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ABSTRACT: Thermal management is ubiquitous in the modern
world and indispensable for a sustainable future. Radiative heat
management provides unique advantages because the heat transfer can
be controlled by the surface. However, diﬀerent object emissivities
require diﬀerent tuning strategies, which poses challenges to develop
dynamic and universal radiative heat management devices. Here, we
demonstrate a triple-mode midinfrared modulator that can switch
between passive heating and cooling suitable for all types of object
surface emissivities. The device comprises a surface-textured infraredsemiabsorbing elastomer coated with a metallic back reﬂector, which is
biaxially strained to sequentially achieve three fundamental modes: emission, reﬂection, and transmission. By analyzing and
optimizing the coupling between optical and mechanical properties, we achieve a performance as follows: emittance contrast Δε =
0.58, transmittance contrast Δτ = 0.49, and reﬂectance contrast Δρ = 0.39. The device can provide a new design paradigm of
radiation heat regulation for wearable, robotics, and camouﬂage technologies.
KEYWORDS: thermal management, midinfrared modulator, dynamic tunability, radiative heat regulation, camouﬂage device
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radiative cooling for low-ε objects such as metals, the strategy
is to apply a high-ε coating to promote thermal emission. For
high-ε objects, such as the human body, the ideal cooling
strategy is choose the device with high-τ materials allowing
direct radiation from the skin surface. In contrast, the radiative
heating strategy of applying low-ε opaque materials works for
both low-ε and high-ε objects.23 The dependence of cooling
strategies on the object emissivity is further elaborated in
Figure 1B,C. When a high-τ material is used for cooling, the
heat transfer coeﬃcient increases approximately linearly with
the underlying object emissivity. For a high-ε material, the heat
transfer coeﬃcient depends only on the cooling material itself,
but its thermal resistance prohibits it from achieving better
cooling when the object emissivity is already high. Besides, the
size of the air gap between object and ﬁlm also plays an
essential role in thermal transfer performance (detailed analysis
of these hypothetical cooling materials and thermal circuit is
shown in the Supporting Information). Taking the air gap of 1
mm as an example (Figure 1D), one can determine the high-εdominating and the high-τ-dominating regions for various

hermal management is widely used and critical in
advanced technology.1−3 For instance, batteries, solar
cells, vehicles, and electronic chips all require careful thermal
management to maintain suitable working temperature
ranges.4−10 On a larger scale, space heating and cooling
maintain the indoor temperature all year round but also
consume up to 20% of global energy.11,12 Therefore, the
development of more eﬀective, energy-eﬃcient, and universal
thermal management technology is one of the most critical
tasks for a sustainable future.13−15
Among all the thermal management mechanisms, radiation
heat transfer is best known for its universality, media-free
operation, and large tunability.16,17 Materials with exotic
radiative heat transfer properties were developed through
photonic design and fabrication,18−20 and they have shown
great promise as an energy-eﬃcient or even energy-free
approach to achieve thermal management.21,22 Fundamentally,
the radiative property of any material has three components:
reﬂectance (ρ, including both specular and diﬀuse), transmittance (τ), and absorptance (α), which add up to unity, i.e.,
ρ + τ + α = 1. According to Kirchhoﬀ’s law, at thermodynamic
equilibrium, the absorptance equals the emittance (ε), α = ε.
Therefore, for radiatively opaque (τ = 0) materials, α = ε = 1 −
ρ, and the total power (P) radiated from an object is given by
Stefan−Boltzmann law: P = AεσT4, where A is the surface area,
σ is the Stefan−Boltzmann constant, and T is the object
surface temperature. As shown in Figure 1A, 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 highemissive (high-ε) and low-emissive (low-ε) objects are by high-transmittance (high-τ) and high-emittance (high-ε) materials, respectively. For
heating, using high reﬂectivity (high-ρ) material works for all objects. (B) When the radiative cooling strategy is by IR transmittance, the radiative
heat transfer coeﬃcient is dependent on the object’s emissivity, which is less eﬀective for low-emissivity objects. (C) When the radiative cooling
strategy is by IR emittance, the radiative heat transfer coeﬃcient is 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 and
mechanical design, the thin-ﬁlm mid-IR modulator can change among “emission-mode”, “reﬂection-mode”, and “transmission-mode” via
mechanical actuation.

the thickness and create voids on the metal ﬁlm that results in
high transmittance.
The realization of the triple-mode modulator calls for a
rational design of both the mechanical properties and the
optical structure.26−31 For the elastomeric superstrate, the
styrene−ethylene−butylene−styrene (SEBS) block copolymer
is chosen because of its excellent mechanical properties,
thickness-sensitive mid-IR absorption, and solution processability. The diﬀerent polymer chain composition of SEBS
results in diﬀerent mid-IR absorption and mechanical properties. SEBS elastomers with higher polystyrene content have
larger intrinsic absorption coeﬃcient (μP) from the benzene
ring, and they also have higher elastic modulus attributed from
the physical cross-links of styrene groups (Figure S3). To
reduce the actuation energy for elastic modulation and
intermediate mid-IR absorption, SEBS with polystyrene
content of 18.5−22.5% was chosen. In contrast, polyethylene

object emissivities. This result unambiguously shows the
demand for the dynamic regulation among all three modes
(emission, reﬂection, and transmission) is necessary to achieve
universal radiative thermal management for an object with
arbitrary emissivity.24
Here, we demonstrate a triple-mode polymer/metal
elastomeric modulator that can dynamically switch among
emission (E-mode), reﬂection (R-mode), and transmission (Tmode) to accomplish the management of the all-surface
passive radiative cooling and heating. As shown in Figure 1E,
in E-mode, the infrared (IR)-semiabsorbing elastomer is at
zero strain and the largest thickness for absorption. The
underlying metal layer has the highest roughness to promote
diﬀuse scattering and further increases the absorption.25 In Rmode, the ﬁlm is biaxially stretched, which smooths the metal
reﬂector and shrinks the elastomer thickness for high
reﬂection. In T-mode, the ﬁlm is stretched further to reduce
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Figure 2. Fabrication and morphology characterization of the triple-mode modulator. (A) Schematic of ﬁlm preparation 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 of
the ﬁlm 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 scale bars are 50 μm. (D) The 3D
topographical maps from the SEBS side under the biaxial strains of 0% (left), 100% (middle), and 200% (right). The scale bars are 50 μm.

roughness of 1.632 μm. When it is adjusted to R-mode, it
becomes visually reﬂective, and the roughness decreases to
0.997 μm, showing the metal layer is smoothed. Further
stretching of the ﬁlm shifts it to T-mode, at which point it
becomes visually transparent because the metal domains are
separated from each other.
We attribute the emittance of the SEBS/metal ﬁlm to both
the SEBS thickness and the metal diﬀuse scattering32,33 (Figure
3A) and perform a detailed analysis to maximize the emittance
contrast. We deﬁne the total eﬀective absorption coeﬃcient
(μ) to be the product of the intrinsic absorption coeﬃcient
(μP) and the enhancement factor (β) which is attributed to the
increased optical path length compared with the planar back
reﬂector. The transmittance of a smooth SEBS ﬁlm without the
metal back reﬂector is described by the Beer−Lambert law as τ
= (1 − R)2 exp(−μL) = (1 − R)2 exp(μpd) where l is the light
path length, d is the nominal ﬁlm thickness, and R is the
Fresnel reﬂection at the interface. By measuring the transmittance of smooth SEBS ﬁlms without the metal back
reﬂector (Figure S7), we determined μp = 0.00377 μm−1

(PE) is IR-transparent but nonelastic, and polydimethylsiloxane (PDMS) elastomer is IR-opaque (Figure S4). Figure 2A
illustrates the fabrication procedure. First, a 5 wt % SEBS/
hexane solution is drop-cast onto a surface-textured silicon
wafer to create a highly diﬀuse surface (Figure S6). This
surface texturing plays an essential role for large IR emittance
tunability, which will be elaborated in the next paragraph. The
SEBS ﬁlm was then delaminated from the wafer and biaxially
stretched to 100% strain, followed by a deposition of 70 nm
thick Ti/Au as the IR-reﬂective layer. At this tensile strain
state, the ﬁlm works in R-mode because the metal layer is at its
lowest roughness state. After releasing the strain, the SEBS
thickness increases, and the metal layer returns to the highly
textured state, shifting the ﬁlm to E-mode. When the ﬁlm is
stretched to 200% strain, the metal layer becomes islandlike
and operates in T-mode. The three modes are characterized by
a normal digital camera, SEM (from the metal side), and by an
optical proﬁler (from the SEBS/metal interface), as shown in
Figure 2B−D, respectively. In E-mode, the dark appearance is
due to the antireﬂecting surface texture with an RMS
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Figure 3. Infrared properties and strain-emittance coupled optimization. (A) Schematic of the sample model which consists of total absorption
coeﬃcient μ, intrinsic absorption coeﬃcient μp and enhancement factor β. (B) Emittance diﬀerence between E- and R-mode in smooth (black line)
and textured (blue line) SEBS ﬁlm as a function of ﬁlm thickness. The red stars and green squares represent the measured values. (C) Emittance
diﬀerence with increasing β0% and ﬁxed β100% = 1 as the function of ﬁlm thickness. The inserted plot is the maximum emittance diﬀerence at
diﬀerent β0%. (D−F) Absorptance, transmittance, and reﬂectance 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 to 18 μm. The shaded areas represent the resultant heat radiation. (G) Weighted-average
absorptance, transmittance, and reﬂectance of the ﬁlm 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, transmittance, and reﬂectance of E-, R-, and T-mode.

limit of β0% (and therefore the limit of β0% − β100% and Δε)
occurs for a perfect Lambertian surface known as the
Yablonovitch limit. On the basis of our deﬁnition of β, this
upper limit dictates β ≤ 2n2, where n is the reﬂective index of
the IR absorber. Inserting nSEBS =1.56 yields Δεmax as high as
0.72 when β0% = 4.7 and β100% = 1, suggesting the promising
modulation range between E-mode and R-mode via better
optical structure design and engineering.34,35
It should be noted that the elastic-strain-induced light
modulation has been extensively studied with promising
functionalities and performances.36 To the best of our
knowledge, most prior reports focused on the wavelength
regions of visible and near-IR (except for refs 27, 30, and 37),
which have drastically diﬀerent material property requirements
from mid-IR regime. While we received inspiration from these
works, our mid-IR triple modulator is the outcome of several
new critical designs. First, we choose SEBS over PDMS
because SEBS has the proper mid-IR absorption coeﬃcient,
and PDMS is too absorbing to be mechanically tunable with a
proper thickness. Second, the additional surface texturing

(weighted-averaged over room temperature blackbody radiation spectra from 8 to 12 μm). Next, the β values are
determined by measuring the reﬂectance ρ of SEBS/Au thin
ﬁlms of diﬀerent strains, thicknesses, and surface morphologies.
As shown in Figure 3B, the black curve represents the sample
without surface texturing (β0% = β100% = 1), and the maximum
emittance diﬀerence (Δεmax) is 0.36 when the ﬁlm thickness is
approximately 200 μm at zero strain. When the inversepyramid texture is introduced to the SEBS ﬁlm, Δεmax increases
to 0.43 at a thickness of 125 μm, which corresponds to the
enhancement factor β0% at 0% strain and β100% at 100% biaxial
tensile strain. This semiempirical analysis provides the
guideline for the materials design for superior tunability. It is
also worth noting that biaxial stretching actuation performs
better than the simple uniaxial and side-constrained uniaxial
stretching methods (Supporting Information).
Apparently, Δε will further increase with a larger diﬀuse
scattering contrast between two states. In Figure 3C, assuming
β0% = 1, as β100% increases, Δεmax increases, and its
corresponding thickness decreases. The theoretical upper
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Figure 4. Thermal measurement of the triple-mode ﬁlm. (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 transfer coeﬃcient of the ﬁlm 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 absorptance,
transmittance, and reﬂectance of the ﬁlms with metal deposited under 50, 100, and 150% biaxial strain. (E) Actual temperature change among E-,
R-, and T-modes (SEBS/metal ﬁlm with metal deposited under 50% biaxial strain). (F) Equilibrium temperature at diﬀerent states for heaters with
diﬀerent emissivity. Heater emissivity: black line, 0.92; red line, 0.52; and blue line, 0.06.

SEBS thickness. In R-mode (Figure 3E), the reﬂectance
dominates with a value of 60 ± 1%, and the transmittance
becomes ∼3 ± 1%. The slight increase in transmittance is
caused by the voids between the metal plates. In T-mode
(Figure 3F), the transmittance of the ﬁlm rises to 52 ± 2%,
while the reﬂectance and absorptance decrease to 28 ± 2% and
20 ± 1%, due to the isolated metal islands and the reduced
SEBS thickness. The strong absorption peaks at the wavelengths of 6.3, 6.8, 7.2, 9.7, and 13.3 μm are attributed to the
functional groups of SEBS such as −CC−, −CH2−, and 
C−H.38 The shaded regions in each mode are the approximate
heat radiation, suggesting the correlation between mid-IR
modulation and radiative heat management. Figure 3G shows
these three mid-IR properties after weighted-averaging over

proved an essential factor for large emissivity tuning, which is
in contrast with the interfacial wrinkling due to moduli
mismatch. In Figure 3B, the SEBS/Au sample without surface
texturing (marked as green squares) follows the smooth
surface model with an emissivity contrast of only 0.31. This
implies that without the additional surface texturing the straininduced wrinkles do not have enough roughness to produce
mid-IR diﬀuse scattering, and the emissivity contrast is caused
solely by the thickness change. These two designs are the key
factors for high modulation performance and are distinct from
the visible/near-IR modulation.
In E-mode (Figure 3D), the modulator has the highest
absorptance (emittance) of 78 ± 1% and a low transmittance
of ∼1%, owing to the corrugated metal as well as the largest
4110
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Figure 5. Pneumatic modulation of the IR appearance for 4 × 4 pixels device. (A) Schematic of the pneumatic device with a 4 × 4 pixels. 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 dots, Rmode; 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).

m2 K for E-mode, R-mode, and T-mode, respectively. The heat
transfer modulation range can be further controlled by
depositing the metal back reﬂector at diﬀerent strains (50%
strain as dark gray and 150% strain as blue lines). The
weighted-average mid-IR properties of these three samples are
also measured and shown in Figure 4D. This demonstrates the
versatility for designing and customizing the triple-mode
radiative heat management device to suit various kinds of
scenarios and environment requirements.41,42 To further
demonstrate the heat management functionality, we measured
the temperature change of objects (electric heater) with
diﬀerent emissivities (Figure 4E,F). Notably, if our device is
used for indoor personal thermal management, then this range
of temperature modulation can result in an energy savings of
several tens of percentages.43 In Figure 4F, the three heaters
behave similarly in E-mode and R-mode but diverge in Tmode. That is, the high-emissivity object uses T-mode for
cooling, but the low-emissivity object uses E-mode for cooling.
This result experimentally proves the need to have three
modes for all-surface radiative heat modulation.
In addition to heat management, a pneumatic thermal
camouﬂage device with a 4 × 4 matrix is fabricated, as shown
in Figures 5A and S34. By regulating the air pressure, the
SEBS/metal ﬁlm on each pixel can change among E-mode, Rmode, and T-mode, further displaying diﬀerent IR appearances
and the letter “D” in diﬀerent colors (Figure 5B). We designed

blackbody radiation when the strain varies from 0 to 200%. On
moving from E-mode to R-mode, the reﬂectance increases by
39% with the same amount of emittance decrease. On shifting
from R-mode to T-mode, the transmittance dominates the
thermoregulatory performance by a 49% increase, and both
reﬂectance and emittance decrease. Figure 3H shows the
modulation is stable after 1000 strain cycles with around 10%
change, indicating good cycle stability and reversibility when
comparing with the reference in Table S9. The corresponding
reﬂectance spectra including specular and diﬀuse reﬂectance
among three modes are shown in Figure S21. Finally, it should
be noted that the visible appearance and spectra (Figures 2B
and S23) can be maintained and controlled independently
from the mid-IR modulation. For example, creating submicrometer pores39,40 in our SEBS ﬁlm can act as strong Mie
scatterers for visible light but weak Rayleigh scatterers for midIR light, thereby overriding the color change without aﬀecting
the mid-IR property.
The radiative heat management of the triple-mode
modulator was validated by the apparatus as shown in Figures
4A and S30. Qualitatively, the IR images (Figure 4B) show the
IR radiosity modulation under diﬀerent strains. In Figure 4C,
the total heat transfer coeﬃcients of the triple-mode modulator
are measured quantitively. The red line corresponds to the
sample with 100% strain as the R-mode, and the heat transfer
coeﬃcients are 10.11 ± 0.11, 7.59 ± 0.14, and 9.49 ± 0.07 W/
4111
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our pneumatic camouﬂage device to take advantage of both
radiative heat transfer and convection/conduction. The ﬂat
conﬁguration is in E-mode. Under positive pressure, the ﬁlm
bulges into a dome-shaped cap and is stretched to R-mode.
Both the large air gap and low surface emissivity result in low
surface radiosity and disguise it as a “cold object”. Under
negative pressure, the ﬁlm was depressed and stretched into Tmode, in which the narrow air gap and high transmittance
maximize the radiosity and show up as a “hot object”. This
pneumatic soft actuation44 enables rapid and highly reversible
thermal radiation control and combines both functions of IR
camouﬂage and heat management. Among E-mode, R-mode,
and T-mode, the apparent temperature contrast between pixels
is approximately 5 °C. We further individually control the
pressure of the pixels to show its capability as a thermal
radiation display. To better predict the radiative response,
COMSOL Multiphysics was used to simulate the temperature
distribution inside the pixels (in Figure 5C) to calculate the
radiosity among these three modes (in Table S7).
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DISCUSSION

In summary, the triple-mode mid-IR modulator has demonstrated its capability to accomplish all-surface passive radiative
cooling and heating management and mid-IR camouﬂage. It is
the ﬁrst experimental demonstration of a triple-mode mid-IR
radiative-heat-managing device, together with numerical
modeling as theoretical support. We experimentally proved
the dependence of radiative heat management on the object’s
emissivity, thus it is necessary to combine three modes on the
same device to achieve multifunctionality. The mechanism
study of emissivity−strain correlation among tunability, ﬁlm
thickness, and scattering roughness also serves as a useful
guideline for the research community for further development.
Besides mechanical actuation, we envision the triple-mode
mid-IR modulation concept can also be accomplished by other
methods such as thermochromic phase-transition-induced IR
modulation,45−47 electrochemical-induced modulation48,49 of
the IR reﬂectance, ultraviolet (UV)-light-induced modulation,50 and liquid-induced modulation,51,52 with diﬀerent pros
and cons and corresponding suitable applications (Table S8).
It should be noted that diﬀerent applications have various
engineering constraints to overcome. This work’s scope
focuses on the in-depth study of the triple-mode radiative
heat modulator in the mid-IR regime that is more suitable for
indoor scenarios. Further expanding the modulation to visible
and near-IR regimes and considering multimodal heat
management would be rewarding. For IR camouﬂage, thermal
metamaterials53−57 with judiciously engineered thermal
conductance show great promise by concealing the object
without a priori knowledge of the background thermal
radiation. It is anticipated that the incorporation of metasurface design and dynamic materials tuning can bring substantial
synergistic beneﬁts. With the proof-of-concept demonstration,
many other exciting future works can be pursued with
multidisciplinary eﬀorts, such as plasmonic metamaterials,
photonic crystals, device miniaturization, artiﬁcial intelligenceenabled camouﬂage, and integrated wearability. Overall, we
envision this versatile and eﬀective approach will endow
immense opportunities for photonics, radiation heat transfer,
robotics, and energy science.
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