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ABSTRACT: Thermal management is ubiquitous in the modégh emittance High reflectance High transmittance
world and indispensable for a sustainable future. Radiative I'ée t

management provides unique advantages because the heat tranéf r%cgn
be controlled by the surface. Howevegrent object emissivities Pa— Pa— % % % % %
require dierent tuning strategies, which poses challenges to develop
dynamic and universal radiative heat management devices. Herepwe
demonstrate a triple-mode midinfrared modulator that can switChe
between passive heating and cooling suitable for all types of ob
surface emissivities. The device comprises a surface-textured inf
semiabsorbing elastomer coated with a metallic beatorewhich is
biaxially strained to sequentially achieve three fundamental modes: emésdion, amd transmission. By analyzing and

optimizing the coupling between optical and mechanical properties, we achieve a performance as follows: emittance contrast

0.58, transmittance contrast= 0.49, and rectance contrast = 0.39. The device can provide a new design paradigm of
radiation heat regulation for wearable, robotics, and egmadechnologies.

KEYWORDS:thermal management, midinfrared modulator, dynamic tunability, radiative heat regatpideyiceEmou

hermal management is widely used and critical imadiative cooling for lowebjects such as metals, the strategy
advanced technology. For instance, batteries, solar is to apply a highcoating to promote thermal emission. For

cells, vehicles, and electronic chips all require careful therrhigh- objects, such as the human body, the ideal cooling
management to maintain suitable working temperaturgirategy is choose the device with higtaterials allowing
range8.'® On a larger scale, space heating and coolingirect radiation from the skin surface. In contrast, the radiative
maintain the indoor temperature all year round but als§ieating strategy of applying loepaque materials works for
consume up to 20% of global en&ryy.Therefore, the  both low- and high- objects® The dependence of cooling
development of more ective, energy-eient, and universal strategies on the object emissivity is further elaborated in
thermal management technology is one of the most criticaigure B,C. When a highmaterial is used for cooling, the
tasks for a sustainable fufdré® heat transfer coeient increases approximately linearly with

Among all the thermal management mechanisms, radiatiff underlying object emissivity. For a higiaterial, the heat
heat transfer is best known for its universality, media-fré@nsfer coecient depends only on the cooling material itself,
operation, and large tunabilfty! Materials with exotic Put its thermal resistance prohibits it from achieving better
radiative heat transfer properties were developed throu§ROling when the object emissivity is already high. Besides, the
photonic design and fabricafidrf® and they have shown SiZ€ of the air gap between object dnd also plays an
great promise as an energgient or even energy-free essential role in th_ermal tra}nsfer performance (detalled.ana_lly_3|s
approach to achieve thermal managéifémundamentally, of these hypothetlcal cooling m_aterlal_s and th(_armal circuit is
the radiative property of any material has three componenf§!oWn in théupporting InformatignTaking the air gap of 1
re ectance (, including both specular and utie), trans- MM as an exampleigure D), one can determine the high-
mittance (), and absorptance)( which add up to unity, i.e., dominating and the highdominating regions for various

+ + =1. According to Kirchhis law, at thermodynamic
equilibrium, the absorptance equals the emittance= . Received: March 21, 2021
Therefore, for radiatively opaque () materials, = =1 Revised: April 20, 2021

, and the total poweP) radiated from an object is given by Published: April 26, 2021
Stefan Boltzmann lawP=A T4, wheréA s the surface area,

is the StefarBoltzmann constant, afidis the object
surface temperature. As shownFigure A, to achieve
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Figure 1.Design principle of the triple-mode mid-IR modulator for all-surface thermal management. (A) The best strategies for cooling high-
emissive (highy and low-emissive (loy-objects are by high-transmittance (h)giid high-emittance (high-materials, respectively. For

heating, using high etivity (high-) material works for all objects. (B) When the radiative cooling strategy is by IR transmittance, the radiative
heat transfer coeient is dependent on the obgemissivity, which is lesedive for low-emissivity objects. (C) When the radiative cooling
strategy is by IR emittance, the radiative heat transfefecds constant. (D) To achieve optimal radiative cooling on all kinds of object
emissivities, the thermal-managing material must be able to switch between high transmittance and high emittance. (E) On the basis of optical :
mechanical design, the thim mid-IR modulator can change ambagission-mode “re ection-modg and “transmission-motevia

mechanical actuation.

object emissivities. This result unambiguously shows tliee thickness and create voids on the metahat results in
demand for the dynamic regulation among all three moddsgh transmittance.
(emission, reection, and transmission) is necessary to achieve The realization of the triple-mode modulator calls for a
universal radiative thermal management for an object withtional design of both the mechanical properties and the
arbitrary emissivity. optical structuré ** For the elastomeric superstrate, the
Here, we demonstrate a triple-mode polymer/metastyrene ethylene butylene styrene (SEBS) block copolymer
elastomeric modulator that can dynamically switch among chosen because of its excellent mechanical properties,
emission (E-mode), rection (R-mode), and transmission (T- thickness-sensitive mid-IR absorption, and solution process-
mode) to accomplish the management of the all-surfa@bility. The dierent polymer chain composition of SEBS
passive radiative cooling and heating. As shéuguie E, results in dierent mid-IR absorption and mechanical proper-
in E-mode, the infrared (IR)-semiabsorbing elastomer is &ies. SEBS elastomers with higher polystyrene content have
zero strain and the largest thickness for absorption. THarger intrinsic absorption cagent ( p) from the benzene
underlying metal layer has the highest roughness to promatag, and they also have higher elastic modulus attributed from
di use scattering and further increases the absorptidR- the physical cross-links of styrene grobpsiré SB To
mode, the Im is biaxially stretched, which smooths the metaleduce the actuation energy for elastic modulation and
re ector and shrinks the sfamer thickness for high intermediate mid-IR absorption, SEBS with polystyrene
re ection. In T-mode, thedm is stretched further to reduce content of 18.522.5% was chosen. In contrast, polyethylene
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Figure 2.Fabrication and morphology characterization of the triple-mode modulator. (A) Schemmatirepfaration method and the
mechanical actuation of the triple-mode modulator with biaxial strains of 0% (left), 100% (middle), and 200% (right). (B) Digital camera images o
the Im under the biaxial strains of 0% (left), 100% (middle) and 200% (right). The scale bars are 5 mm. (Logo credit: Duke University). (C) SEM
images from the metal side under the biaxial strains of 0% (left), 100% (middle), and 200% (right). The scalerbaf®pEn8®BD

topographical maps from the SEBS side under the biaxial strains of 0% (left), 100% (middle), and 200% (right). The scaie. bars are 50

(PE) is IR-transparent but nonelastic, and polydimethylsiloxeughness of 1.632n. When it is adjusted to R-mode, it
ane (PDMS) elastomer is IR-opagtigfre Sy Figure A becomes visually estive, and the roughness decreases to
illustrates the fabrication procedure. First, a 5 wt % SEB®8/997 m, showing the metal layer is smoothed. Further
hexane solution is drop-cast onto a surface-textured silicstnetching of thelm shifts it to T-mode, at which point it
wafer to create a highly ase surfaceF{gure Sp This becomes visually transparent because the metal domains are
surface texturing plays an essential role for large IR emittarseparated from each other.

tunability, which will be elaborated in the next paragraph. TheWe attribute the emittance of the SEBS/métako both

SEBS Im was then delaminated from the wafer and biaxiallhe SEBS thickness and the metabdiscatterifig™ (Figure
stretched to 100% strain, followed by a deposition of 70 n®A) and perform a detailed analysis to maximize the emittance
thick Ti/Au as the IR-reective layer. At this tensile strain contrast. We dee the total eective absorption coeient

state, thelm works in R-mode because the metal layer is at ifs ) to be the product of the intrinsic absorption @ient
lowest roughness state. After releasing the strain, the SEBS and the enhancement factoy\hich is attributed to the
thickness increases, and the metal layer returns to the higirngreased optical path length compared with the planar back
textured state, shifting thien to E-mode. When thém is re ector. The transmittance of a smooth SEB®ithout the
stretched to 200% strain, the metal layer becomes islandliketal back rector is described by the Bdeambert law as

and operates in T-mode. The three modes are characterizedbgl R)?exp( L)=(1 R)?exp( pd) wherel is the light

a normal digital camera, SEM (from the metal side), and by grath lengthd is the nominal Im thickness, anR is the
optical proler (from the SEBS/metal interface), as shown inFresnel reection at the interface. By measuring the trans-
Figure B D, respectively. In E-mode, the dark appearance mittance of smooth SEB$ms without the metal back
due to the antireecting surface texture with an RMS re ector Figure S); we determined , = 0.00377 m 1
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Figure 3.Infrared properties and strain-emittance coupled optimization. (A) Schematic of the sample model which consists of total absorptior
coe cient , intrinsic absorption coeient , and enhancement facto(B) Emittance dierence between E- and R-mode in smooth (black line)

and textured (blue line) SEBB as a function ofm thickness. The red stars and green squares represent the measured values. (C) Emittance
di erence with increasing, and xed 1o00,= 1 as the function olm thickness. The inserted plot is the maximum emittaecentdie at

di erent o, (D F) Absorptance, transmittance, andatance of the triple-mode modulator with the strain of 0% (E-mode), 100% (R-mode),

and 200% (T-mode) in the IR spectra from 3.5 tori8 The shaded areas represent the resultant heat radiation. (G) Weighted-average
absorptance, transmittance, andatance of thelm under the biaxial strain from original 100% to 0% and then stepwise to 200%. (H) Cycle
stability over 1000 cycle test of the weighted-average absorptance, transmittancegraredafeE-, R-, and T-mode.

(weighted-averaged over room temperature blackbody radiait of (, (and therefore the limit ofy,  1p9sand )
tion spectra from 8 to 12m). Next, the values are occurs for a perfect Lamien surface known as the
determined by measuring theemtance of SEBS/Au thin  Yablonovitch limit. On the basis of ourniteon of , this

Ims of di erent strains, thicknesses, and surface morphologiapper limit dictates  2r?, wheren is the reective index of
As shown irrigure B, the black curve represents the sampléhe IR absorber. Insertinggs=1.56 yields .xas high as
without surface texturingyf,= 100%,= 1), and the maximum 0.72 when g, = 4.7 and 1p00,= 1, Suggesting the promising
emittance dierence ( ,5) iS 0.36 when thelm thickness is  modulation range between E-mode and R-mode via better
approximately 200m at zero strain. When the inverse- optical structure design and engine&fifig.
pyramid texture is introduced to the SHBS ,,dncreases It should be noted that the elastic-strain-induced light
to 0.43 at a thickness of 12, which corresponds to the modulation has been extensively studied with promising
enhancement factag,,at 0% strain and,g.at 100% biaxial ~ functionalities and performantesio the best of our
tensile strain. This semiempirical analysis provides tlk@owledge, most prior reports focused on the wavelength
guideline for the materials design for superior tunability. It i&gions of visible and near-IR (except foR e, and37),
also worth noting that biaxial stretching actuation performshich have drastically éient material property requirements
better than the simple uniaxial and side-constrained uniaxisdm mid-IR regime. While we received inspiration from these
stretching method$(pporting Informatijpn works, our mid-IR triple modulator is the outcome of several

Apparently,  will further increase with a largerude new critical designs. First, we choose SEBS over PDMS
scattering contrast between two statésglme &€, assuming because SEBS has the proper mid-IR absorptiocieste

ow = 1, as q1gp0 iNCreases, ..y iNncreases, and its and PDMS is too absorbing to be mechanically tunable with a
corresponding thickness decreases. The theoretical uppeoper thickness. Second, the additional surface texturing
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Figure 4. Thermal measurement of the triple-mdde (A) Side view of steady-state measurement apparatus. (B) Top surface IR images of
testing heater and sample under 0, 50, 100, 150, and 200% biaxial strain. (C) Total heat tcéarstfef tweIm with metal deposited under

50% (dark gray line), 100% (red line), and 150% (blue line) biaxial strain as a function of strain. (D) Corresponding weighted-average absorptan
transmittance, and extance of thelms with metal deposited under 50, 100, and 150% biaxial strain. (E) Actual temperature change among E-,
R-, and T-modes (SEBS/metah with metal deposited under 50% biaxial strain). (F) Equilibrium temperatereat sliates for heaters with

di erent emissivity. Heater emissivity: black line, 0.92; red line, 0.52; and blue line, 0.06.

proved an essential factor for large emissivity tuning, whichSEBS thickness. In R-modeg(re &), the reectance
in contrast with the interfacial wrinkling due to modulidominates with a value of £01%, and the transmittance
mismatch. Ifrigure B, the SEBS/Au sample without surfacebecomes 3 + 1%. The slight increase in transmittance is
texturing (marked as green squares) follows the smoottaused by the voids between the metal plates. In T-mode
surface model with an emissivity contrast of only 0.31. Th{§igure ¥), the transmittance of thém rises to 52 2%,
implies that without the additional surface texturing the strainvhile the reectance and absorptance decrease#t@28and
induced wrinkles do not have enough roughness to produ26 + 1%, due to the isolated metal islands and the reduced
mid-IR di use scattering, and the emissivity contrast is caus&EBS thickness. The strong absorption peaks at the wave-
solely by the thickness change. These two designs are the lemgths of 6.3, 6.8, 7.2, 9.7, and 18.&re attributed to the
factors for high modulation performance and are distinct frofanctional groups of SEBS such@s C , CH, , and
the visible/near-IR modulation. C H.*®The shaded regions in each mode are the approximate
In E-mode Figure B®), the modulator has the highest heat radiation, suggesting the correlation between mid-IR
absorptance (emittance) of #8.% and a low transmittance modulation and radiative heat managerrgniie & shows
of 1%, owing to the corrugated metal as well as the largabese three mid-IR properties after weighted-averaging over
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Figure 5 Pneumatic modulation of the IR appearancex<fdrpixels device. (A) Schematic of the pneumatic device with@xels. E-mode is
at ambient pressure. R-mode is at positive pressure, and T-mode is at negative pressure. (B) Top view IR image. Green dots, E-mode; blue dot
mode; and red dots, T-mode. The scale bars are 2 cm. (C) Temperature distribution of pixels in E-mode (left), R-mode (middle), and T-mode

(right).

blackbody radiation when the strain varies from 0 to 200%. Or¢ K for E-mode, R-mode, and T-mode, respectively. The heat
moving from E-mode to R-mode, theectance increases by transfer modulation range can be further controlled by
39% with the same amount of emittance decrease. On shiftibgpositing the metal back eetor at dierent strains (50%
from R-mode to T-mode, the transmittance dominates thstrain as dark gray and 150% strain as blue lines). The
thermoregulatory performance by a 49% increase, and betkighted-average mid-IR properties of these three samples are
re ectance and emittance decreasgure Bl shows the  also measured and showhigure D. This demonstrates the
modulation is stable after 1000 strain cycles with around 108rsatility for designing and customizing the triple-mode
change, indicating good cycle stability and reversibility wheadiative heat management device to suit various kinds of
comparing with the referencelmble S9The corresponding  scenarios and environment requireniéftsTo further
re ectance spectra including specular andalireectance  demonstrate the heat management functionality, we measured
among three modes are showrignire S21Finally, it should  the temperature change of objects (electric heater) with
be noted that the visible appearance and speéiciracs B di erent emissivities-igure £,F). Notably, if our device is
and S23 can be maintained and controlled independentlyused for indoor personal thermal management, then this range
from the mid-IR modulation. For example, creating subméf temperature modulation can result in an energy savings of
crometer porés®® in our SEBSIm can act as strong Mie several tens of percentdden. Figure £, the three heaters
scatterers for visible light but weak Rayleigh scatterers for migthave similarly in E-mode and R-mode but diverge in T-
IR light, thereby overriding the color change witheatiag mode. That is, the high-emissivity object uses T-mode for
the mid-IR property. cooling, but the low-emissivity object uses E-mode for cooling.
The radiative heat management of the triple-mod&his result experimentally proves the need to have three
modulator was validated by the apparatus as sheigoras modes for all-surface radiative heat modulation.
4A andS30 Qualitatively, the IR imagésgure 8) show the In addition to heat management, a pneumatic thermal
IR radiosity modulation under éient strains. IRigure €, camouage device with ax44 matrix is fabricated, as shown
the total heat transfer cogents of the triple-mode modulator in Figures A and S34 By regulating the air pressure, the
are measured gquantitively. The red line corresponds to tlBEBS/metallm on each pixel can change among E-mode, R-
sample with 100% strain as the R-mode, and the heat transfeyde, and T-mode, further displayingréint IR appearances
coe cients are 10.1#.0.11, 7.5% 0.14, and 9.48 0.07 W/ and the lettetD” in di erent colorsHigure B). We designed
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our pneumatic camaoage device to take advantage of both ASSOCIATED CONTENT
radiative heat transfer and convection/conduction. dthe =« Supporting Information

con guration is in E-mode. Under positive pressurelthe 1o gynnorting Information is available free of charge at

bulges into a dome-shaped cap and is stretched to R-mOg,q.//hbs acs.org/doi/10.1021/acs.nanolett. 1c01147
Both the large air gap and low surface emissivity result in low

surface radiosity and disguise it 4sold object Under Exp_e_rimelntal pr:OC_Ed‘I”eS! heat transfer calculations,
negative pressure, the was depressed and stretched into T- additiona mﬁc _anllca an(tj_ ml\l?i;/R prtopernes_, SEM
mode, in which the narrow air gap and high transmittance LTeEil?tZIS, gt]e?tgiIiztmIctzsfropeer;(;?ri’anczpi%rrr?' aerri]:(l)rr?n\-/vith
maximize the radiosity and show up dsotobject This literat COMySOL ' % i P

pneumatic soft actuatiérenables rapid and highly reversible Iterature, modeling R

thermal radiation control and combines both functions of IR

camouage and heat management. Among E-mode, R-mode, AUTHOR INFORMATION

and T-mode, the apparent temperature contrast between pixél)c‘rresponding Author
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