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Icephobic	surfaces	have	a	critical	footprint	on	human	daily	lives	in	
cold	climates	ranging	from	aviation	systems	and	infrastructures	to	
energy	 systems.	 However,	 creation	 of	 these	 surfaces	 for	 low-
temperature	 applications	 remains	 elusive.	 Non-wetting,	 liquid-
infused	 and	 hydrated	 surfaces	 have	 inspired	 routes	 for	
development	 of	 icephobic	 surfaces.	 However,	 high	 ice	 adhesion	
strength	 (~20-100	 kPa)	 and	 subsequent	 ice	 accretion,	 low	 long-
term	 mechanical	 and	 environmental	 durability,	 and	 high	
production	 cost	 have	 restricted	 their	 applications.	 Here,	we	 cast	
fundamentals	of	a	new	physical	concept	called	stress-localization	
to	develop	icephobic	surfaces	with	ice	adhesion	in	order	of	1	kPa	
and	 exceptional	 mechanical,	 chemical	 and	 environmental	
durability.		
	

Introduction	
Icing	 is	an	omnipresent	phenomenon	 in	nature1,2	and	technology3,	
and	 impacts	 a	 broad	 spectrum	 of	 industries	 ranging	 from	
transportation	 systems4–6,	 power	 transmission	 lines7,	 and	
infrastructures8,9	 to	 energy	 systems10.	 Icing	 in	 aircrafts	 results	 in	
increased	 drag	 and	 may	 lead	 to	 loss	 of	 lift	 force	 and	 potential	
catastrophic	 events.	 Icing	 in	 electricity	 transmission	 systems	 can	
lead	 to	 collapse	 of	 poles	 and	 towers	 and	 rupture	 of	 conductors.	
Icing	 in	 cooling	 systems	 significantly	 drops	 the	 heat	 transfer	 rate	
leading	 to	 their	 inefficient	 operation.	 Although	 anti-icing	 surfaces	
play	 a	 vital	 role	 in	 society,	 development	 of	 durable	 and	 high-
performance	 surfaces	 for	 such	 demanding	 applications	 remains	
elusive.	 According	 to	 Congressional	 Research	 Report,	 ice	 storms	
account	for	5%	of	power	transmission	outages	 in	US11.	As	a	result,	
the	financial	loss	for	such	industries	is	approximated	between	$5-8	
billion	annually.	Additionally,	around	three	million	people	in	the	US,	
suffer	 every	 winter	 from	 power	 losses	 caused	 by	 ice	 storms12.	
Icephobicity	is	the	ability	of	a	surface	to	minimize	ice	adhesion	and	
accretion	 onto	 a	 surface.	 Two	main	 figures	 of	merit	 for	 icephobic	
surfaces	are	adhesion	strength	at	 the	 ice-solid	 interface,	and	 long-
term	durability	when	exposed	 to	 severe	mechanical,	 chemical	and	

environmental	 conditions.	 Specifically,	 for	 aerospace	 applications,	
long-term	 durability	 under	 high	 shear	 flows,	 durability	 under	
erosive	 conditions	 including	 sand	 and	 rain,	 durability	 under	 UV	
exposure,	aerodynamics	characteristics,	and	quick	field	repairability	
are	of	critical	importance.		
A	 range	 of	 surfaces	 (e.g.	 superhydrohobic,	 liquid-infused	 and	
hydrated	 surfaces)	 has	 been	 developed	 to	 address	 the	 icing	
challenge.	 However,	 the	 developed	 surfaces	 have	 either	 shown	
incremental	improvements	in	performance	or	have	not	satisfied	the	
required	 figures	 of	 merit.	 Early	 in	 development	 of	 anti-icing	
surfaces,	 Superhydrophobic	 surfaces	 were	 developed	 through	
micro/nano	structuring	on	hydrophobic	surfaces13–19	(or	hydrophilic	
surfaces)20,21.	 Although	 the	 droplet	 contact	 area	 on	
superhydrophobic	 surfaces	 is	 reduced22,23,	 the	 micro/nano	
structuring	of	surface	and	frost	formation	in	these	structures	affects	
ice	 adhesion	 strength.	 The	 reported	 ice	 adhesion	 on	
superhydrophobic	surfaces	is	in	the	range	of	100-500	kPa,	which	is	
of	 similar	 magnitude	 to	 adhesion	 strengths	 measured	 on	 smooth	
metal	surfaces	(~100	kPa)	19,24,25.	Recently,	
	

Conceptual	insight		

We	 developed	 underlying	 physics	 of	 stress-localization	
concept	 to	 minimize	 adhesion	 of	 a	 solid	 on	 a	 surface.	 The	
fundamental	 underpinnings	 of	 this	 concept	 are	 elucidated	
and	 a	 simple	 formulation	 is	 derived	 that	 could	 be	 used	 to	
characterize	solid	adhesion	on	various	surfaces.	Through	this	
concept,	we	developed	a	new	icephobic	material	system	with	
ice	 adhesion	 of	 an	 order	 of	 magnitude	 lower	 than	 state-of-
the-art	 materials	 while	 having	 long-term	 mechanical,	
chemical	 and	 environmental	 durability.	 As	 demonstrated,	
concept	 of	 stress-localization	 is	 far	 more	 effective	 than	
previously	 studied	 surface-modified	 methods	 (e.g.	
perfluorinated	 or	 hydrated	 surface).	 Stress-localization	 is	 a	
volumetric	 phenomenon	 and	 remains	 effective	 even	 after	
long	duration	of	operation	of	these	materials.	The	concept	of	
stress-localization	could	be	 implemented	 in	a	broad	range	of	
material	systems	to	minimize	adhesion	of	any	solid	including	
bio-species,	 salt,	 dust	 and	 gas	 hydrates	 on	 surfaces	 with	 a	
wide	 range	 of	 application	 from	 aviation	 systems,	 oceanic	
sciences,	energy	systems	to	bio-sciences.				
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Figure	1.	(a)	Schematic	of	ice	detachment	from	the	icephobic	material,	(b)	stress-localized	icephobic	surfaces,	(c)	Surface	map	of	elastic	
modulus	of	stress-localized	materials,	(d)	formation	of	crack	at	the	coordinate	of	phase	II	with	minimal	forces.

slippery	 liquid	 infused	 porous	 surfaces	 (SLIPS)	 have	 been	 created,	
which	 utilize	 the	 smooth	 nature	 of	 liquid	 surface	 to	 improve	
icephobicity26.	 This	 smooth	 surface	 mitigates	 pinning	 of	 water	
droplets	on	these	surfaces27	and	reduce	 ice	adhesion	strength28	to	
values	between	10	and	150	kPa.	However,	after	few	cycles	of	icing-
deicing,	the	liquid	layer	depletes	and	the	ice	adhesion	increases	to	
the	order	of	200	kPa	29.	One	of	the	interesting	features	of	ice	is	the	
existence	of	a	thin	liquid-like	transition	layer	at	the	surface	even	at	
freezing	temperatures,	which	makes	 ice	slippery30–34.	This	thin	film	
makes	 it	 possible	 to	 skate	 at	 freezing	 temperatures.	 This	 feature	
has	been	exploited	 in	development	of	hydrated	 icephobic	surfaces	
that	promote	formation	of	aqueous	 lubricating	 layer	with	no	need	
for	 additional	 oil.	 While	 the	 lubricating	 film	 exists	 on	 the	 surface	
(i.e.	in	the	temperature	range	of	0	to	-25	oC),	ice	adhesion	on	these	
surfaces	 is	 in	 the	 range	 of	 20-60	 kPa35–37.	 However,	 at	 lower	
temperatures,	 the	 change	 in	 molecular	 configuration	 of	 the	
transition	 film	 drastically	 boosts	 the	 ice	 adhesion	 to	 values	 in	 the	
order	of	1000	kPa	35.	The	idea	of	a	non-frozen	liquid-like	layer	at	the	
ice	surface	inspired	Chen	et	al.38	to	develop	a	new	type	of	icephobic	
material	that	keeps	a	quasi-liquid	layer	on	its	surface	and	shows	ice	
adhesion	 strength	 of	 50	 kPa.	 With	 another	 approach,	 Golovin	 et	
al.39	 exploited	modified	elastomers	 to	 reduce	 ice	 adhesion.	 In	 this	
approach,	the	shear	modulus	of	various	elastomers	was	reduced	by	
reducing	 the	 cross-linking	 density	 of	 the	 structure	 and	 interfacial	
slippage	 was	 activated	 at	 the	 interface	 by	 embedding	 miscible	
polymeric	chains.	The	authors	reported	that	the	stress	required	for	
motion	of	ice	on	the	surface	is	in	the	range	of	0.2-10	kPa.	However,	

the	stress	required	for	motion	of	 ice	on	a	surface	 is	different	from	
the	 adhesion	 strength.	 While	 in	 the	 former	 case,	 ice	 is	 still	 in	
contact	 with	 the	 surface,	 in	 the	 latter	 case	 the	 induced	 stress	
detaches	 ice	 from	 the	 surface.	 The	 adhesion	 stress	 is	 the	 critical	
stress	 (maximum	 stress)	 at	 which	 ice	 detaches	 from	 the	 surface.	
Furthermore,	 the	 adhesion	 stress	 on	 elastomers	 is	 a	 function	 of	
shear	rate	and	can	vary	by	an	order	of	magnitude	depending	on	the	
applied	 shear	 rate.	 Thus,	 to	 compare	 these	 reported	 values	of	 ice	
adhesion	with	 the	other	 reported	 values,	 a	 standard	 test	protocol	
needs	to	be	followed.	Due	to	absence	of	this	standard	protocol,	the	
reported	values	of	ice	adhesion	for	PDMS	varies	in	the	range	of	100-
800	 kPa24,40,41.	 In	 another	 approach,	 Zhiwei	 et	 al.42	 used	 pre-
developed	micro-holes	in	the	PDMS	structure	to	help	on	formation	
of	 cracks	 at	 the	 interface	 and	 reduce	 ice	 adhesion.	 These	 pre-
developed	 holes	 are	 made	 through	 micro/nano	 fabrication.	 They	
used	 idea	 of	 stiffness	 inhomogeneity	 to	 reduce	 ice	 adhesion.	
Through	this	approach,	the	authors	could	reduce	ice	adhesion	by	~	
50%.	 Recently,	 Irajizad	 et	 al.43–45	 introduced	 the	 concept	 of	
magnetic	slippery	surfaces	(MAGSS)	by	exploiting	magnetic	force	to	
induce	 a	 liquid-liquid	 interface.	 These	 surfaces	 show	 extreme	
icephobicity	with	 ice	adhesion	of	2	Pa.	However,	 the	 liquid	nature	
of	 these	 surfaces	 limits	 their	 mechanical	 durability	 in	 long-term	
performance.			
Here,	 we	 have	 developed	 a	 new	 physical	 concept	 and	 the	
corresponding	 icephobic	 material	 that	 shows	 extremely	 low	 ice	
adhesion	 while	 having	 long-term	 mechanical,	 chemical	 and	
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Figure	2.	 (a)	 Ice	adhesion	of	state-of-the-art	materials	 is	compared	with	stress-localized	 icephobic	 (or	de-icing	 (DI))	coatings.	A	standard	
procedure	was	followed	in	all	the	measurements.	Furthermore,	ice	adhesion	on	pure	phase	II	is	reported.	In	addition,	ARF	is	plotted	with	
the	 red	 color.	 (b)	 The	 role	 of	 concentration	 of	 phase	 II	 on	 ice	 adhesion	 is	 shown.	 Note	 that	 the	 measured	 ice	 adhesion	 values	 are	
independent	of	icing/deicing	cycles.	(c)	Ice	adhesion	of	the	icephobic	samples	exposed	to	water	and	air	shear	flow	with	Reynolds	number	
of	2×104	and	3×104,	respectively	for	one	month	is	shown.	(d)	Ice	adhesion	of	the	icephobic	samples	exposed	to	a	chemical	environment	
and	UV	remains	unchanged.	DI-67,	DI-50,	DI-33,	and	DI-25	stand	for	67%,	50%,	33%,	and	25%	of	phase	II	volumetric	fraction,	respectively.			

environmental	 durability.	 The	 icephobic	 material,	 stress-localized	
viscoelastic	material,	 utilizes	 elastic	 energy	 localization	 at	 the	 ice-
material	 interface	 to	 shear	 the	 interface.	 With	 minimal	 applied	
force,	 cracks	 are	 formed	 at	 the	 interface	 generating	 local	 stress	
fields.	This	 shear	 stress	advances	cracks	at	 the	 interface	 to	detach	
ice	form	the	material.	This	 icephobic	(or	de-icing	(DI))	material	 is	a	
smooth	coating	and	does	not	affect	the	aerodynamic	properties	of	
airfoil.		

Results	
Once	 ice	 forms	on	 a	 surface,	 the	 interaction	 between	 ice	 and	 the	
substrate	 is	governed	by	van	der	Waal’s	 force,	electrostatic	 forces	
or	hydrogen-bonding	forces	46,47.	A	wide	range	of	surfaces	has	been	
studied	to	reduce	 ice	adhesion	strength.	Among	those,	elastomers	
have	 shown	 minimum	 ice	 adhesion	 and	 have	 the	 potential	 to	
achieve	 exceptional	 icephobic	 properties	 24,38.	 Consider	 a	 rigid	 ice	
phase	attached	to	an	elastomer	as	shown	in	Fig.	1a.	If	a	shear	force		
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Figure	3.	(a)	Thickness	loss	of	stress-localized	icephobic	samples	are	compared	with	state-of-the-art	technologies	(b)	Ice	adhesion	of	stress-
localized	 icephobic	 samples	and	state-of-the-art	 technologies	before	and	after	5	N	abrasion	 test.	As	 shown,	 the	new	 icephobic	material	
keeps	 low	 ice	 adhesion	 even	 in	 highly	 abrasive	 environments.	 Note	 that	 sample	 of	 pure	 Phase	 II	 is	 not	 durable	 and	 cannot	 be	 tested	
through	 abstraction	 test,	 See	 Supplementary	 information,	 S7.	 (c)	 The	mechanical	 durability	 of	 stress-localized	 icephobic	material	 was	
examined	by	abrading	with	sand	paper	and	filing.	No	change	in	its	properties	was	measured.	(d)	The	chemical	durability	of	the	icephobic	
coating	was	examined	with	a	range	of	chemical	solutions	with	pH	in	range	of	1-13.	No	change	in	the	integrity	of	the	material	was	observed.	
(e)	The	 icephobic	material	was	exposed	to	UV	radiation	for	500	hours.	No	changes	to	the	material’s	durability	were	noticed.	 (f)	On-field	
repairability	of	the	 icephobic	material	 is	demonstrated	by	removing	some	part	of	the	material	with	a	sharp	blade	and	re-spraying	of	the	
material.	The	repaired	surface	keeps	its	integrity	and	icephobic	properties.	DI-67,	DI-50,	DI-33,	and	DI-25	stand	for	67%,	50%,	33%,	and	25%	
of	phase	II	volumetric	fraction,	respectively.		Scale	bar:	1	cm.			

were	 applied	 in	 the	 ice-elastomer	 plane,	 the	 ice	 would	 only	 slide	
with	 no	 detachment	 from	 the	 surface.	 However,	 if	 the	 force	 is	
applied	at	a	plane	higher	than	the	interface,	the	ice	would	detach	at	
a	 critical	 stress.	 It	 has	 been	 shown	by	 Chaudhury	 et	 al.48	 that	 the	
elastic	instability	at	the	interface	of	a	rigid	body	and	an	elastomer	is	
responsible	 for	 fracture.	 The	 fingers	developed	at	 the	 contact	 line	
by	 elastic	 instability	 elongate	 and	 break	 down	 in	 the	 form	 of	
bubbles	 at	 the	 interface.	 The	 threshold	 for	 bubble	 formation	
depends	 on	 the	 shear	 modulus	 of	 the	 elastomer.	 For	 a	 uniform	
elastomer	 with	 isotropic	 properties,	 one	 finds	 that	 the	 adhesion	

stress	at	 the	 interface	 (𝜎!) is	written	as	𝜎! ≅  !
!

 !!!
!
	 ,	where	𝑎	

and	𝑙	are	the	geometrical	parameters	as	shown	in	Fig.	1a,		𝑊!	is	the	
work	of	adhesion,	𝐺	is	the	shear	modulus,	and	ℎ	is	the	thickness	of	
the	elastomer.	This	formulation	suggests	that	low	ice	adhesion	can	
be	achieved	through	low	values	of	𝐺	and 𝑊!.	Note	that	the	value	of	

𝐺	can	be	tuned	by	several	orders	of	magnitude,	but	the	value	of	𝑊!	
in	 the	 best	 case	 can	 be	 tuned	 by	 an	 order	 of	 magnitude	 (e.g.	
introduction	 of	 perfluorinated	 groups	 on	 a	 surface).	 By	 tuning	 a	
material	 from	hard	elastomers	(𝐺~ 1 𝐺𝑃𝑎 )	 to	gel	 (𝐺~ 1 𝑃𝑎 ),	 low	
values	of	ice	adhesion	has	been	achieved49.	For	example,	Beemer	et	
al.50	 used	 combinations	 of	 PDMS	 formulation	 to	 reduce	 shear	
modulus	and	showed	consequent	decrease	in	ice	adhesion.		
However,	 low	values	of	𝐺	 lead	to	 low	mechanical	durability	of	 the	
icephobic	 coatings,	 which	 results	 in	 poor	 long-term	 performance.	
We	 should	 add	 that	 the	 values	 of	 𝑎,	 𝑙	 and	 ℎ	 are	 determined	 by	
dimensions	 of	 experimental	 instrument	 and	 icephobic	 material.	
Inconsistency	in	these	dimensions	in	measuring	of	ice	adhesion	has	
resulted	in	scattered	data	of	ice	adhesion	for	the	same	substrate40.	
We	 discussed	 a	 standard	method	 to	measure	 ice	 adhesion	 in	 the	
supplementary	information,	S1.		
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Figure	4.	 (a)	Schematic	of	experimental	set	up	to	determine	aerodynamic	properties	of	 icephobic	coatings,	(b)	Drag	coefficients	for	both	
coated	 and	 uncoated	wings	 as	 a	 function	 of	 angle	 of	 attack	 are	 shown,	 (c)	 Lift	 coefficient	 remains	 unchanged	with	 the	 new	 icephobic	
material.	(d)	Ratio	of	lift/drag	of	uncoated	and	coated	airfoil	are	shown.	The	results	suggest	that	aerodynamic	properties	of	airfoil	remain	
unchanged	with	the	new	coating.		

In	 the	 above	 formulation,	 an	 isotropic	 elastomer	 is	 considered,	
which	 resulted	 in	a	direct	dependence	of	𝜎!	 on	𝐺.	However,	once	
local	phases	with	low	shear	modulus	(i.e.	Phase	II)	are	introduced	at	
the	 ice-material	 interface,	as	shown	in	Fig.	1b,	with	minimal	force,	
ice	 is	 detached	 from	 phase	 II	 and	 a	 local	 cavity	 (i.e.	 crack)	 forms	
between	 ice	and	phase	 II.	This	 local	crack	 induces	an	elastic	stress	
field	around	the	crack.	This	induced	shear	stress	field	opens	the		
crack	front	and	leads	to	propagation	of	crack	at	the	interface.	That	
is,	the	induced	stress	field	by	local	phases	leads	to	crack	growth	and	
fracture.	 Through	 mathematical	 formulation	 of	 the	 discussed	

physics,	one	finds	that	the	ice	adhesion	strength	on	these	surfaces	
is	written	as	(See	supplementary	information,	S2)		
	

𝜎!~ 𝑔 𝜑!!  
𝑎
𝑙

 
𝑊! 𝐺!
ℎ

	
(1) 	

Where	 𝑔 𝜑!! 	 denotes	 the	 stress-localization	 function,	 𝜑!!	 is	 the	
volumetric	 fraction	of	 phase	 II,	𝑊!	 is	 the	work	of	 adhesion	of	 the	
material,	and	  𝐺!	 is	 the	shear	modulus	of	 the	material.	The	stress	
localization	function	is	written	as		
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Figure	5.	(a)	Schematics	of	the	experimental	setup	to	demonstrate	crack	nucleation	between	ice	and	phase	II.	(b)	formation	of	interfacial	
cavities	 observed	 at	 coordinate	 of	 phase	 II	 through	 coupled	optical	microscope	 and	high-speed	 imaging.	 (c)	 The	 stress-localization	 as	 a	
function	of	concentration	of	phase	II	 is	shown.	As	shown,	stress-localization	reduces	adhesion	of	a	solid	on	elastomers	up	to	an	order	of	
magnitude.	The	scale	bar	is	100	μm.		

	 𝑔 𝜑!! =
1

𝛼 +  𝛽 𝑓 𝜑!!
𝑎!
𝑙!

	
(2) 	

Where	 𝑓 𝜑!! 	 denotes	 volumetric	 fraction	 of	 phase	 II,	 𝛼 is	 the	
fraction	of	contribution	of	normal	stress	to	the	crack	growth	while	
𝛽	is	the	fraction	of	contribution	of	shear	stress	to	the	crack	growth	
(i.e.	𝛼 +  𝛽 = 1).	 	The	values	of	𝑊!	and	  𝐺! depend	on	properties	
of	 individual	 phase	 I	 and	 II,	 their	 volumetric	 fraction	 and	 their	
geometry	 as	 given	 in	 the	 supplementary	 information,	 S2.	 The	
salient	 feature	 of	 Eq.	 1	 is	 the	 stress-localization	 function,	 which	
plays	 a	 critical	 role	 in	 the	 adhesion	 of	 ice	 to	 the	material	 and	 its	
impact	 is	 far	more	effective	 than	other	parameters	studied	before	
(i.e.	work	of	adhesion	and	shear	modulus).	This	localization	function	
reduces	 the	 adhesion	 of	 a	 solid	 on	 an	 elastomer	 by	 an	 order	 of	
magnitude	as	demonstrated	and	discussed	below.		
Based	on	the	developed	stress-localization	concept,	we	developed	a	
new	 form	 of	 icephobic	 surface,	 stress-localized	 viscoelastic	
material.	The	material	 includes	a	matrix	as	phase	I	with	high	shear	
modulus	and	highly	dispersed	phase	II	with	low	shear	modulus.	The	
procedure	for	development	of	one	form	of	these	materials	is	given	
in	supplementary	information,	S3.	Phase	I	is	a	silicon	elastomer	and	
phase	2	 is	a	silicon-based	organogel.	As	the	matrix	of	this	material	
plays	a	major	role	in	long-term	mechanical	durability,	it	is	crucial	to	
choose	 an	 elastomer	 with	 high	 shear	 modulus.	 The	 silicone	
elastomers	 in	 this	 work	 are	 room	 temperature	 vulcanizing	 (RTV)	
with	 given	 mechanical	 properties	 in	 the	 supplementary	
information,	S3.	 To	 form	a	homogenous	material,	 compatibility	of	

the	matrix	 and	 the	 dispersed	 phase	 is	 critical.	 Thus,	 silicon-based	
organogel	particles	with	dimension	of	2-20	µm	were	developed	as	
discussed	 in	 the	 supplementary	 information,	 S3.	 We	 measured	
dimension	 of	 organogel	 particles	 by	 analysing	 them	 under	 optical	
microscope	before	inclusion	in	phase	I.	These	dimensions	were	the	
minimum	size	that	we	could	synthesize	the	gel	particles.	We	should	
add	that	dimension	of	phase	II	particles	affects	the	localized	energy	
as	 discussed	 in	 Eq.	 11	 in	 supplementary	 information,	 S2.	 Other	
combinations	of	elastomers	and	the	dispersed	phases	may	be	used	
as	long	as	they	provide	a	homogenous	material.	Once	the	material	
is	 developed,	 its	 viscosity	 could	 be	 adjusted	 through	 a	 solvent.	
Here,	we	used	Hexamethyldisiloxane	to	reduce	the	viscosity	of	the	
material.	 In	 the	 dilute	 form,	 the	 material	 could	 be	 brushed	 or	
sprayed	 to	 form	 a	 uniform	 coating.	 Once	 applied,	 the	 material	 is	
completely	 cured	 after	 24	 hrs.	 A	 demonstration	 of	 this	 icephobic	
material	is	shown	in	supplementary	video	1.	We	examined	surface	
of	 these	 materials	 through	 Scanning	 Probe	 Microscopy	 (SPM)	
(Bruker	Multimedia	8	SPM)	to	determine	distribution	of	phase	II	on	
the	surface.	Fig.	1c	 shows	modulus	of	elasticity	of	both	phases.	As	
shown,	 phase	 II	 has	 a	 much	 smaller	 modulus	 than	 that	 of	 the	
matrix.	 	 In	 the	 next	 step,	 we	 assessed	 ice	 adhesion	 on	 the	
developed	 icephobic	 material	 through	 the	 discussed	 standard	
protocol	 in	 supplementary	 information,	 S1.	 We	 developed	 four	
types	of	these	materials	by	tuning	the	volumetric	ratio	of	phase	II	in	
the	 material.	 DI-67,	 DI-50,	 DI-33,	 and	 DI-25	 stand	 for	 67%,	 50%,	
33%,	and	25%	of	phase	II,	respectively.	The	measured	values	of	ice	
adhesion	at	-25	oC	on	all	these	samples	are	shown	in	Fig.	2a.	With	
the	 same	 experimental	 protocol,	 we	 measured	 ice	 adhesion	 on	
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other	 state-of-the-art	 icephobic	 coatings	 and	 included	 in	 Fig.	 2a.		
The	 reported	 value	 of	 ice	 adhesion	 (σ!)	 is	 the	 average	 of	 ten	
measurements	 as	 followed	 by	 the	 standard	 protocol,	
supplementary	 information,	 S4.	We	 should	 add	 that	 ice	 adhesion	
on	pure	phase	I	is	80	+	25	kPa,	while	this	adhesion	for	pure	phase	II	
is	300	+	100	Pa.	In	the	protocol	of	ice	adhesion,	the	role	of	material	
thickness	on	 ice	adhesion	 is	discussed.	 	 Therefore,	 all	 the	 samples	
have	 the	 same	 thickness	of	300 + 20 𝜇𝑚.	As	 shown,	 ice	adhesion	
on	DI-10	is	an	order	of	magnitude	lower	than	other	state-of-the-art	
surfaces.	 This	 low	 ice	 adhesion	 is	 achieved	 through	 stress-
localization	function,	𝑔 𝜑!! 	as	discussed	below.	Another	important	
metric	 for	 assessment	 of	 ice	 adhesion	 on	 coatings	 of	 uniform	
thickness	is	ice	adhesion	reduction	factor	(ARF)	which	is	defined	as	
ARF = σ! (Al)  σ! (icephobic material).	 This	 criterion	 is	 a	 non-
dimensional	 figure	 to	 determine	 ice	 adhesion,	 independent	 of	
geometry	 of	 measurement	 setup.	 The	 ARF	 values	 for	 various	
samples	 are	 included	 in	 Fig.	 2a	 showing	 that	 DI-67	 reduces	 ice	
adhesion	by	800	times	compared	to	Aluminium	substrate.	For	some	
of	 the	 state-of-the-art	 materials,	 ice	 adhesion	 depends	 on	 the	
number	of	 icing/deicing	cycles	as	the	properties	of	these	materials	
(i.e.	 surface	 characteristics)	 changes.	 For	 examples,	 for	 liquid-
infused	 surfaces,	 the	 depletion	 of	 liquid	 on	 the	 surface	 adversely	
affects	 cyclic	 ice	 adhesion.	 For	 the	 developed	 stress-localized	
icephobic	 surfaces,	 we	 determined	 ice	 adhesion	 up	 to	 100	
icing/deicing	cycles	as	discussed	in	the	supplementary	information,	
S5	 and	no	change	was	observed,	Fig.	2b.	 These	experiments	were	
conducted	for	various	grades	of	these	stress-localized	materials.	To	
assess	 ice	 adhesion	of	 these	materials	 in	 harsh	 environments,	 the	
icephobic	coating	was	exposed	to	high	shear	flow	of	water	and	air	
up	 to	 Reynolds	 number	 of	 2×104	 and	 3×104,	 respectively	 for	 one	
month	 as	 discussed	 in	 the	 supplementary	 information,	 S6.	 	With	
the	 standard	 procedure,	 the	 ice	 adhesion	 was	 measured	 after	
exposure	 to	water	 and	 air,	Fig.	 2c.	No	 change	 in	 the	 ice	 adhesion	
was	 observed.	 To	 resemble	 samples	 exposed	 to	 various	 chemical	
environments,	we	exposed	the	icephobic	samples	to	solutions	with	
pH	 ranging	 1-13	 and	 re-examined	 the	 ice	 adhesion	 with	 the	
standard	 protocol	 as	 presented	 in	 Fig.	 2d.	 Furthermore,	 to	
demonstrate	long-term	ice	adhesion	of	 icephobic	samples	exposed	
to	UV	 radiation	 in	 the	environment,	 the	 samples	were	placed	 in	a	
UV	 chamber	 and	 kept	 for	 4	 weeks.	 The	 ice	 adhesion	 before	 and	
after	UV	exposure	remains	unchanged.		
We	examined	mechanical,	chemical	and	environmental	durability	of	
the	developed	icephobic	materials.	The	mechanical	durability	of	the	
icephobic	 coatings	 was	 examined	 through	 Taber	 abrasion	 test	
(Taber	 Reciprocating	 Abraser,	 Model	 5900)	 according	 to	 ASTM	
D4060.	 In	 these	 experiments,	material	 removal	 at	 various	 loading	
conditions	 (i.e.	1,	5,	and	10	N)	was	measured.	Samples	are	placed	
firmly	 on	 a	 horizontal	 plate	 in	 the	 Taber	 instrument	 and	 1000	
abrasion	 cycles	 applied	 in	 each	 experiment.	 Superhydrophobic	
surfaces	 and	 SLIPS	 failed	 all	 the	 tests.	 DI-67	 (67	 %	 phase	 II	
concentration)	 failed	 the	 10	 N	 abrasion	 test.	 However,	 other	 DI	
samples	 passed	 the	 test	 in	 all	 loading	 conditions.	 The	 thickness	
removal	 in	 the	 abrasion	 tests	 is	 shown	 in	 Fig.	 3a.	 Note	 that	 the	
sample	 of	 pure	 phase	 II	 is	 not	 mechanically	 durable	 as	 shown	 in	
supplementary	 information,	 S7.	 After	 abrasion	 test	 under	 5	 N	
loading	for	1000	cycles,	the	icephobic	performance	of	coatings	was	
re-examined.	The	 ice	adhesion	for	these	samples	along	with	state-
of-the-art	 icephobic	 surfaces	 are	 shown	 in	 Fig.	 3b.	 As	 shown,	 no	
measurable	 change	 in	 ice	 adhesion	 was	 observed	 and	 the	 DI	
samples	 offered	 minimal	 ice	 adhesion.	 In	 contrast	 to	 surface-
modified	 materials	 (i.e.	 superhydrophobic	 surfaces	 or	 hydrated-
surfaces),	 the	 stress-localization	 property	 of	 these	 materials	 is	

volumetric	 and	 does	 not	 change	 as	 they	 abrade.	 This	 feature	
ensures	 low	 ice	 adhesion	 on	 these	 stress-localized	 viscoelastic	
materials	 for	 long-term	 performance.	 As	 another	 metric	 for	 its	
mechanical	 durability,	 the	 icephobic	 coating	was	 abraded	 through	
sand	 paper	 and	 iron	 file,	 Fig.	 3c.	 The	 coating	 holds	 its	 low	 ice	
adhesion	 as	 the	 icephobic	 characteristics	 is	 a	 volumetric	 property	
and	not	a	surface	property.			
Depending	 on	 the	 application,	 the	 icephobic	 coatings	 may	 be	
exposed	to	various	chemical	environments.	The	chemical	stability	of	
the	 DI	 coatings	 was	 examined	 in	 a	 range	 of	 solutions	 with	 pH	
between	1-13.	The	acidic	solutions	were	prepared	through	various	
HCl	 and	 water	 concentrations.	 The	 basic	 solutions	 were	 Tris	 0.15	
mM	 NaCl	 (pH=8)	 and	 Sodium	 hydroxide	 (pH=13)	 solutions.	 The	
samples	were	 soaked	 in	 these	 solutions	 for	48	hrs.	Fig.	 	3d	 shows	
the	integrity	of	the	coatings	after	being	exposed	to	these	chemical	
environments.	No	change	in	the	ice	adhesion	of	these	coatings	was	
detected	 after	 chemical	 stability	 test.	 To	 assess	 environmental	
durability	 of	 icephobic	 coatings,	 the	 samples	 were	 tested	 for	 UV	
radiation	effects.	The	icephobic	sample	was	placed	in	a	chamber	for	
500	 hours	 under	 UV	 radiation.	 No	 cracks	 or	material	 degradation	
was	spotted	as	shown	in	Fig.	3e.	After	UV	exposure,	the	 icephobic	
coating	 was	 re-examined	 under	 abrasive	 loading	 of	 5	 N.	 The	
amount	of	material	 removed	from	the	coating	remained	the	same	
as	 before	UV	 radiation.	 That	 is,	 the	 integrity	 of	 the	 coating	 is	 not	
affected	 by	 UV	 radiation.	 Finally,	 to	 demonstrate	 on-field	
repairability	 of	 this	 coating,	 the	 coating	 is	 damaged	 with	 a	 sharp	
blade	to	remove	a	part	of	material.	The	coating	is	then	repaired	by	
spraying	 a	 new	 coating.	 The	 newly	 sprayed	 icephobic	 material	 is	
integrated	within	the	coating	and	no	visible	change	in	the	coating	is	
observed,	Fig.	3f.			
In	aerospace	applications,	 icephobic	 coatings	 should	have	minimal	
effect	on	the	aerodynamic	characteristic	of	the	airfoil	(i.e.	drag	and	
lift).	To	examine	these	characteristics,	we	chose	a	wing	with	a	cross	
section	 close	 to	NACA	6415	airfoil	profile.	 The	experimental	 setup	
included	 two	 wing	 sections,	 which	 were	 removed	 from	 a	 small,	
commercially	 available	 wind	 turbine	 (ALEKO	 Vertical	 Wind	 Power	
Generator)	 in	 which	 they	 were	 used	 as	 the	 turbine	 blades	 to	
generate	 torque	 for	 a	 small	 generator.	 Of	 the	 two	wing	 sections,	
one	was	coated	with	the	icephobic	material	and	the	other	one	was	
left	uncoated.	The	wings	were	placed	in	a	recirculating	wind	tunnel	
with	a	rectangular	test	section	with	a	cross-section	measuring	1.05	
m	x	1.65	m.	Wing	sections	were	tested	at	a	 flow	speed	of	17	m/s,	
which	 corresponds	 to	 a	 chord	 Reynolds	 number	 of	 approximately	
50,000.	The	details	of	 the	experimental	procedure	are	provided	 in	
the	 supplementary	 information,	 S8.	 The	 experimental	 setup	 is	
shown	 in	Fig.	4a.	 The	 lift	 and	drag	 coefficients	 for	 the	 coated	and	
uncoated	wing	sections	are	plotted	against	angle	of	attack	in	Fig.	4b	
and	 Fig.	 4c.	 Furthermore,	 the	 ratio	 of	 lift/drag	 versus	 angle	 of	
attack	 is	 plotted	 in	 Fig.	 4d.	 The	 experimental	 data	 for	 both	
coefficients	 of	 lift	 and	drag	 are	 accompanied	by	 error	 bars,	which	
were	calculated	based	on	the	resolution	of	the	load	cell.	The	XFOIL	
data	 do	 not	 have	 any	 corresponding	 error	 bars,	 since	 it	 is	 a	
computational	value.	The	results	 indicate	that	 lift	and	drag	 for	 the	
coated	 wing	 and	 the	 uncoated	 wing	 have	 a	 similar	 trend	 for	
different	angles	of	attack	and	the	difference	in	magnitudes	on	both	
is	 small.	 The	magnitude	 of	 lift	 and	 drag	 coefficients	 of	 the	 airfoil	
found	experimentally	differs	 from	the	XFOIL	computational	 results	
because	XFOIL	is	a	2D	computational	tool	that	does	not	account	for	
three-dimensional	 effects,	 such	 as	 the	 3D	 characteristics	 of	 the	
finite	wing.	 In	 a	 finite	wing,	 the	 higher-pressure	 air	 from	beneath	
the	wing	tries	to	move	towards	the	lower	pressure	above	the	wing.	
Moreover,	 the	 new	 experimental	 data	 indicate	 that	 the	 coating	
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does	not	affect	 the	 lift	and	drag	characteristics	of	a	wing,	which	 is	
important	in	any	passive	anti-icing	aerospace	systems.	
To	 demonstrate	 the	 role	 of	 stress	 localization	 function,	𝑔 𝜑!! , on	
the	ice	adhesion,	we	designed	an	experimental	procedure	to	probe	
crack	 nucleation	 at	 the	 material-ice	 interface.	 A	 form	 of	 the	
icephobic	 material	 is	 developed	 and	 was	 applied	 to	 a	 glass	
substrate.	 The	 coating	 includes	 PDMS	matrix	 and	 black	 organogel	
particles	to	provide	contrast	for	visualization	of	crack	nucleation	at	
the	material-ice	interface.	A	silanized	glass	prism	(15	mm	×	15	mm	×	
25	 mm)	 was	 placed	 on	 the	 icephobic	 material	 to	 resemble	
interaction	of	 ice	with	 the	coating.	The	glass	 substrate	was	placed	
on	 a	 moving	 stage,	 the	 movement	 of	 which	 is	 controlled	 by	 a	
motorized	motion	controller	and	computer.	The	motorized	stage	is	
a	 syringe	 pump	 with	 forward	 velocity	 variation	 of	 0.5	 μm/s	 to	 5	
mm/s.	A	firmly	held	beam	load	cell	(Imada,	model	DS2-110)	is	used	
to	measure	the	force.	The	force	was	applied	at	a	distance	of	1	mm	
above	 the	 interface.	 The	 interface	of	 the	 icephobic	material-prism	
was	 viewed	 as	 shown	 in	 Fig.	 5a.	 Through	 a	 coupled	 optical	
microscope	and	a	high-speed	camera	system,	 the	crack	nucleation	
at	 the	 interface	 was	 probed.	 Figure	 5b	 shows	 micrograph	 of	
interfacial	cracks	observed	during	these	experiments.	As	shown,	all	
the	interfacial	cracks	are	formed	at	the	coordinate	of	phase	II.	That	
is,	 phase	 II	 is	 responsible	 for	 cavitation	 and	 crack	 initiation	 at	 the	
interface.	The	fringes	observed	at	the	crack	coordinates	indicate	the	
ellipsoidal	form	of	these	cavities.	The	generated	crack	induces	local	
stress	field	and	the	stored	elastic	energy	depends	on	shear	modulus	
of	phase	I	and	the	dimension	of	these	cracks.	(i.e.	𝑈! ∝ 𝐺 𝑟!).	This	
stored	elastic	 energy	 leads	 to	 a	 shear	 force	 at	perimeter	of	 crack,	
propagation	of	crack,	and	detachment	of	ice	from	the	material.	The	
mathematical	 derivation	 of	 this	 physics	 is	 discussed	 in	
supplementary	information,	S2.					
To	 determine	 the	 value	 of	 stress-localization	 function,	𝑔 𝜑!! ,	 for	
the	stress-localized	 icephobic	materials,	we	determined	the	values	
of	 𝐺!	and	𝑊!	of	the	developed	icephobic	materials	as	discussed	in	
the	supplementary	 information,	S9.	These	values	are	 tabulated	 in	
Table	 S3	 in	 the	 supplementary	 information.	 Given	 the	measured	
ice	adhesion	on	these	surfaces,	Fig.	2a,	dimension	of	experimental	
setup	 and	 the	measured	 properties	 in	 Table	 S3,	 we	 obtained	 the	
values	of	𝑔 𝜑!! 	through	Eq.	1	and	plotted	in	Fig.	5c.	As	shown,	the	
stress	 localization	function	depends	on	the	concentration	of	phase	
II	 in	 the	 material	 structure	 as	 predicted.	 This	 stress-localization	
function	 reduces	 ice	 adhesion	 on	 the	 icephobic	material	 up	 to	 an	
order	of	magnitude.	We	should	emphasize	 that	 the	 role	of	𝑔 𝜑!! 	
on	reduction	of	ice	adhesion	is	several	times	higher	than	the	role	of	
shear	modulus, 𝐺!.	For	example,	comparing	the	sample	DI-67	(σ!=	
1-2	kPa)	and	pure	silicon	elastomer	(σ!=	80	kPa),	the	difference	of	
shear	 modulus	 is	 approximately	 six	 times	 which	 results	 in	 ~	 2.5	
times	 reduction	 in	 ice	 adhesion.	 However,	 for	 the	 same	 samples,	
stress	localization	reduces	the	ice	adhesion	by	more	than	12	times.	
For	coatings	with	high	concentration	of	phase	II,	ice	easily	detaches	
from	phase	 II	 (low	 shear	modulus)	which	 forms	major	 part	 of	 the	
interface.	As	detachment	of	ice	from	phase	II	is	governed	by	normal	
stress,	value	of	𝛼	increases	while	value	of	𝛽	decreases.	Thus,	𝑔 𝜑!! 	
increases.	The	developed	theory	covers	all	range	of	concentrations.	
However,	 for	 high	 concentration	 of	 phase	 II,	 the	 coatings	 are	 not	
durable	and	functional.	Thus,	we	did	not	include	them	in	our	work.		
Note	that	stress-localization	function	could	be	determined	through	
first-principles	if	fracture	mechanism	is	known.	In	Eq.	2,	the	values	
of	 𝛼	 and	 𝛽	 are	 determined	 through	 knowledge	 on	 fracture	
mechanism	and	depend	on	the	interaction	of	solid	and	the	coating.	
For	 example,	 for	 uniform	 elastomers,	 normal	 stress	 is	 responsible	
for	 crack	 growth	 resulting	 in	  𝛼	 of	 unity	 and	  𝛽	 of	 zero	 and	

consequently	𝑔 𝜑!! = 1.	 For	very	 thin	solid	material	on	a	surface	
(e.g.	bio-films),	the	contribution	of	normal	force	goes	to	zero	(𝛼 =
0)	and	the	crack	growth	is	dominated	by	shear	stress	(𝛽 = 1).	Note	
that	as	𝑎/𝑙 ≫ 1,	stress-localization	function	is	always	0 < 𝑔 𝜑!! ≤
1.	 As	 an	 estimate,	 we	 determined	 value	 of	 stress-localization	
function	for	icephobic	surfaces	with	10%	and	20%	concentration	of	
phase	II	and	considering	𝛼 =  𝛽 = 0.5.	This	results	in	𝑔 𝜑!! 	of	0.76	
and	0.58	while	 the	measured	 values	of	𝑔 𝜑!! 	 are	 0.8	+ 0.05	 and	
0.5	+ 0.05,	 respectively	 suggesting	 a	 close	 agreement.	 The	 stress	
localization	 function	 also	 depends	 on	 geometrical	 parameters	 (𝑎	
and	𝑙).	For	low	values	of	𝑎/𝑙	the	role	of	normal	force	is	dominant	in	
the	 fracture	 and	 the	 role	 of	 stress	 localization	 (i.e.	 shear	 force)	 is	
small.	However,	for	high	values	of	𝑎/𝑙,	the	fracture	is	governed	by	
shear	forces	and	the	stress	localization	is	the	dominant	factor.	The	
developed	physic	of	 stress-localization	 is	applicable	 in	detachment	
of	 any	 solid	 material	 (ice,	 dust	 and	 even	 bio-species)	 from	
elastomers.		

Conclusions	
In	 summary,	we	 report	a	new	physical	 concept	and	corresponding	
material	 paradigm	 to	 develop	 highly	 durable	 icephobic	 materials.	
These	materials	utilize	stress-localization	function	to	induce	crack	at	
the	 ice-material	 interface	and	consequently	minimize	 ice	adhesion	
on	 the	 material.	 Stress-localization	 leads	 to	 a	 shear	 force	 at	 the	
interface	 for	 detachment	 of	 ice	 from	 the	material.	 The	 developed	
concept	is	implemented	in	elastomers	and	the	superior	icephobicity	
of	 these	 materials	 compared	 to	 state-of-the-art	 materials	 is	
demonstrated.	 This	 form	 of	 icephobic	 materials	 demonstrates	
excellent	 mechanical,	 chemical	 and	 environmental	 durability	 with	
no	 change	 in	 characteristics	 under	 extreme	 air	 and	 water	 shear	
flows.	 Furthermore,	 these	 icephobic	 materials	 do	 not	 change	 the	
aerodynamic	characteristics	of	airfoil	thereby	providing	a	promising	
solution	for	aerospace	applications.	In	contrast	to	surface-modified	
coatings,	 the	 icephobicity	 of	 these	 materials	 is	 a	 volumetric	
property	 and	 no	 degradation	 in	 the	 performance	 occurs	 in	 long-
term	operation	under	mechanical	loadings.	The	developed	concept	
of	stress-localization	reduces	adhesion	of	solids	on	a	material	by	an	
order	of	magnitude	with	no	compromise	 in	mechanical	properties.	
We	envision	 that	 the	developed	physical	 concept	opens	a	 rational	
route	 to	 minimize	 adhesion	 of	 any	 solid	 species	 (i.e.	 ice,	 gas	
hydrate,	dust,	and	even	bio-species)	on	a	surface	with	omnipresent	
application	 in	 transportation	 systems	 (aviation,	 cars	 and	 vessels),	
energy	systems,	and	biotechnologies.					
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