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 All-Elastomeric, Strain-Responsive Thermochromic Color 
Indicators   
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  Recent advances in materials for stretchable electronics 

create new areas of application, particularly in systems 

that involve intimate integration with the human body. 

Examples include wearable electronics, [  1–6  ]  soft surgical 

instruments, [  5,7–13  ]  and skin-integrated health/wellness moni-

tors. [  1,14–18  ]  Many envisioned systems require schemes for 

visual information display. Such functionality can be pro-

vided by organic or inorganic light emitting diodes (LEDs), 

either as arrays of non-stretchable devices joined by 

deformable interconnects, [  7,19,20  ]  or as elements in buckled 

geometries. [  19,21  ]  Intrinsically stretchable LEDs have also 

recently been achieved, using all polymer designs. [  22  ]  Here 

we present a simple, non-emissive option in display mate-

rials that likewise offer intrinsic stretchability. The approach 

uses elastomeric composites of thermochromic materials and 

metallic particles as the photonic and electronic components, 

respectively, in concepts that build on related materials [  23  ]  

for fl exible displays. We show, additionally, that the types of 

stretchable displays introduced here can be used as colori-

metric indicators of mechanical strain. 

 The thermochromic elastomer uses a well-mixed disper-

sion of leuco dye (black 47C, LCR Hallcrest) contained in 

microcapsules and embedded in a silicone elastomer matrix 

(Smooth-on Inc.), in a construction that is similar to pre-

vious reports. [  23  ]  (See the Experimental Section). The dye 

uses a fl uoran chemistry, with the reversible ability to open 

(colored) and close (colorless) lactone rings in the presence 

of acids. [  24,25  ]  The microencapsules contain mixtures of leuco 

dye with a color developer and a low melting point solvent. 

At low temperature, the developer and leuco dye form a com-

plex that favors the colored ring-open state. Upon heating, 

the solvent melts, and the developer and dye dissociate. The 

leuco dye then favors the colorless, ring-closed state. Such 

transformations occur in a reversible manner. [  23–26  ]  For the 

case explored here, at temperatures below ≈47 °C the dye 

is black; at higher temperatures, the mismatch between the 

index of refraction of the microencapsulated dye and the sur-

rounding silicone matrix leads to strong optical scattering 

and a white appearance. The net effect, then, is a tempera-

ture activated, reversible switching between black and white. 

 Figure    1  a,b presents confocal and scanning electron micro-

scope images of this type of composite. At room temperature, 

the composite is black. As the temperature rises above 47 °C, 

the color changes to bright white, as illustrated by refl ectance 

measurements across the visible range (Figure  1 c). Mechan-

ical stretching (e.g., deformation to strains of 30%, 60%, etc.) 

leads to minimal change in the color, as is also indicated in 

Figure  1 c.  

 Patterns of stretchable conductors integrated directly 

with this type of thermochromic elastomer provide spa-

tially controlled Joule heating for localized/selectable color 

switching. Here, we exploit a silver (Ag) particle fi ller in a 

silicone matrix, similar to previous reports. [  27,28  ]  Details 

appear in the Experimental Section. Figure  1 d presents an 

SEM image of such a conductive elastomer with 80 wt% Ag. 

The conductivity increases monotonically with Ag loading, as   DOI:  10.1002/smll.201302646            
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shown by the blue curve in Figure  1 e. The functional depend-

ence shows a power-law relationship, consistent with per-

colation theory [  29  ] : F = Fs ilver (N −NC )t
 , as seen by the black 

curve in Figure  1 e, where NC   is the critical volume fraction, 

i.e. the percolation threshold, and  t  is the exponent related 

to the formation of continuous clusters through the com-

posite above the critical volume fraction. Other conduc-

tive stretchable composites, such as those that use fi llers of 

carbon black, [  30,31  ]  carbon nanotubes (CNTs), [  16,30,32  ]  etc., can 

also be considered. Elastomers with conductivity in the range 

of ≈10 4 –10 5  S/m are well matched to the requirements of the 

application considered here. 

 Replica molding techniques enable such conductive elas-

tomers to be patterned into geometries with feature sizes from 

the micron to centimeter range. Here, composite pastes of Ag 

and uncured PDMS fi ll into trenches defi ned by patterns of 

photoresist, similar to processes described previously. [  30,33,34  ]  

Measurements of electrical resistance of a patterned conduc-

tive trace (30 mm × 150  μ m × 50  μ m) embedded in an insu-

lating elastomer under uniaxial stretching appear in Figure 

 1 f. The results indicate that the resistance increases gradually 

(30%) up to elongations of ≈40%, and then much more rap-

idly for additional stretching. These behaviors, which result 

from a combination of compressive forces associated with 

the Poisson effect and increases in separation between Ag 

particles, [  35  ]  provide a range of responses that are useful in 

both stretchable information display and visual strain indica-

tors, as described next. Improved stretching characteristics 

can be obtained using different formulations and materials, 

as described elsewhere. [  35–38  ]  

  Figure    2  a illustrates the procedures for fabricating a com-

plete system on a thin polyimide fi lm (Kapton NH, DuPont, 

75  μ m), as a temporary support for the processing. Casting a 

layer of the conductive elastomer prepolymer into trenches 

defi ned in a thick layer of photoresist, followed by thermal curing 

defi nes the heater elements and interconnects. Spin casting and 

curing a uniform layer (100  μ m) of thermochromic elastomer 

prepolymer completes the fabrication. Peeling the entire system 

away from the photoresist and polyimide substrate, as shown in 

Supporting Information Figure S1 (right), yields an isolated elas-

tomer sheet, capable of electrically programmable color change. 

A ribbon cable and printed circuit board (PCB) serve as inter-

faces for measurement and testing, as shown in Figure S1.  

 Various display geometries and indicator layouts can be 

realized in this simple scheme. A 3 × 3 array of heaters con-

nected in series provides an example. Control of the widths 

and confi gurations of the conductive traces defi nes the spa-

tial distribution of Joule heating. For the case of Figure  2 b, 

the regions of traces designed to provide heating have widths 

of 150  μ m; others regions have widths of 500  μ m. Switchback 

structures (7 repeats, with 500  μ m spacing to cover an area 

of 4.1 mm × 4.5 mm) defi ne heating areas, corresponding to 

individual pixel elements. The resistance of each heater is 

≈84  Ω . The device can accommodate a full range of deforma-

tion, including non-uniform stretching and twisting, as illus-

trated in Figure  2 c, consistent with its elastomeric character. 

Applying a bias of 4 V across two of the pixels (top left and 

top right) selectively changes their color from black to white 

within ≈1 s, as illustrated in Figure  2 d. The corresponding 

power consumption is ≈55 mW. 

      Figure 1.  Characterization of materials for stretchable displays/indicators and colorimetric strain sensors. (a) Confocal microscope image of a 
thermochromic elastomer composites. The encapsulated leuco dye appear white. (b) SEM image of the thermochromic elastomer. (c) Optical 
refl ectance from a 100  μ m thick sheet of thermochromic elastomer, measured at low (22 °C, inactivated) and high (54 °C, activated) temperature 
and at different levels of stretching (0%, 30%, 60%). (d) SEM image of a conductive elastomer. (e) Electrical conductivity of conductive elastomers 
with different mixing ratios of Ag fi ller. The blue dots correspond to the conductivities at different weight ratios, and the blue fi tting curve reveals 
the trend of monotonically increase. The black dots correspond to the conductivities at different volume ratios, and the black fi tting curve shows 
power-law percolation relation of such elastomer. (f) Resistance as a function of applied strain ( ε  appl ) for a conductive elastomer wire. 
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 Finite element analysis (FEA) (see the Supporting Infor-

mation for details) establishes aspects of heat fl ow that 

determine the power effi ciency and response time, as well 

as considerations in materials and device layouts that defi ne 

these characteristics. Figure  2 e presents a schematic illustra-

tion of the three-dimensional (3D) computational model. 

Figure  2 f shows the temperature at the top surface of the 

substrate for the case of 55 mW applied to each of the two 

pixels at the top right and top left. Analytical models (See SI 

for details) of heat conduction reveal the mechanisms of heat 

confi nement and provide guidelines to enable effective control 

of individual pixels. Figure  2 g shows the temperature distribu-

tion defi ned by analytical solution (Equation (S6)), consistent 

with full 3D FEA results, that indicate effective heat confi ne-

ment at the pixel location. The analytic model predicts that a 

minimum power for color switching of ≈48 mW, which agrees 

reasonably well with FEA result (≈50 mW) and experiment 

(≈55 mW). The solution (Equation (S6) in the Supporting 

Information) also reveals that the temperature distribution 

becomes more localized with an increase of the combined 

parameter, h A/ (ksubstrate Hsubstrate)  , as shown in Figure S2b, 

where  k  substrate  and  H  substrate  are the thermal conductivity and 

thickness of substrate,  A  is the area of heat source, and  h  is 

the heat transfer coeffi cient for natural convection with air. In 

other words, heat confi nement can be improved by decreasing 

the thermal conductivity or thickness of the thermochromic 

elastomer, or by increasing the convection coeffi cient. 

 Another important performance parameter is the response 

time, which can be estimated by L 2
characteristic/("substrate)  , [  39  ]  

where "substrate   is the thermal diffusivity of the substrate and 

L characteristic = (
wconducting wire + sconducting wire

)
/2  is the char-

acteristic size of the switchback structure, and wconducting wire   

and sconducting wire   represent the width and spacing of the 

conducting wire, respectively. For the experimental design 

parameters, the response time is calculated to be ≈1.03 s for 

the 3 × 3 array of heaters, which is comparable to experi-

mental observation and is satisfactory for many envisioned 

applications. The time can be reduced by modifying the 

layout, such as the width of the heaters and space between 

them. 

  Figure    3  a shows that the elastomer indicator with 

3 × 3 pixel array in an undeformed state (top), and unixially 

stretched to strains of 20% (middle) and 40% (bottom). 3D 

FEA (see SI for details) that includes the detailed geometry 

of the system captures the mechanics. The computed defor-

mation at 40% strain (Figure  3 b), for example, agrees well 

with experimental images (Figure  3 a). Since the modulus of 

the conductive traces is similar to that of the substrate, the 

strain transfers almost entirely, as shown in Figure S3. For 

40% stretching, the maximum principal strain of the con-

ducting polymer is ≈33%, which is far below the regime of 

strain (≈60%) that induces signifi cant increases in resistivity. 

This result is consistent with the experimental observa-

tions in Figure  3 a. The strain distribution (Figure  3 c) in the 

      Figure 2.  (a) Schematic major steps for fabricating the all-elastomer thermochromic indicator. (b) Optical image of an elastomeric display/indicator 
that includes a 3 × 3 array of heaters defi ned by switchbacks in the conductive traces. (c) Optical image of the device under non-uniform stretching. 
(d) An elastomeric display/indicator, viewed from the front during activation of the top corner pixels. (e) Geometry for fi nite element model of the 
device. (f) Full 3D FEA and (g) analytical results of the temperature distribution of the device during operation as in (d). 
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conducting wire is spatially uniform along the horizontally 

aligned segments.  

 By properly confi guring the device 

layout and materials formulations, it is pos-

sible to exploit changes in the resistance of 

the conductive elastomer (Figure  1 f) with 

strain to allow use as a visual indicator of 

strain. A device that demonstrates this 

possibility uses a zigzag shaped conduc-

tive trace in a sparse confi guration, as in 

Figure S4. The overall resistance is 120  Ω . 

The left panel of  Figure    4  a shows an image 

of the indicator upon application of 3.5 V. 

As the the elastomer is stretched by 20% 

and then 50%, the pattern of the color 

changes, as demonstrated in the middle 

and right image of Figure  4 a. In par-

ticular, the zigzag white line (left image 

of Figure  4 a) transforms into a collection 

of isolated white segments along the hori-

zontal direction (middle and right image 

of Figure  4 a). Such changes arise from 

strain induced increases in resistance, and 

therefore extent of local heating. 3D FEA, 

as shown in Figure  4 b, reveals the effects. 

For 50% stretching, the longitudinal strain 

in the horizontal conductive wires is ≈43% 

(shown in Table S1 and Figure S5), while 

that in the vertical wires is −17%, i.e. 

compression. This result is consistent with 

invariant volume during deformation, i.e., 

43% elongation in the longitudinal direc-

tion induces 16.4% compression in the 

other two directions. The series connection 

of the horizontal and vertical wire seg-

ments ensures that the current is uniform 

throughout. The local heating power, there-

fore, is directly proportional to the local 

resistance: Joule heating increases along 

the horizontal wires, and diminishes along 

at the vertical wires, with increased tensile 

stretching. For regions adjacent to the ver-

tical wires, where the original color is white, 

the color changes to black as the tem-

perature is reduced below the threshold 

(≈47 °C). This capability suggests oppor-

tunities in colorimetric strain mapping, or 

strain induced color switching, in ways that 

might offer useful diagnostic function not 

easily obtained using other approaches.  

 In summary, thermochromic 

elastomers can be combined with conduc-

tive elastomers and elastomer substrates/

encapsulants to yield a fully stretchable 

display and visual strain indicator. 

Experimental and theoretical investi-

gations illustrate the key materials and 

mechanics aspects. This type of system 

could be integrated with other functional 

materials, to provide bioelectrical sensing and measurement 

capabilities, with potential for broad utility in biointegrated 

      Figure 4.  (a) Color transformation associated with heating by a zigzag wire, under different 
levels of stretching: unstretched (left), 20% (middle), and 50% (right). (b) Deformation and 
distribution of maximum principal strain corresponding to (a). 

      Figure 3.  (a) Elastomeric display/indicator under different levels of stretching: unstretched 
(top), 20% (middle), and 40% (bottom). (b) Computed deformation and distribution of 
maximum principal strain under 40% stretching along horizontal direction. (c) Distribution of 
maximum principal strain in the conductive wire at the center pixel. 
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systems, where the elastomeric mechanics can be critically 

important.  

  Experimental Section 

  Preparing the Thermochromic Elastomer : The thermochromic 
elastomer uses mixtures of leuco dye (black, activation temperature = 
47 °C) with a precursor to a silicone material (Solaris, Smooth-on Inc, 
weight ratio of part A:B = 1:1) at a weight ratio of 1:10. Spin-casting 
and thermally curing the resulting material at 110 °C yields thin fi lms. 

  Preparing the Conductive Elastomer : The conductive elastomer 
uses mixtures of Ag particles (average diameter 2–3.5  μ m, Sigma 
Aldrich) with a precursor to poly(dimethylsiloxane) (Sylgard 184, 
Dow Corning Inc., weight ratio of base:curing agent = 30:1) at dif-
ferent weight ratios, such as 4:1, 5:1, etc. A drill miller (DR260B, 
Black & Decker) was used for mixing. Heating at 80 °C for 2 h trans-
forms the precursor into a solid form. 

  Characterizing the Thermochromic Elastomer : The modulus of 
the thermochromic elastomer was measured under uniaxial ten-
sile loading with a dynamic mechanical analyzer (DMA) (TA Instru-
ments, Q 800). The samples consisted of strips, 4 cm long, 5 mm 
wide, and 100  μ m thick. The strips were tested by clamping the 
two ends and applying stepwise increased tensile force. A tensile 
modulus of 0.409 MPa was obtained from the slope of the linear 
part of the stress-strain curve. The results were based on the 
average of six individual samples. 

 The optical refl ectance of the thermochromic elastomer at dif-
ferent temperatures was measured using a spectrometer (Cary 5G 
UV-VIS-NIR). A portable commercial thermoelectric heater/cooler 
(InbS1–031.021, WATRONIX, Inc.) was utilized to control the 
sample temperature. A thermocouple (Fluke 233, Fluke Corpora-
tion) was used to measure the temperature. 

  Characterizing the Conductive Elastomer : The modulus of the 
conductive elastomer was measured in the same way as the ther-
mochromic elastomer. The tensile modulus was 0.893 MPa for 
conductive elastomer with 80 wt% Ag. 

 The electrical resistance was characterized by measurements 
on long, narrow wires (3 cm long, 150  μ m wide and 50  μ m thick) 
with contact pads (5 mm long, 1 mm wide and 50  μ m thick) at their 
ends. The wires were supported by a Solaris or thermochromic 
elastomer substrate. The pads clamped to custom made cables 
(Figure S1) and a mechanical stretching apparatus. A multimeter 
(Fluke 233, Fluke Corporation) was used to measure the electrical 
resistance through an interfacing PCB.  

  Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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