal	changes	in	the	emissivity	profiles	for	both	samples	

(Figure	17c,	18c).	We	attempt	to	introduce	a	non-uniform	periodicity	by	modifying	the	

unit	cell	for	the	computation,	from	periodicity	of	140	nm	to	alternating	125	nm,	140	nm	

and	155	nm,	and	from	10	µm	to	9	µm,	10	µm	and	11	µm.	The	modified	unit	cells	are	

constructed	with	the	peak-to-peak	distance	between	the	first	two	crests	being	125	nm	(or	

9	µm),	the	distance	between	the	second	and	third	crests	being	140	nm	(or	10	µm),	and	the	

third	and	fourth	crests	spaced	155	nm	(or	11	µm)	apart.	For	the	perfectly	periodic	140	nm	

periodicity	samples,	the	computed	emissivity	peaks	drop-off	at	a	wavelength	of	200	nm,	

similar	to	the	modified	unit	cell	(Figure	19).	Similarly,	for	the	perfectly	periodic	10	µm	

samples	and	the	modified	unit	cell,	the	emissivity	values	remain	high	between	the	

wavelengths	of	8-15	µm,	with	emissivity	peaks	at	8-11	µm	and	13-15	µm	(Figure	19).	

Based	on	our	computational	results,	we	expect	little	deviations	due	to	non-perfect	

periodicity	from	experiments	as	well.	
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Figure	17.	(a,	b)	SEM	images	of	the	crumpled	graphene	samples	of	140	nm	periodicity.	The	images	depict	periodicity	

values	that	have	a	mean	of	140	nm	and	a	standard	deviation	of	±15	nm.	(c)	Computational	emissivity	predictions	for	

perfectly	periodic	crumpled	graphene	of	125	nm,	140	nm,	and	155	nm	periodicity,	with	peak	emissivity	drop-off	at	

wavelengths	between	200-300	nm	wavelengths.	

	

Figure	18.	(a,	b)	SEM	images	of	the	crumpled	graphene	samples	of	10	µm	periodicity.	The	images	depict	periodicity	

values	that	have	a	mean	of	10	µm	and	a	standard	deviation	of	±1	µm.	(c)	Computational	emissivity	predictions	for	

perfectly	periodic	crumpled	graphene	of	9	µm,	10	µm,	and	11	µm	periodicity,	with	emissivity	peaks	within	the	wavelength	

range	of	8-15	µm.	The	9	µm	periodicity	crumpled	graphene	exhibits	slightly	broader	emissivity	peaks	at	wavelengths	of	8-

15	µm.	Similarly,	the	10	µm	periodicity	crumpled	graphene	exhibits	emissivity	peaks	at	the	wavelengths	of	8-11	µm	and	

13-15	µm.	The	11	µm	periodicity	crumpled	graphene	exhibits	high	emissivity	throughout	the	wavelength	range	of	8-14	

µm,	with	a	broad	peak	centered	at	11-12	µm	wavelength.	
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Figure	19.	Relationship	between	spectral	emissivity	and	deviations	in	crumple	periodicity	around	the	mean	value	for	the	

140	nm	and	10	µm	periodicity	crumpled	graphene,	respectively.	Computational	results	for	perfect	periodicity	samples	

compared	with	samples	of	modified	unit	cell	with	mean	periodicity	140±15	nm	and	10±1	µm.	The	results	for	the	modified	

unit	cell	show	minimal	changes	from	the	perfect	periodicity	and	illustrate	the	effects	of	structural	deviations	from	perfect	

periodicity.	

Based	on	the	surface	topographies	of	graphene	and	the	selective	surface	emission	

with	respect	to	the	solar	spectrum	and	the	mid-IR	ranges,	the	surface	temperature	can	be	

dynamically	controlled	depending	on	the	need.	To	evaluate	the	thermal	performance	of	the	

proposed	surface	structure,	I	consider	a	thermal	energy	balance	at	the	surface	(Figure	

20a)	where	the	net	power	can	be	expressed	by	(20):		

𝑃)7$ = 𝑃!"# − 𝑃'() − 𝑃"$% − 𝑃*+)#,*+)-	 	 (1)		

The	term	𝑃!"# = ∫cos 𝜃 𝑑Ω∫ 𝐼..(𝑇, 𝜆)𝜀(
/
0 𝜆, Ω)𝑑𝜆	is	the	power	density	radiated	by	the	

surface	with	the	emissivity	𝜀	at	the	temperature	𝑇	over	the	wavelength	𝜆	and	over	the	solid	

angle	𝑑Ω,	and	𝐼.. 	indicates	the	spectral	radiance	of	a	blackbody.	The	𝑃'() =

∫ 𝐼@A9.C(𝜆)𝜀(𝜆, 𝜃'()) cos 𝜃'() 𝑑𝜆
/
0 	is	the	power	density	absorbed	by	the	surface	facing	the	

sun	at	angle	𝜃'(),	with	the	solar	illumination	intensity	𝐼@A9.C,	which	depends	on	the	time	of	

the	day.	The	IAM1.5	data	are	collected	from	the	available	literature	(92).	The	expected	range	
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of	Isun,	AM1.5	in	California	is	0-510	Wm-2,	with	the	θsun	being	around	30˚	(155)	and	the	IBB	

being	a	function	of	the	ambient	temperature,	which	is	assumed	to	range	from	286	K	to	300	

K.	The	𝑃"$% = ∫cos 𝜃 𝑑Ω∫ 𝐼..(𝑇"%& , 𝜆)𝜀(
/
0 𝜆, Ω)𝜀"$%(𝜆, Ω)𝑑𝜆	is	the	power	density	absorbed	

by	the	surface	due	to	the	surrounding	atmosphere	at	𝑇"%&	with	the	transmission	window	

given	by	𝜀"$%.	The	𝜀"$%	value	for	a	normal	ambient	condition	in	California	is	on	average	0.3.	

Heat	transfer	by	other	environmental	and	device	conditions	is	considered	in	the	form	of		

𝑃*+)#,*+)- = 	ℎ7DD(𝑇 − 𝑇"%&)	where	ℎ7DD	is	the	effective	heat	transfer	coefficient	for	

convection	and	conduction	phenomena.	To	predict	the	impact	of	crumpled	graphene	

surfaces	in	normal	ambient	conditions,	considerable	heat	transfer	by	convection	and	

conduction	(i.e.	heq	=	10	Wm-2K-1)	are	assumed	with	transient	solar	irradiance	under	clear	

sky	(20).		

The	computation	shows	that	the	crumpled	graphene	of	10	µm	pitch	size	can	achieve	

a	net	cooling	power	of	77	Wm-2	at	an	ambient	temperature	of	300	K,	and	a	surface	

temperature	reduction	7	K	below	the	ambient	air	(Figure	20b,	20c).	The	predicted	tunable	

temperature	range	is	shown	to	be	10	K	in	the	normal	ambient	conditions	(and	up	to	80	K	in	

the	theoretical	limit	of	a	completely	isolated	system).	The	crumpled	graphene	may	lead	to	

tunable	sub-ambient	radiative	cooling	(with	the	10	µm	pitch	crumpled	graphene)	or	above	

ambient	heating	(with	the	140	nm	pitch	crumpled	graphene).	
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Figure	20.		(a)	Schematic	depiction	of	the	energy	balance	for	the	sample	surface.	The	expressions	for	the	heat	flux	

estimations	are	presented	in	existing	literature	(20)	and	in	the	Equation	1.	The	sun	heats	the	sample,	with	radiative	

exchange	occurring	between	the	sample	and	the	atmosphere.	The	sample	undergoes	cooling	with	the	outer	space	through	

the	atmospheric	window,	and	conductive	and	convective	parasitic	losses	can	be	assumed	to	have	an	effective	heq	=	10	

Wm-2K-1.	(b)	The	temperatures	of	graphene	surfaces	are	estimated	using	the	emissivity	spectra	(Figure	1b)	and	

considering	the	thermal	energy	balance	in	the	ambient	environment.	The	ambient	temperature	considered	for	this	

estimation	is	taken	as	300	K.		When	the	net	power	at	the	surface	is	zero,	the	steady-state	temperature	can	be	obtained.	(c)	

The	diurnal	surface	temperature	profile	shows	the	crumpled	graphene	of	10	µm	pitch	can	provide	sub-ambient	cooling,	

with	the	estimated	tunability	of	10	K	between	the	samples	of	140	nm	and	10	µm	pitch	sizes,	which	can	be	controlled	by	

mechanical	straining	and	with	varying	substrate	conditions.	Figure	reproduced	from	(154).	
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3.3	Characterization	of	Optical	Properties	and	Mechanical	Tunability	

	 The	samples	were	fabricated	and	the	surface	corrugations	of	graphene	were	

characterized	in	pitch	sizes	of	140	nm	and		10	μm	(156)	(Figure	21).	The	crumpled	

graphene	samples	were	fabricated	on	3M	VHB	elastomer	and	poly(dimethylsiloxane)	

(PDMS)	substrates	respectively.	The	corrugation	pitch	sizes	of	the	samples	were	verified	

using	scanning	electron	microscopy	(SEM)	imaging,	showing	samples	of	pitch	size	of	10	µm	

(Figure	20).	The	samples	were	then	evaluated	using	UV/Vis	and	Fourier	transform	

infrared	(FTIR)	spectroscopy	to	obtain	emissivity	results	from	200	nm	to	15	µm	

wavelength.	

	

Figure	21.		Crumpled	graphene	has	been	prepared	by	allowing	a	shrinkage	of	flat	graphene	on	a	pre-strained	polymer	

substrate.	(a,	b)	Side-view	schematic	of	samples	of	increased	crumpling	pitch	on	VHB	and	PDMS	substrates.	(c,	d)	The	

crumpling	dimension	(140	nm,	10	µm)	has	been	characterized	by	SEM.	Figure	reproduced	from	(154).	

	 	

The	spectroscopic	analysis	of	the	crumpled	graphene	samples	in	the	UV/Vis	spectral	

range	were	carried	out	using	UV/Vis	spectroscopy	from	200	nm	up	to	2.5	µm	wavelength	

(Figure	22).	The	data	were	measured	as	a	differential	with	the	substrate	as	the	baseline,	

with	the	resultant	crumpled	graphene	as	the	measured	data.	While	the	flat	graphene	
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measurement	shows	a	uniformly	flat,	low	emissivity	profile	of	0.02-0.05,	the	crumpled	

graphene	samples	depict	spectral	variations	in	the	emissivity	profiles.	The	results	depict	

the	140	nm	pitch	sample	demonstrates	an	emissivity	peak	dropping	off	at	250-300	nm.	The	

peak	diminishes	in	value	with	increased	pitch	sizes	(Figure	22b).	

The	dynamic	tunability	of	the	emissivity	is	enabled	by	the	stretchable	polymer	

substrates,	by	the	mechanical	straining	of	the	samples.	I	measure	the	spectra	before	and	

after	stretching	the	substrate	(Figures	22c,	22d).	Tensile	straining	of	the	samples	shifts	

the	drop-off	in	emissivity	to	lower	wavelengths	due	to	the	flattening	of	the	graphene	

crumples.		

The	results	are	also	characterized	for	consistency	over	multiple	cycles	of	stretching	and	

relaxation.	The	Figure	22d	depicts	the	spectral	emissivity	value	taken	at	a	wavelength	of	

0.25	μm	over	30	cycles	for	a	crumpled	graphene	sample	with	an	original	pitch	of	140	nm.	

The	cyclical	straining	leads	to	an	on-off	behavior	in	the	emissivity	at	the	0.25	µm	

wavelength.	The	cyclical	testing	also	displays	no	changes	in	emissivity	related	to	fatigue	

and	the	samples	may	withstand	further	cycles	of	testing.	
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Figure	22.		(a)	Optical	measurements	of	transmissivity,	reflectivity,	and	emissivity	of	crumpled	graphene	of	140	nm	pitch	

being	measured	by	UV/Vis	spectroscopy.	(b)	UV/Vis	spectroscopy	results	for	the	emissivity	of	flat	graphene,	showing	an	

emissivity	value	of	0.025,	which	agrees	with	the	literature	value,	140	nm	pitch	crumpled	graphene	showing	an	emissivity	

peak	dropping	off	at	250-300	nm	wavelength,	and	10	µm	pitch	crumpled	graphene	depicting	a	uniformly	flat	emissivity	

profile.	(c)	By	gently	straining	the	140	nm	pitch	crumpled	graphene,	the	drop	in	the	emissivity	spectrum	has	blue-shifted,	

corresponding	to	a	change	in	the	pitch.	(d)	Emissivity	measurements	for	140	nm	pitch	crumpled	graphene	over	30	cycles	

of	stretching	and	relaxation,	at	a	wavelength	of	0.25	μm.	The	change	in	emissivity	value	over	multiple	such	cycles	shows	a	

retention	of	its	characteristics.	Figure	reproduced	from	(154).	

	 Similarly,	the	spectroscopic	analysis	of	the	crumpled	graphene	samples	in	the	mid-

IR	spectral	range	were	carried	out	using	FTIR	spectroscopy	beyond	2.5	µm	wavelength	

(Figure	23).	The	spectra	were	also	taken	as	differential	measurements	to	record	purely	the	

data	for	the	crumpled	graphene.	In	the	mid-IR	wavelengths,	I	notice	prominent	emissivity	

peaks	in	the	7.5-14	µm	spectral	region	for	the	10	µm	pitch	sample.	The	emissivity	

variations	are	a	result	of	multiple	diffraction	and	interference	phenomena	among	adjacent	

crumple	features	and	behave	as	evidenced	by	the	simulation	results	shown	in	Figure	16.		

In	order	to	verify	the	use	of	crumpled	graphene	for	dynamic	IR	emissivity	modulation,	I	

further	analyze	the	samples	over	cyclical	straining	as	well.	The	FTIR	results	(Figure	23c,	
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23d)	also	demonstrate	consistent	emissivity	tunability	over	multiple	cycles	of	stretching	

and	relaxation.	The	dip	in	spectral	emissivity	in	the	mid-IR	regions	was	likely	caused	by	the	

increase	in	pitch	sizes	due	to	the	mechanical	straining	of	the	substrate.		

I	characterized	the	emissivity	profiles	for	the	samples	when	subjected	to	tensile	

strains	beyond	the	original	pre-strain	of	20%	(Figure	23c).	The	emissivity	peak	shifts	from	

a	wavelength	of	around	10	µm	for	a	strain	of	0%,	to	a	wavelength	of	around	11	µm	for	a	

strain	of	10%.	When	the	strain	is	increased	to	20%,	the	emissivity	profile	flattens	out	and	

has	no	discernable	peak.	With	a	further	increase	in	strain	to	25%	and	beyond,	emissivity	

peaks	appear	in	longer	wavelengths,	perhaps	due	to	the	transverse	crumples	or	the	

formation	of	cracks	(157).	The	samples	showed	negligible	deterioration	in	spectral	

emissivity	characteristics	upon	return	to	original	state	after	being	subjected	to	such	

increased	strain,	even	over	multiple	cycles,	demonstrating	the	reconfigurability	of	the	

crumpled	graphene	samples.	

The	cyclical	data	(Figure	23d)	were	also	measured	at	a	wavelength	of	9.9	µm	and	

display	an	on-off	behavior	in	spectral	emissivity.	The	results	show	the	possibility	of	using	

the	crumpled	graphene	structures	for	potential	applications	in	passive	dynamic	

thermoregulation	solutions.	
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Figure	23.		(a)	Optical	measurements	of	transmissivity,	reflectivity,	and	emissivity	of	crumpled	graphene	of	10	µm	pitch	

being	measured	in	FTIR	spectroscopy.	(b)	FTIR	spectroscopy	results	for	the	emissivity	of	flat	graphene,	showing	a	

uniformly	low	emissivity	value,	290	nm	pitch	crumpled	graphene	showing	low	emissivity	profile,	although	slight	above	

flat	graphene	values,	and	10	µm	pitch	crumpled	graphene	depicting	emissivity	peaks	(and	transmissivity	dips)	from	7.5	

µm	to	14	µm	wavelength.	(c)	By	straining	the	10	µm	pitch	crumpled	graphene	sample,	the	corresponding	change	in	

crumpling	pitch	has	lessened	the	peaks	in	emissivity	with	further	peaks	appearing	with	increased	tensile	strain	due	to	

transverse	crumpling.	(d)	Emissivity	measurements	for	10	µm	pitch	crumpled	graphene	over	30	cycles	of	stretching	and	

relaxation,	at	a	wavelength	of	9.9	μm,	showing	a	retention	of	its	characteristics	over	multiple	cycles	of	stretching.	Figure	

reproduced	from	(154).	

	 To	address	the	concern	of	potential	damages	to	the	10	µm	pitch	crumpled	graphene	

being	strained	beyond	the	original	pre-strain	value	of	20%,	we	compare	the	emissivity	

profiles	for	the	samples	as	they	were	subjected	to	30	cycles	of	strain	from	0%	to	50%.	For	

applied	strain	beyond	the	original	pre-strain,	the	longitudinal	crumples	disappear,	and	the	

samples	start	to	form	transverse	crumples	due	to	Poisson’s	effect	(where	the	application	of	

tensile	strain	in	one	direction	causes	compressive	strain	in	the	transverse	direction).	

However,	the	use	of	relatively	soft	fluorocarbon	skin	layer	limits	structural	defects	such	as	

blisters	and	cracks	(157).	Here	we	show	the	emissivity	profiles	for	the	samples	as	
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measured	originally	(before	application	of	strain),	after	1	cycle	of	straining	to	50%	and	

relaxation,	and	after	30	such	cycles	(Figure	24).	The	data	shows	negligible	changes	after	

30	measurements,	and	the	emissivity	profiles	of	the	samples	return	to	their	original	state.	

	

Figure	24.	(a)	Emissivity	measurements	for	the	10	µm	pitch	crumpled	graphene	as	measured	originally	(before	

application	of	strain),	after	one	cycle	of	strain	to	50%	and	relaxation,	and	after	30	cycles.	The	negligible	changes	in	the	

emissivity	profiles	demonstrate	the	reconfigurable	use	of	the	crumpled	graphene	even	upon	experiencing	strains	

exceeding	the	pre-strain	condition.	(b,	c)	SEM	images	of	the	10	µm	pitch	samples	originally	(b),	and	after	30	cycles	of	

straining	to	50%	and	relaxation	(c).	 	
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CHAPTER	4	

4.1	Corrugated	Metallic	Structures	for	Wearable	Thermal	Management	

	 Thermal	management	in	the	ambient	environment	demands	spectral	control	of	

optical	properties.	While	the	incoming	solar	irradiation(136)	heats	up	surface	areas	in	the	

wavelength	range	of	200-2500	nm(158),	the	atmospheric	transmission	window(18)	allows	

re-emission	of	the	absorbed	heat	(i.e.,	cooling)	from	ambient	surfaces	to	outer	space	in	the	

mid-infrared	(mid-IR)	wavelength	range	of	7.5-14	μm(19,	20,	71,	72,	159).	Because	of	the	

distinct	spectral	ranges	allowed	for	heating	and	cooling,	conventional	approaches	relying	

on	a	high-	or	low-emissivity	material	do	not	offer	optimal	solutions.	One	thus	relies	on	

engineered	surfaces	that	can	be	designed	to	suit	a	specific	application	by	varying	the	

emissivity	along	specific	regions	of	the	electromagnetic	spectrum.	By	using	selective	

emitters	to	tailor	the	emissivity	spectrum	according	to	our	needs,	one	can	regulate	thermal	

exchanges	and	optimally	control	the	temperature	without	using	electricity	or	bulky	heat	

exchangers.	The	radiative	thermal	control	by	selective	emitters	is	attractive	for	different	

systems	such	as	solar	absorbers(160),	thermal	imaging	devices(161),	and	bolometers	that	

measure	emitted	radiative	heat	from	surfaces(162).	Rapid	developments	in	selective	

emitters	based	on	passive	nanophotonic	structures(19,	20,	100)	also	show	promise	for	

personal-	to	system-level	thermal	control(163,	164).		

The	advancements	in	personal	thermal	management	have	mirrored	the	emergence	

and	growth	of	the	field	of	wearables.	With	the	rise	of	personal	health	monitors(165),	

wearable	radio-frequency	antennas(166),	and	wearable	electrochromic	displays(167),	

there	is	an	increased	need	for	flexible	and	wearable	thermal	management	solutions(168).	

This	has	so	far	been	realized	using	selective	emitters	based	on	flexible	substrates,	examples	
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are	blended	textiles(169),	nano-polyethylene	fabrics(158,	170,	171)	and	nanowire-

enhanced	textiles(100).	However,	most	state-of-the-art	selective	emitter	systems(19,	71,	

72,	104)	lack	dynamic	control	capabilities.	The	passive	systems	are	unable	to	address	

diurnal	or	seasonal	changes	in	thermal	environments,	and	this	lack	of	dynamic	control	

affects	the	scope	of	their	applications.	The	limitations	of	dynamic	control	of	radiative	and	

optical	properties	can	be	addressed	in	part	by	phase-change	materials	(PCMs)(143,	172).	

However,	the	use	of	PCMs	heavily	relies	on	the	phase	transition	temperature,	which	might	

not	lie	in	the	favorable	range	of	operation	for	the	desired	solution.		

To	overcome	the	dependence	on	transition	temperature,	I	look	for	bio-inspired	IR	

thermal	solutions.	A	prominent	example	is	the	radiative	cooling	abilities	of	the	Saharan	

silver	ant(173).	The	remarkable	cooling	capability	of	the	Saharan	silver	ants	is	attributed	to	

their	structural	features,	in	which	a	dense	array	of	hairs	is	characterized	by	triangular	

cross-sections.	The	hair	structures	on	the	ant’s	surface	are	reflective	in	the	solar	spectrum	

and	highly	emissive	in	the	mid-IR	range,	which	help	them	stay	cool	even	in	extremely	hot	

temperature	conditions	of	the	desert(173).	To	enable	dynamic	control,	I	look	for	further	

bio-inspiration	from	the	dynamic	photonic	materials	in	chameleons.	The	ability	of	

chameleons	to	shift	their	appearance	to	communicate	with	others	is	a	well-documented	

phenomenon(174).	The	color-shift	is	achieved	by	means	of	stretch-dependent	variations	in	

the	distance	between	photonic	nanocrystals	and	the	accompanying	spectral	shift	in	

reflectivity	values.	I	now	aim	to	integrate	the	thermal	radiation	management	offered	by	the	

ants	with	the	dynamic	control	offered	by	optical	configuration	in	chameleons(174)	to	

provide	dynamic	radiative	thermal	control.	
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I	emulate	the	spectral	variations	in	emissivity	based	on	the	unique	morphology	of	

the	ant-hair	structures	with	periodic	triangular	crests	and	troughs	yielding	a	corrugated	

surface	morphology.	Here	I	use	corrugated	nickel	to	achieve	effective	modulation	in	surface	

emissivity.	Nickel	is	ideal	for	thermal	control	on	human	bodies	in	the	range	between	305-

314	K	because	of		its	relatively	high	absorptivity	values	(>0.3)	in	the	solar	spectrum	(0.2-

2.5	µm	wavelengths),	as	compared	to	conventional	metals	for	fabrication	of	selective	

emitters	as	gold(101),	silver(175),	or	platinum(176)	(which	display	a	solar	absorption	

coefficient	<0.2)(177).	The	high	solar	spectrum	emissivity	combined	with	a	low	mid-IR	

emissivity	(as	opposed	to	highly	emissive	ceramics)	makes	nickel	a	good	candidate	for	

tunable	emissivity	control	for	solar	absorption	and	personal	thermal	management	

solutions.	While	other	metals	as	molybdenum	possess	comparably	high	solar	absorptivity	

values	(around	0.4)(178),	nickel	is	chosen	for	its	relative	ease	of	fabrication	and	lower	cost,	

and	its	use	in	existing	solar	absorber	applications(179).		

The	dynamic	modification	of	optical	properties	is	achieved	by	emulating	the	stretch-

dependent	optical	control	in	chameleons.	A	simple	method	analogous	to	morphology	

variations	in	chameleons	is	with	the	use	of	stretchable	elastomer	substrates,	enabling	a	

geometry	change	by	applying	a	predetermined	strain.	For	example,	changes	in	strain	

enable	the	tuning	of	optical	properties	in	deformation-controlled	mechanochromic	devices	

such	as	multilayer	Bragg	reflectors	that	change	color	with	strain(180),	switchable	

transparency	windows(181,	182),	and	adaptive	IR-reflecting	solutions(25).	Thus,	I	

integrate	the	corrugated	nickel	with	a	stretchable	elastomeric	substrate	(3M	VHB	4910),	in	

which	the	triangular	corrugations	offer	easy	reconfigurability	for	dynamic	control	of	

optical	properties.	The	bio-inspired	corrugated	nickel	thin	film	combines	unique	thermal	
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and	optical	properties	of	desert	ants(173)	and	chameleons(174)	(Error!	Reference	s

ource	not	found.).	The	results	presented	in	this	work	pave	innovative	ways	of	radiative	

thermal	control	and	enable	a	reconfigurable	thermal	system	that	will	utilize	stretchable	

selective	emitters.	

	

Figure	25.	Bio-inspired	stretchable	selective	emitter	design.	(a)	Our	work	develops	selective	emitters	based	on	

corrugated	nickel	that	resemble	the	morphology	of	desert	ants	and	develops	a	dynamic	system	based	on	a	stretchable	

polymer	(3M	VHB	4910)	that	resembles	the	color	change	mechanism	of	chameleons.	The	corrugated	nickel	films	can	

selectively	transform	from	non-emissive	to	emissive	surfaces.	(b)	The	SEM	images	show	a	10	nm	thick	nickel	layer	on	a	

stretchable	substrate	and	sub-micron	scale	(0.6–0.8	µm)	surface	corrugation	features	spanning	uniformly	over	a	large	

area	(>	1	cm2).	(c)	Angled	SEM	image	shows	the	corrugated	nickel	surface	has	a	triangular	corrugation	profile.	(d)	The	far-

right	image	shows	a	flat	nickel	sample.	Figure	reproduced	from	(183).	 	
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4.2	Computational	Prediction	of	Optical	Properties	

	 This	work	computes	the	spectral	optical	properties	of	corrugated	nickel,	including	

reflectivity,	transmissivity,	and	consequently	emissivity,	using	the	rigorous	couple	wave	

analysis	(RCWA)(65,	66)	and	finite-difference	time-domain	(FDTD)(184)	methods	(Figure	

26).	The	RCWA	method	considers	topographical	variations	and	handles	rigorous	solutions	

of	Maxwell’s	equations(20,	105).	Direct	results	from	RCWA	yield	scattering	matrices	in	the	

forward	and	reverse	directions,	from	which	reflectivity	(ρ)	and	transmissivity	(τ)	are	

computed.	The	emissivity	is	assumed	identical	to	the	absorptivity	by	Kirchhoff’s	law(17)	

and	is	computed	from	the	reflectivity	and	transmissivity	(α	=	1-ρ-τ)(17).	The	FDTD	method	

discretizes	the	samples	and	solves	for	space-	and	time-variant	Maxwell’s	equation	for	each	

unit	cell.	RCWA	is	semi-analytical	and	treats	the	waves	and	fields	as	sets	of	gratings,	hence	

making	it	very	effective	for	corrugated	structures.	On	the	other	hand,	FDTD	is	superior	in	

modeling	curved	surfaces	and	spherical	shapes	in	full	three-dimension.	While	FDTD	is	

time-consuming,	RCWA	is	more	efficient	towards	optimizing	the	designs	by	variation	of	

geometrical	parameters.		

In	the	work	presented	here,	the	corrugated	nickel	structures	are	modelled	as	a	

periodic	array	of	triangles	that	are	approximated	using	a	staircase	pattern	composed	of	30	

steps,	found	to	be	a	good	approximation	after	a	convergence	analysis.	This	value	not	only	

offers	sufficient	accuracy	but	also	makes	the	computational	load	manageable.	The	optical	

properties	such	as	spectral	permittivity	and	complex	refractive	index	of	the	nickel	

layer(132,	185,	186)	and	the	elastomer	substrate(187–189)	are	considered	as	input	

parameters	for	the	spectral	computations.	The	geometrical	variables	that	act	as	parameters	

controlling	the	topography	of	the	corrugated	nickel	structures	include	the	metallic	layer	



 

66 
 

thickness	and	the	corrugated	pitch.	The	computational	parameters,	i.e.	nickel	layer	

thickness	and	corrugation	pitch,	are	then	optimized	to	provide	maximum	solar	absorption.	

The	thickness	and	pitch	are	inter-dependent	parameters	due	to	fabrication	constraints.	The	

layer	thickness	is	taken	to	be	10	nm	for	the	computation,	on	top	of	a	substrate	of	3M	VHB	

4910	elastomer,	while	the	corrugated	pitch	is	taken	to	be	700	nm	between	each	successive	

topographic	crest.	The	results	depict	substantial	variations	in	the	visible	to	near-IR	

emissivity	values	of	corrugated	and	flat	nickel	(Figure	26).	While	the	flat	nickel	maintains	

an	emissivity	of	0.3-0.4	within	the	wavelengths	of	200	nm	to	2	µm,	the	corrugated	nickel	

attains	an	emissivity	of	0.7	within	the	same	spectral	range.		I	attribute	this	increase	in	

emissivity	to	interference	among	adjacent	topographic	ridges	of	corrugated	nickel.	The	

accompanying	phenomena	of	multiple	internal	reflections	significantly	reduce	the	

transmissivity	through	the	sample,	thereby	increasing	the	emissivity.		

The	general	emissivity	trend	is	also	captured	by	the	Sparrow	model(190),	which	

predicts	the	overall	surface	emissivity	for	varying	apex	angles	for	surface	corrugations	or	

V-grooves.	The	Sparrow	model	shows	a	general	increase	in	emissivity	with	corrugation	of	

the	surface	(an	average	of	0.7	for	corrugated,	as	opposed	to	an	average	of	0.36	for	simple,	

flat	surfaces).	The	increase	in	emissivity	in	the	Sparrow	model	is	due	to	the	increase	in	

internal	reflection	between	adjacent	grooves/corrugations(190).	The	increased	internal	

reflection	phenomena	lead	to	an	overall	drop	in	transmissivity.	With	the	reflectivity	

remaining	fairly	unaffected,	the	drop	in	transmissivity	leads	to	an	increase	in	emissivity.	

While	this	may	provide	a	general	idea	of	the	trend	of	emissivity	variations	with	increased	

or	decreased	corrugation	angles,	it	fails	to	capture	the	more	intricate	topographical	

variations	or	spectral	results	compared	to	the	RCWA	or	FDTD	computations.		
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The	angle-dependence	of	the	emissivity	of	the	sample	(Figure	26b)	is	also	studied	

to	ensure	optimal	performance	for	a	wide	range	of	angles	of	incidence.	The	results	

demonstrate	no	noticeable	change	in	the	spectral	emissivity	of	the	corrugated	nickel	

samples	for	angles	of	incidence	up	to	75˚,	with	no	variation	with	respect	to	azimuth	

orientation.	The	negligible	variation	in	emissivity	behavior	allows	for	the	use	of	the	

corrugated	nickel	samples	in	varying	geographic	latitudes	or	daylight	hours	with	minimal	

deviation	from	expected	radiative	performance.	

 
Figure	26.	Computations	by	RCWA	and	FDTD	methods.	(a)	The	computational	data	for	corrugated	nickel	of	700	nm	pitch	

and	flat	nickel,	both	on	elastomer	substrate,	are	shown.	The	unit	cell	is	replicated	using	periodic	boundary	conditions.	

Perfectly	matched	layer	boundary	conditions	are	applied	at	the	bottom	and	top	surfaces	to	avoid	any	undesired	reflection	

of	the	plane	wave	at	the	physical	boundaries.	While	the	flat	nickel	shows	an	emissivity	starting	off	at	0.4,	reaching	a	value	

of	0.2	in	the	IR,	the	corrugated	nickel	displays	a	higher	emissivity	in	the	visible	to	near-IR,	at	0.7,	going	down	to	0.1	in	the	

mid-IR.	This	elevated	emissivity	is	attributed	to	multiple	internal	reflections	of	incident	radiation,	leading	to	a	reduction	

in	transmissivity	and	a	consequent	increase	in	emissivity.	The	left	side	schematic	depicts	the	thermal	interactions	of	the	

samples	with	the	ambient	environment.	(b)	The	angle-dependent	emissivity	profile	for	the	corrugated	nickel	samples,	

computed	using	the	RCWA	method.	Varying	the	angle	of	incidence	(zenith	angle)	from	normal	to	0°	incidence,	I	notice	a	

largely	invariant	emissivity	profile,	up	to	an	angle	of	around	75°.	The	emissivity	profile	also	remains	predominantly	
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unchanged	for	various	azimuth	angles	as	well.	The	largely	invariant	emissivity	profile	allows	for	the	application	of	the	

corrugated	nickel	samples	in	wide	fields	of	use.	Figure	reproduced	from	(183).	
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4.3	Measurement	of	Optical	Properties	

	 The	corrugated	and	flat	nickel	samples	are	fabricated	by	electron	beam	evaporation	

of	10	nm	of	nickel	on	the	elastomer	substrate.	The	fabricated	corrugated	nickel	samples	

show	a	pitch	of	600-800	nm	for	a	pre-strain	value	centered	around	250%,	as	has	been	

verified	by	the	SEM	images.	The	triangular	surface	morphology	has	also	been	verified	by	

angled	SEM	imaging	(Figure	25),	validating	the	use	of	triangular	corrugations	for	

computational	modeling.	Flat	nickel	samples	were	also	prepared	during	the	same	

deposition	run	on	an	un-stretched	flat	substrate,	and	both	samples	are	characterized	by	

reflectance	spectroscopy	in	the	wavelength	range	of	200	and	2500	nm.		

The	optical	data	for	flat	and	corrugated	nickel	films	show	a	significant	difference	in	

the	visible	spectrum	(Error!	Reference	source	not	found.).	As	predicted	by	c

omputational	results	(Figure	26a),	the	corrugated	nickel	film	shows	high	emissivity	values	

(>0.6)	in	the	visible	to	near-IR	ranges	(200-2500	nm	wavelengths)	compared	to	the	flat	

nickel	film	(with	an	emissivity	<0.4).	I	performed	measurements	of	corrugated	nickel	by	

stretching	and	releasing	the	elastomer	and	demonstrated	reconfigurable	emissivity	

variations,	which	can	be	utilized	for	dynamic	thermal	control.	The	corrugated	nickel	

undergoes	a	strain	of	200%,	attaining	an	emissivity	of	0.4.	The	emissivity	profile	of	the	

stretched	nickel	is	nearly	the	same	as	the	emissivity	profile	offered	by	flat	nickel	(Figure	

27b),	thereby	facilitating	dynamic	mechanically	induced	control	of	spectral	emissivity.	

	 With	respect	to	the	emissivity	in	the	mid-IR	region,	the	results	deviate	from	what	

was	ideally	expected	by	computation.	This	is	because	of	the	presence	of	cracks	

perpendicular	to	the	corrugated	lines	direction.	Due	to	the	large	pre-strain	applied	before	

the	evaporation	pressure,	when	the	sample	is	released	the	deformation	in	the	transversal	
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direction	exceeds	the	maximum	plastic	strain	of	nickel.	Therefore,	the	nickel	appears	to	be	

fragmented	in	SEM	images.	This	is	considered	in	the	temperature	computation	by	

modeling,	in	RCWA,	a	model	where	the	unit	cell	is	not	completely	coated	with	nickel,	

resembling	the	actual	structure.	

 
Figure	27.	Reflectance	spectroscopy	data.	The	flat	nickel	sample	includes	a	10	nm	thick	film	of	nickel	on	a	stretchable	

elastomer	substrate,	and	the	emissivity	(ε)	spectrum	has	been	obtained	by	measuring	the	reflection	(ρ)	and	transmission	

(τ)	data.	Compared	to	the	flat	film	(a),	the	emissivity	in	the	corrugated	film	(b)	increases	due	to	multiple	scattering	events	

and	increased	absorption.	By	varying	the	corrugation	via	mechanical	straining,	the	emissivity	can	be	dynamically	
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controlled.	(c)	The	corrugated	nickel	system	demonstrates	the	emissivity	control	from	0.7	to	0.4	in	the	visible	spectrum,	

which	leads	to	significant	changes	in	solar	absorption	and	radiative	heating	properties.	The	original	sample	length	is	25	

mm.	(d)	The	data	also	show	that	the	fully	stretched	corrugated	sample	restores	the	emissivity	and	optical	properties	of	

the	flat	samples	and	is	repeatable	up	to	20	cycles	of	stretching	and	releasing	the	samples.	At	a	wavelength	of	700	nm	the	

relaxed	samples	show	an	emissivity	of	0.7,	whereas	the	stretched	samples	show	an	emissivity	of	0.4.	Figure	reproduced	

from	(183).	
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4.4	Thermal	Characterization	and	Proof-of-concept	

	 The	tunable	emissivity	modulated	by	mechanical	control	in	corrugated	nickel	

enables	novel	dynamic	temperature	control	systems.	To	predict	the	impact	of	corrugated	

nickel	surfaces	in	normal	ambient	conditions,	considerable	heat	transfer	by	convection	and	

conduction	(i.e.	hc	=	12	Wm-2K-1)	are	assumed	with	transient	solar	irradiance	in	the	clear	

sky(20).	I	take	the	ambient	conditions	to	be	average	values	for	California,	with	the	ambient	

temperature	varying	between	286	K	and	300	K	through	the	day.	The	solar	azimuth	angle	of	

incidence	is	also	assumed	to	be	the	value	taken	at	California,	with	the	average	angle	being	

30˚.	The	thermal	performance	of	the	selective	emitters	is	then	characterized	by	the	thermal	

energy	balance	on	their	surface.	The	model	predicts	the	corrugated	nickel	film	to	offer	the	

steady-state	temperature	of	310-315	K	in	the	case	of	normal	ambient	conditions	with	a	

gentle	breeze	(hc	=	12	Wm-2K-1)	(Figure	28a).	The	surface	temperature	is	higher	than	that	

of	ambient	air	due	to	increased	absorption	of	incident	solar	radiation.	This	is	contrasted	

with	flat	nickel,	which	heats	up	to	3	K	above	the	ambient	air	due	to	a	lower	solar	

absorptivity.		

The	predicted	tunable	temperature	range	is	shown	to	be	10-12	K	in	the	normal	

ambient	conditions.		During	the	day,	around	12	noon,	the	temperature	reaches	310-315	K	

for	the	relaxed	corrugated	nickel	due	to	substantial	solar	irradiation,	but	the	temperature	

of	the	flat	and	stretched	corrugated	nickel	stays	at	303-305	K.	The	corrugated	samples	are	

also	made	to	undergo	repeated	cycles	of	stretching	and	relaxation	with	strains	up	to	200%.	

The	results	demonstrate	a	cyclical	control	of	surface	temperature	varying	from	312-314	K	

for	the	relaxed	corrugated	nickel	to	304-306	K	for	the	stretched	state,	depicting	a	simple	

mechanical	actuation	on	the	corrugated	nickel	leading	to	a	substantial	difference	in	
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ambient	thermal	performance.	The	corrugated	samples	have	been	characterized	by	IR	

thermography	on	a	temperature-controlled	hot	plate	for	the	average	emissivity	

measurement.	Based	on	the	emissivity	data,	the	surface	temperature	has	been	

characterized	using	thermography	on	a	rooftop	experimental	stage	that	is	exposed	to	the	

ambient	environment	(Figure	28b).	The	corrugated	samples	tested	systematically	using	a	

mechanical	holder	demonstrate	reconfigurable	emission	and	thermal	properties	

throughout	the	day	in	the	ambient	environment.	

 
Figure	28.	(a)	Thermal	characterization	of	stretchable	selective	emitters	using	outdoor	temperature	measurements.	The	

samples	were	placed	in	a	mechanical	holder	facilitating	stretching,	which	was	then	placed	resting	on	thermal	isolation	

legs.	(b)	The	temperature	predictions	and	thermocouple	measurement	of	corrugated	and	flat	nickel	samples	under	

ambient	conditions	showing	a	temperature	difference	of	10–12	K	between	the	flat	and	corrugated	samples.	(c)	The	

temperature	difference	between	the	flat	and	corrugated	designs	promises	dynamic	controllability,	as	demonstrated	by	

the	cyclic	measurements	of	stretching	and	relaxation.	The	measurements	were	taken	at	12	noon	and	tested	under	20	

cycles	of	stretching	to	a	strain	of	200%	and	relaxation,	indicating	a	reduction	in	heating	upon	stretching	the	sample,	

caused	by	morphology	change	in	the	corrugated	nickel.	Figure	reproduced	from	(183).	

	

Based	on	the	corrugation	effect,	the	nickel	surface	can	provide	a	stable	temperature	

throughout	the	day	for	potential	applications	in	wearable	electronics	or	comfort	clothing.	A	

preliminary	demonstration	of	the	use	of	corrugated	nickel	samples	in	personal	applications	

has	been	done	through	measuring	the	temperature	change	when	stretching	the	corrugated	

nickel	samples	on	top	of	the	human	body.	The	corrugated	nickel	samples	were	strapped	to	
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the	chest	and	to	the	wrist	to	evaluate	the	strain/flexing-controlled	temperature	and	heat	

flux	changes.	While	the	on-chest	samples	required	manual	straining	and	fastening,	the	on-

wrist	samples	were	strained	by	the	flexion	and	extension	movement	of	the	human	wrist.	

The	samples	were	then	characterized	by	IR	thermography	under	identical	measuring	

conditions	on	the	same	day.	The	skin	temperatures	on	the	chest	and	wrist	were	measured	

using	thermocouples	to	avoid	uncertainty	in	the	skin	emissivity	input	parameter	for	IR	

thermography.	While	the	body	temperature	depends	on	individual	conditions,	i.e.	gender,	

body	mass	index,	and	ethnical	origin(191),	there	are	clear	differences	between	different	

skin	zones(192).	In	our	study,	the	chest	depicted	a	temperature	of	around	309	K,	while	the	

wrists	depicted	temperatures	of	around	305	K.	The	chest	can	be	assumed	to	be	thermally	

analogous	to	the	forehead,	due	to	the	similar	temperature	values	on	both	locations(191).	

The	temperature	in	the	relaxed	and	stretched	states	of	the	corrugated	nickel	samples	on	

the	chest	were	measured	to	be	309.7	K	and	308.8	K,	while	on	the	wrist,	they	were	

measured	to	be	307	K	and	305.1	K	(Figure	29).	While	ideally	the	samples	are	assumed	to	

be	in	perfect	contact	with	the	human	body,	real	life	measurements	might	not	allow	it,	

resulting	in	slight	variations	between	measured	and	computed	values	of	temperature.	

The	recorded	surface	temperatures	can	then	be	translated	into	estimates	for	the	

conduction	heat	flux	into/drawn	away	from	the	human	skin	(Pcond”).	The	Pcond”	values	are	

then	determined	by	a	one-dimensional	approximation	for	the	heat	conduction	equation,	

giving	𝑃*+)#" = ∆G
H*#
" ,	where	ΔT	is	the	difference	in	temperature	between	the	skin	and	the	

surface	of	the	corrugated	nickel,	and	the	thermal	conductive	resistance	is	given	by	𝑅$4" = I
J
.	

Here,	L	is	the	thickness	of	the	sample	(1	mm	for	relaxed	state	and	0.45	mm	for	stretched	
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state),	with	k	being	the	thermal	conductivity	of	the	sample	substrate,	taken	to	be	0.16	Wm-

1K-1	(189).	For	measurements	on	the	chest,	the		ΔT	for	the	samples	is	0.7	K	while	relaxed	

and	-0.2	K	while	stretched,	giving	Pcond”	values	of	112	Wm-2	into	the	skin	while	relaxed	and	-

71.1	Wm-2	out	of	the	skin	while	stretched.	For	measurements	on	the	wrist,	the	ΔT	for	the	

samples	is	2.0	K	while	relaxed	and	0.1	K	while	stretched,	giving	Pcond”	values	of	320	Wm-2	

into	the	skin	while	relaxed	and	35.6	Wm-2	into	the	skin	while	stretched.	

The	values	of	heat	flux	in	or	out	of	the	human	body	depend	on	the	skin	temperature,	

which	varies	from	one	location	to	another.	When	the	sample	is	located	on	top	of	the	human	

chest,	the	calculations(19,	20)	at	12	noon	with	a	convective	coefficient	of	12	Wm-2K-1	and	

an	incoming	solar	radiation	of	529	Wm-2	show	a	net	heat	flux	(Pnet”	=	Psun”-	Prad”+	Patm”+	

Pconv”)	of	-62.5	Wm-2	of	heat	drawn	from	the	skin	while	stretched	(with	Psun”	=	198.7	Wm-2,	

Prad”	=	399.4	Wm-2,	Patm”	=	244.1	Wm-2,	Pconv”	=	-105.9	Wm-2),	and	79.1	Wm-2	of	heat	going	

into	the	skin	while	relaxed	(with	Psun”	=	379.5	Wm-2,	Prad”	=	456.0	Wm-2,	Patm”	=	269.6	Wm-2,	

Pconv”	=	-113.9	Wm-2).	The	calculations	agree	well	with	the	values	obtained	with	IR	camera	

measurements	on	the	chest	(Figure	29).	The	measurements	were	done	with	the	

corrugated	nickel	sample	fastened	to	the	chest	and	manually	stretched	in	steps	to	a	

maximum	strain	of	150%.	The	on-chest	measurements	depict	net	heat	flux	to	the	human	

body	varying	from	net	positive	(into	the	body)	to	net	negative	(out	of	the	body).	However,	

the	level	of	strains	that	enable	these	changes	cannot	be	achieved	by	the	natural	flexing	of	

the	human	chest.	The	flexion/extension-enabled	strain	variations	can	be	achieved	by	

fastening	the	corrugated	nickel	samples	to	the	wrist.	

For	applications	on	the	wrist,	where	the	skin	temperature	is	305	K,	the	net	heat	flux	

is	positive	into	the	skin	for	both	stretched	and	relaxed	(varying	from	near-zero	to	largely	
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positive).	Repeating	the	calculation	at	12	noon	with	a	convective	coefficient	of		12	Wm-2K-1,	

the	heat	fluxes	are	estimated	as	Pnet”	of	1.43	Wm-2	of	heat	going	into	the	skin	while	

stretched	(with	Psun”	=	198.7	Wm-2,	Prad”	=	381.30	Wm-2,	Patm”	=	244.1	Wm-2,	Pconv”	=	-60.1	

Wm-2)	and	142.9	Wm-2	of	heat	going	into	the	skin	while	relaxed	(with	Psun”	=	379.48	Wm-2,	

Prad”	=	435.4	Wm-2,	Patm”	=	269.6	Wm-2,	Pconv”	=	-70.7	Wm-2).	This	human	actuation-induced	

control	over	emissivity	and	consequently	temperature	of	the	samples	acts	as	a	proof-of-

concept	for	applications	of	the	corrugated	nickel	structures	in	the	fields	of	personal	

thermal	management	and	wearable	electronics	(Figure	29).		

I	observe	that	for	a	low	skin	temperature	of	305	K	on	the	wrist,	the	device	only	

provides	heat	to	the	body	(Pnet”	=	142.9	Wm-2	when	relaxed	and	Pnet”	=	1.4	Wm-2	when	

stretched),	avoiding	overcooling	of	the	human	body.	However,	for	a	chest	skin	temperature	

of	309	K	(close	to	the	mean	temperature	of	the	human	body),	the	heat	fluxes	can	be	

positive,	i.e.	heat	into	the	skin,	or	negative,	i.e.	heat	drawn	from	the	skin	(with	Pnet”	=	79.1	

Wm-2	when	relaxed	and	Pnet”	=	-62.5	Wm-2	when	stretched).	

The	mismatch	between	the	measured	and	modelled	heat	flux	especially	with	respect	

to	the	fully	relaxed	state	for	the	samples	on	the	chest	and	the	wrist	can	be	explained	due	to	

the	possibility	of	imperfect	contact	between	the	skin	and	the	samples.	Assuming	an	

estimated	contact	resistance	of	6.25	×	10-3	Km2W-1	from	literature(193),	I	notice	a	

reduction	in	the	heat	flux	as	measured.	For	the	chest,	the	heat	flux	for	the	fully	relaxed	state	

with	contact	resistance	is	estimated	to	be	56	Wm-2	into	the	skin,	while	for	the	wrist	under	

similar	conditions	it	is	estimated	to	be	160	Wm-2.	

The	use	of	the	corrugated	nickel	samples	on	the	human	skin,	however,	would	

impede	the	natural	evapotranspiration	cooling	provided	by	sweating.	I	thus	compare	the	
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heat	loss	due	to	potential	evapotranspiration	with	the	neat	heat	loss	to	the	stretched	

corrugated	nickel	samples.	The	evaporative	heat	loss	from	the	skin	is	given	as	Pevap	=	S·hv,	

with	S	being	the	sweat	rate	and	hv	being	the	latent	heat	of	evaporation	(2.427	×	106	Jkg-

1)(194).	The	sweat	rate	for	the	human	body	is	estimated	to	be	1.667	×	10-5	–	8.333	×	10-5	

kgs-1m-2	(for	a	skin	temperature	varying	between	308-314	K)(194).	This	results	in	an	

evaporative	heat	loss	of	40.44-202.22	Wm-2	for	the	human	skin(194,	195),	compared	with	a	

net	heat	loss	of	62	Wm-2	provided	by	the	stretched	corrugated	nickel	samples	on	the	chest.	

The	corrugated	nickel	samples	provide	dynamic	tunable	thermal	and	optical	control	by	

simple	mechanical	strain,	as	opposed	to	the	lack	of	direct	control	over	evapotranspiration	

based	on	personal	preference.	

The	device	durability	could	be	affected	by	temperature,	humidity,	and	sweat	on	the	

human	body	where	it’s	placed.	To	analyze	the	life	of	the	elastomer	substrate,	I	compute	the	

number	of	cycles	the	elastomer	would	be	able	to	resist	before	breaking.	The	acrylic	

substrate	used	in	this	work	has	shown	excellent	fatigue	life	in	previous	research,	where	

stretchable	electrodes	based	on	wrinkled	elastomers	were	fabricated	and	tested	after	

100,000	cycles,	showing	little	effect	in	the	performance	of	the	device(196).	Evaluating	the	

fatigue	response	for	the	samples	by	using	the	data	obtained	in	past	studies,	where	the	crack	

growth	rate	was	measured	during	a	cyclic	loading-unloading	test(197),	I	estimate	that	the	

samples	can	withstand	up	to	107	cycles	before	breaking,	even	assuming	the	pre-existence	

of	a	0.18	mm	crack	present	in	the	elastomeric	substrate,	with	the	value	dramatically	

increasing	for	smaller	initial	cracks.	This	estimation	is	performed	considering	the	substrate	

undergoes	a	strain	of	200%.	
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Figure	29.	(a)	Demonstration	of	the	corrugated	nickel	samples	as	a	wearable	system	on	different	locations	of	the	human	

body.	I	perform	temperature	and	heat	flux	measurements	by	placing	the	sample	on	the	chest	(b,	c)	(where	the	skin	

temperature	is	309	K)	and	wrist	(d,	e)	(where	the	skin	temperature	is	305	K).	The	chest	is	assumed	equivalent	to	the	

forehead	due	to	the	similar	skin	temperature	on	both	locations.	The	IR	imaging	(insets)	depicts	a	measurement	of	

temperatures	for	the	nickel	samples.	On	the	chest,	the	relaxed	nickel	(b)	shows	a	temperature	of	309.7	±	0.3	K,	and	the	

stretched	nickel	(c)	shows	a	surface	temperature	of	308.8	±	0.4	K.	On	the	wrist,	the	relaxed	nickel	(d)	shows	a	

temperature	of	307.0	±	0.5	K,	and	the	stretched	nickel	(e)	shows	a	surface	temperature	of	305.1	±	0.5	K.	(f)	The	net	heat	

flux	into	or	out	of	the	human	body	at	309	K	(chest)	and	305	K	(wrist)	in	ideal	contact	with	the	corrugated	nickel	samples.	

The	theoretical	prediction	for	the	heat	flux	based	on	Equation	S1	is	shown	by	a	dotted	line.	While	the	on-chest	samples	

(squares)	depict	heating	to	cooling	from	79.2	Wm−2	to	−62.5	Wm−2,	the	on-wrist	samples	(triangles)	only	depict	heating	

from	142.9	Wm−2	to	1.4	Wm−2.	Figure	reproduced	from	(183).	
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CHAPTER	5	

Discussion	and	Conclusions	

	 The	mid-IR	emissivity	values	for	the	butterfly	wing	microstructures	range	from	high	

to	low,	roughly	corresponding	to	the	habitat	temperature	for	the	butterflies	ranging	from	

warm	to	cool.	The	results	illustrate	the	role	played	by	periodic	microstructures	on	butterfly	

wings’	mid-IR	optical	properties,	and	their	impact	on	butterfly	thermoregulation.	Further	

evaluation	of	the	correlation	of	habitat	temperature	with	solar	and	mid-IR	optical	

properties	of	butterfly	wings	would	likely	advance	our	understanding	of	how	butterflies	

adapt	to	varying	habitat	environments.	For	instance,	the	current	study	depicts	warmer	

climate	butterflies	with	increased	mid-IR	emissivity	values.	Meanwhile,	existing	literature	

indicates	increased	flight	duration	for	butterflies	from	warmer	climates	(90).	The	link	

between	the	warmer	climates,	increased	mid-IR	emissivity	and	increased	flight	duration	

could	possibly	be	explained	due	to	the	decreased	time	to	attain	steady-state	temperatures	

for	increased	mid-IR	emissivity.	However,	the	hypothesis	would	require	further	analysis	to	

yield	conclusive	results.		

Apart	from	butterflies,	studies	on	the	structural	thermoregulation	of	other	

geographically	and	climatically	diverse	animals	could	lead	to	better	insights	as	to	the	role	

of	IR	optical	properties	in	the	ability	of	organisms	to	adapt	to	their	surroundings.	For	

instance,	insects	such	as	ants	are	wide-spread	and	found	in	extreme	climates.	Analysis	of	

the	mid-IR	optical	properties	in	such	ants	could	enhance	our	understanding	of	the	role	of	

structural	thermoregulation	in	their	survival	and	dispersal.		

The	natural	variations	in	the	structural	parameters	of	the	microstructures	could	

also	act	as	a	basis	for	the	development	of	bio-inspired	designs	for	broadband	thermal	
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control.	Unlike	the	narrow-band	requirements	of	photonic	systems	such	as	multilayer	

reflectors,	thermal	systems	favor	broadband	properties	that	do	not	require	perfectly	

periodic	structures,	making	the	butterfly	wing	microstructures	potential	candidates	for	the	

design	of	thermal	control	systems.	Our	results	thus	present	an	improved	knowledge	of	

surface	microstructures	in	nature	and	their	relationship	to	thermoregulation.	

Drawing	inspiration	from	Saharan	silver	ants,	I	fabricate	the	crumpled	graphene	

samples	on	stretchable	substrates.	Our	computations	using	rigorous	coupled-wave	analysis	

(RCWA)	and	finite-difference	time-domain	(FDTD)	methods	depict	mid-IR	emissivity	

control	from	7.5-14	µm	wavelengths	by	the	10	µm	pitch	crumpled	graphene.	Significant	

emissivity	changes	arise	from	interference	induced	by	the	periodic	topography	and	

selective	transmissivity	reductions	for	the	graphene.		

Our	measurements	using	UV/visible	and	Fourier	transform	infrared	(FTIR)	

spectroscopy	validate	the	emissivity	computations	and	demonstrate	dynamic	modulation	

of	spectral	emissivity.	Controlled	changes	in	the	tensile	strain	applied	on	the	10	µm	pitch	

crumpled	graphene	show	reversible	emissivity	peak	changes	at	9.9	µm	wavelength.	Based	

on	cyclical	tunability	of	emissivity,	I	thus	demonstrate	the	unique	potential	of	crumpled	

graphene	as	a	reconfigurable	optical	and	thermal	management	platform.		

The	dynamic	control	of	spectral	emissivity	in	the	crumpled	graphene	is	predicted	to	

lead	to	tunability	of	surface	temperature	in	the	samples.	I	analyze	the	behavior	of	the	10	

µm	pitch	crumpled	graphene	in	ambient	conditions	with	an	air	temperature	varying	from	

286-300	K	and	moderate	wind	with	a	convective	coefficient	of	10	Wm-2K-1.	The	results	

predict	the	10	µm	pitch	samples	having	a	cooling	power	of	77	Wm-2,	and	consequently	

attaining	surface	temperature	of	7	K	below	ambient.	The	findings	thus	deepen	our	
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understanding	of	topography-driven	radiative	control	in	2D	materials	and	enable	

developments	of	dynamic	optical	and	thermal	management	systems.	

The	corrugated	nickel-based	selective	emitters	presented	here	follow	simple	

fabrication	techniques	based	on	the	integration	of	metal	deposition	on	a	pre-strained	

stretchable	elastomer	substrate.	The	resultant	structures	offer	emissivity	control	over	the	

solar	spectrum	with	values	ranging	from	0.3	to	0.7	based	on	varying	levels	of	stretching	

and	releasing.	

Considering	the	natural	variability	of	ambient	climatic	conditions,	where	thermal	

boundary	conditions	can	have	a	big	impact	on	the	heating	and	cooling	rates	of	the	human	

body,	the	controlled	control	of	radiative	and	thermal	properties	by	a	simple	mechanical	

actuation	is	a	significant	improvement	to	the	state-of-the-art.	The	simple	stretching	and	

relaxation	pose	a	considerable	advantage	over	other	methods	of	emissivity	control,	such	as	

phase	change	materials	with	their	transition	temperature-limited	applications.	Phase	

change	materials	are	inherently	reliant	on	their	fixed	transition	temperature	which	

controls	their	change	in	optical	properties	from	metallic	to	insulator	or	vice	versa.	

Overcoming	this	material-imposed	shortcoming	enables	us	to	attain	control	over	optical	

and	thermal	properties	irrespective	of	the	operating	temperature.	

The	dynamic	control	of	optical	properties	can	be	applied	to	systems	and	surfaces	

where	a	quickly	tunable	spectral	and	thermal	response	is	desired.	The	10-12	K	control	in	

temperature	allows	the	device	to	perform	within	a	wide	range	of	solar	and	ambient	

conditions,	while	maintaining	a	controlled	surface	temperature.	The	structure-induced	

thermal	control	offers	solutions	suited	for	various	applications	ranging	from	comfort	

clothing	to	smart	windows	and	wearable	electronic	devices.		
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The	samples	presented	here	have	been	tested	in	Irvine,	California	during	the	

summer,	where	the	average	solar	irradiance	is	1947	kWhm-2	per	year,	and	the	ambient	air	

temperature	varies	from	286	K	to	300	K.	These	ambient	values	are	similar	to	a	vast	

majority	of	highly	populated	regions	in	the	world,	as	in	South	America,	Africa,	India	and	

Australia.	In	these	regions,	our	design	is	rendered	feasible	to	be	applied	to	human	body	

thermal	management.	The	corrugated	nickel	sample	is	tested	to	be	wearable	on	the	chest	

and	wrist,	where	it	maintains	its	functionality,	acting	as	a	proof-of-concept	for	its	use	in	

personal	thermal	management	systems.	In	the	case	of	use	on	the	chest,	the	product	can	

deliver	a	positive	or	negative	net	heat	flux	to	the	skin	below,	making	both	heating	or	

cooling	possible	in	the	typical	range	of	human	body	temperature	(308–314	K),	by	means	of	

stretching	or	releasing	the	substrate.	When	a	hypothermic	state	is	reached	(308	K),	the	

structure	provides	net	heating	to	the	skin,	similarly	providing	net	cooling	to	the	skin	in	the	

opposite	case,	when	the	body	is	in	a	hyperpyrexia	condition	at	314	K.		

In	different	ambient	environmental	conditions,	especially	colder	parts	of	the	world,	

such	as	Canada,	northern	Europe	or	Russia,	the	corrugated	nickel	performs	less	than	

ideally	as	a	personal	thermal	regulator.	However,	it	can	have	other	equally	interesting	

applications	such	as	thermoregulation	of	devices	around	the	ambient	air	temperature.	

Further	evaluation	of	the	corrugated	metallic	selective	emitters	for	radiative	cooling	would	

increase	the	applicability	of	the	samples	towards	varying	geographic,	climatic,	and	system-

level	demands.	
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