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Strain-Controlled Optical Transmittance Tuning of Three-

Dimensional Carbon Nanotube Architectures  

Yang Li,a,b,+ Peter Samora Owuor,b,+ Zhendong Dai,a* Quan Xu,c* Rodrigo V. Salvatierra,b Sharan 
Kishore,d Robert Vajtai,b James M. Tour,b Jun Lou,b Chandra Sekhar Tiwary, b,e* Pulickel M. Ajayanb 

Three-dimensional (3D) architectures based on carbon nanotubes (CNTs) have been applied to fields ranging from 

aerospace to biomedicine. In this report, the fabrication of 3D CNT patterns having various orientations has been 

described. These 3D architectures acted both as efficient optical switching devices and barriers to protect against 

laser-induced damage. Such devices can switch from transparent to opaque upon application of a very small strain 

(˂0.4%). Optical switching depends heavily on the orientations of the anisotropic patterns. The orientation dependence 

of 3D CNT architecture mechanical properties was also studied experimentally and further supported by finite element 

method analysis.

Introduction 

Anisotropy is found in most natural composites such as 

wood, bone,1 seashells,2 and so on. Nature selects smart 

natural composite structures such that their Young’s moduli, 

fluid flow characteristics, and other functional properties are 

anisotropic. This has led to bio-inspired designs such as an 

optical switching material whose optical properties like color 

and transmittance can be tuned by mechanical,3,4 electrical,5-

13 and chemical stimuli,14 and so on.15-17 Several biomimetic 

structures made from carbon nanotubes (CNTs) have 

recently been reported to have unique mechanical,18-22 

adhesive,23,24 and other properties. Three-dimensional (3D) 

CNTs, which have a refractive index of 2.5 and an absorption 

coefficient of less than 1, can be considered the darkest 

known materials.25,26 In addition, their superior elasticity 

allows the CNT to accommodate large strain deformations 

without structural failure.27,28 When vertically grown in a 

forest-like arrangement with good alignment, CNTs form an 

extremely resilient structure where individual nanotubes act 

like nanoscale struts.27 A well-designed CNT structure can 

exhibit anisotropy in either its mechanical or optical 

properties, especially when combined with polymers such as 

polydimethylsiloxane (PDMS). Such a composite 

simultaneously exhibits the stiffness of CNTs and elasticity of 

PDMS. Reinforcing the CNT structures with polymers also 

results in several interesting properties such as self-

stiffening21 and strain hardening.29 Researchers have been 

able to combine the mechanical and optical properties of 3D 

CNTs and design mechano-optical switching structures.30,31 

Mechanical modulation has been widely used to control 

optical light transmission in buildings via various means such 

as smart windows, which can switch from opaque to 

transparent to save energy.31 However, these approaches are 

plagued with problems such as inefficiency and high strain; 

thus, they require a great deal of advancement before they 

can truly be the “smart” windows of the future. Owing to the 

sophistication required to realize current smart windows, 

there is a need for a simpler strategy that offers better 

alternatives with lower strain. Furthermore, as lasers have 

become more prevalent in biomedical, optical components, 

and advanced engineering technologies, laser-induced 

damage in these areas has received increasing attention.32-34 

Thus, designing convenient and effective laser-shielding 

materials has become increasingly important.  

In this study, we report a CNT/PDMS composite structure 

with tunable optical transmittance, i.e., the ability to 

transition from transparent to opaque in response to a strain 

of less than 0.4%, which is the most sensitive value achieved 

to date to the best of our knowledge. CNT patterns were 

designed as straight, corner-shaped, and curved stripes, as 

well as pillars. The geometries of the 3D CNT architectures 

and the inherent anisotropic mechanical properties were 

used to control the corresponding mechanical responses. In 
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addition, the transition from transparent to opaque 

depended heavily on the orientations of the anisotropic 

patterns. Moreover, such structures could also block laser 

irradiation. Finally, we also analyzed the mechanical 

behaviors of various CNT patterns using the finite element 

method (FEM). The simplicity of our approach shows the 

advantages of such materials, which can be employed as 

both effective optical switches and barriers to protect against 

laser-induced damage. 

Materials and methods 

Pattern preparation. As shown in Figure 1a, conventional 

photolithography, electron beam catalyst deposition, and 

thermal chemical vapor deposition (CVD) were used to 

fabricate patterned, vertically aligned CNTs with four 

different geometries. 

In the first step, photolithography was used to design 

patterns with various morphologies on silicon wafers. Pre-

patterned chrome masks with certain geometric parameters 

(including pillars and curved, corner-shaped, and straight 

structures) were fabricated. During photolithography, a 

positive photoresist (AZ5214) was coated on top of the 

Si/SiO2 wafer. The photoresist was selectively exposed 

through a chrome mask under 365 nm UV light in a clean 

room. The exposed photoresist was then removed through 

developing. Typical CNT growth catalyst layers (20 nm thick 

Al2O3 layer and 2 nm thick Fe film) were successively 

deposited on the patterned Si/SiO2 substrate using an 

electron beam system (E-beam 500, Xingnan). Before CVD 

growth, the catalyst-coated un-exposed photoresist was 

etched away via immersion in acetone for 10 min, leaving 

behind the selected patterns. Thus, the catalyst was 

deposited on the photoresist-free area, as shown in the 

electronic supplementary information (ESI) Figure S1. 

CNTs were grown in a tubular furnace (OTF-1200X-80, 

Kejing) via thermal CVD with 1200 sccm of Ar used as the 

carrier gas. At 650 °C, 450 sccm of H2 was injected into the 

furnace to pretreat the catalyst. CNTs were precipitated 

when 250 sccm C2H2 was introduced into the reactor at 

720 °C. The reaction durations were in the range of 3–30 min, 

and the CNT lengths varied from 100 to 800 μm. When 

growth was complete, the C2H2 and H2 flows were stopped, 

but the Ar flow was continued until the samples reached a 

temperature of 25 °C. 

Commercially available PDMS (Sylgard 184, Dow Corning) 

was prepared by mixing 10 mL of the monomer with 2 mL of 

the curing agent in a vial. We selected PDMS because of its 

transparency and elasticity. PDMS was infiltrated into the 

patterned CNTs in a culture dish that was then placed in an 

oven at 65 °C for 5 h until PDMS was completely cured. Then, 

the cured sample was directly taken out of the culture dish. 

Excess PDMS was cut along the PDMS/CNT edge.  

Laser experiments were conducted with a model XLS10MWH 

(Universal Laser System) laser cutter using a 1.06 µm laser at 

30 kHz and a 30% duty cycle (100% power = 50 W). The laser 

was set to scribe a circle of 0.5 cm diameter at a rate of 15.24 

cm s-1, with an image density of 500 pulses per inch. The 

sample dimensions were 11 × 7 × 4 mm. For SEM analysis, 

the PDMS samples were carefully cut with a blade to expose 

the burnt area. 

Optical measurements. A goniometer was used to observe 

the transitions between transparency and opacity. Samples 

were strained, the transmitted light was observed, and 

optical images were taken. 

Dynamic mechanical testing. Samples were loaded in the 

compression mode for an isothermal test. The stiffness was 

monitored along with the number of loading cycles. All tests 

were conducted on a dynamic analysis instrument (Q800 

DMA). The frequency was maintained at 1 Hz in order to 

allow cyclic compressive loading while eliminating the risks 

of resonant or inertial effects. 

Simulation details. A solid model comprising alternating 

layers of PDMS and CNTs was constructed using SolidWorks. 

A total of three models were constructed with various PDMS 

and CNT geometries. Static structural simulations were 

performed on the three models using ANSYS Workbench. 

CNTs were modelled as isotropic materials with Young’s 

moduli and Poisson’s ratios of 300 MPa and 0 respectively, 

while the PDMS was modelled as a neo-Hookean hyper-

elastic material. The neo-Hookean constants D1 and C10 

were calculated using the bulk and shear moduli, 

respectively. Bonded contacts were established between the 

layers. The three models exhibited different behaviors upon 

the application of uniaxial pressure in various directions. To 

analyze these stress distribution patterns, a design of 

experiments (DOE) comprised of nine iterations (three 

models and three directions of pressure) was created and 

simulated. A pressure of 0.1 MPa was applied to the required 

face and maintained for all iterations. The face parallel to the 

surface that received the load was always defined as a fixed 

support. This arrangement is similar to that of a uniaxial 

compression test. The large deformation option was turned 

“on” to detect the geometric and material non-linear 

behavior. Plots of von Mises stress, elastic strain, and total 

deformation were generated, and their respective scales 

were kept constant for all iterations of the DOE. 

RESULTS AND DISCUSSION 

Figure 1b shows the various types of fabricated patterns. In 

straight stripe patterns, the vertically aligned CNTs were 

embedded inside the polymer matrix along the thickness 

direction of the composite block. The main difference 

between the curved and corner-shaped stripe patterns was 

the smoothness of the curve. The measured misalignment 

angle for the corner-shaped stripe pattern was 134°, 

compared to 165° for the curved stripe. The pillars were 

fabricated onto the micro- or nano-circular patterns created 

on the silicon wafer. This photolithography technique 

produced hundreds of thousands of CNTs on one circular 

pattern (ESI Figure S2). A catalyst layer without patterns was 
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created on the silicon wafer to form arrays. The catalyst layer 

was deposited directly on substrate, and the vertically 

aligned CNTs grew into forest-like bundles. However, the 

vertically aligned structure of CNT array shrank and 

aggregated when it was infiltrated with PDMS (ESI Figure 

S3), which might have been due to the closely packed 

structure and the effect of capillary forces.35 Therefore, a 

control sample with short CNT powder dispersed in the 

polymer matrix as conventional, randomly aligned CNT 

nanocomposites was fabricated, hereafter referred to as the 

“powder pattern” (ESI Figure S4). As shown in Figure 1c, 

optical images clearly identified the CNT-containing black 

regions. The CNT regions did not transmit light under optical 

illumination (ESI Figure S5) and thus created a contrast with 

the PDMS-rich regions. Low-magnification SEM images 

further demonstrated the previously discussed distinctive 

patterns (Figure 1c).  

  
Fig. 1. Fabrication of patterned carbon nanotubes/PDMS composites. (a) 

Schematic representation of the patterned CNT/PDMS structure. The method 

combines photolithography, chemical vapor deposition, and polymer 

infiltration; (b) Optical images of the patterned CNT/PDMS composite. Pillars 

were made via circular etching, which left a circular catalyst region upon which 

the CNTs were grown. Straight, curved, and corner-shaped stripes in the lower 

panel are all defined by their catalyst patterns after lithography; (c) Low-

magnification SEM images showing the distinct contours of patterned CNT 

forests. High-magnification SEM image (inset) of a pattern showing clear CNT 

forests with minimal buckling. Pillar patterns contained rod-like structures 

composed of CNT bundles. 

High-magnification SEM images (inset, Figure 1c) revealed 

vertically aligned, uniformly distributed CNT forests in all 

patterns. This observation demonstrated that straight CNT 

forests with minimal buckling and entanglement could be 

grown. The integrities of the pillar patterns were maintained, 

in contrast with the powder pattern samples, which consisted 

of typical networked CNT bundle structures (ESI Figure S4). 

In most strain-controlled optical switching studies, 

“complete” switching between opacity and transparency is 

achieved with strain values greater than 1%.3,36 The results of 

our patterned CNT/PDMS composite structure showed that 

this switching can be achieved using a much smaller strain (˂ 

0.4%) and that such a composite structure is quite flexible. 

Optical transmittance changes were measured by straining 

the samples perpendicularly and longitudinally to the CNT 

patterns. The switch from transparent to opaque was found 

to be orientation-dependent. For a straight pattern, a plot of 

strain versus light intensity showed that the maximum 

opacity was achieved when the load was perpendicular to 

the direction of the CNTs (Figure 2a). The intensity changed 

from a normalized value of 1 with an unloaded sample to 

~0.2 at a strain of 0.35% (Figure 2b and inset images). 

However, longitudinal loading of the straight pattern did not 

achieve the same result at the same strain (ESI Figure S6). 

Similar results were observed with the “curved stripe” pattern, 

where perpendicular loading led to a complete transition 

from transparent to opaque (intensity change from 1 to <0.2) 

at the same strain values. Longitudinal loading again did not 

show any meaningful transition to opacity at the same strain 

(ESI Figure S7). On the other hand, the transition to opacity 

(from 1 to <0.1) occurred at a strain of less than 0.125% with 

the “corner-shaped stripe” pattern. Longitudinal loading of 

the “corner” pattern again produced a minimal change in 

opacity (ESI Figure S8). The pillars and powdered patterns 

did not change as they were initially opaque because of the 

proximity of the CNTs (Figure 2b and ESI Figure S9). 

Compared with the wrinkled PDMS sheets in references,3,36 

pre-stretching is not necessary to create various wrinkling 

patterns for patterned CNT/PDMS composite. In our work, 

CNT patterns have been assembled inside the PDMS sheet 

before the stain was applied. The anisotropic pattern 

structure with a narrow gap distance can help achieving the 

switching under a much smaller strain (˂ 0.4%). In addition, 

because of their highly anisotropic nanoscale filamentary 

structure and extraordinary light absorption property,37,38 

Carbon nanotubes can be applied for optical applications 

such as ultra-dark surfaces, which could beneficial for 

improving the light-preventing efficiency. This strain 

dependent transition from clear to opaque was used in a 

simple light-switching device. As shown in Figure 2c and d, 

light was transmitted when there was no strain or load but 

was blocked when the device was strained.  
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Fig. 2. Strain-controlled optical switching. (a) Schematic representation of the 

dependence of optical switching-on force. Application of perpendicular force 

or pressure produced a completely opaque structure; (b) Normalized intensity 

of transmitted light of all patterns (inset digital images). A decrease in 

perpendicular strain led to total opacity at a maximum strain of less than 0.4%. 

The powdered samples and “pillars” started at a much lower light intensity 

than the other patterns, and hence no changes could be observed; (c) Optical 

images showing changes between transparency (marked W) and opacity 

(marked B). (d) Plot of light intensity changes under different strain. 

To elucidate the optical behaviors of various CNTs 

patterns/PDMS composite structure due to anisotropic 

loading, we quantified the pattern stiffness under dynamic 

loading. The stiffness tests were performed by subjecting the 

samples to constant loads and observing their responses 

under ambient conditions. Figure 3a shows the response of 

a sample patterned as a straight stripe. Analysis of the two 

loading configurations indicated that longitudinal loading 

produced more stiffness than perpendicular loading. 

Therefore, a smaller load was needed to compress the 

sample in the perpendicular direction of the patterns. This 

finding aligns well with the previous observation of the 

complete transition from clear to opaque under a very small 

strain. The same trend is observed with curved stripe 

patterns (Figure 3b). The longitudinally loaded samples were 

more than twice as stiff as the perpendicularly loaded 

samples. Again, this behavior occurred because the 

perpendicularly loaded samples required less strain to 

become opaque. The corner-shaped stripe patterns 

behaved in a similar manner, i.e., longitudinally loaded 

samples had higher stiffness 

 

Fig. 3 Anisotropic mechanical responses. (a) Longitudinal and perpendicular 

mechanical responses of “straight” patterns. High stiffness was observed in the 

CNT loading direction (inset images); (b) The high stiffness of the "curved" 

pattern when loaded in a longitudinal direction differs from the results of 

perpendicular loading. The former produced almost twice the stiffness of the 

latter; (c) Longitudinally loaded “corner” pattern with high stiffness; (d) The 

stiffness of the longitudinally loaded pillars increased by 2.5×; (e, f) Comparing 

the patterns indicated high stiffness with the straight pattern and the lowest 

stiffness with the powder pattern, regardless of loading direction. 

(Figure 3c). Further observation of the two curves in Figure 

3c showed that the stiffness was almost identical during the 

initial cycle of loading. The stiffness of the longitudinally 

loaded sample increased linearly with the number of loading 

cycles. With the pillars, we also observed high stiffness of 

longitudinally loaded samples (Figure 3d). Overall, the 

straight stripe patterns exhibited the highest stiffness, while 

the conventional CNT dispersion, referred to as the “powder”, 

had the lowest stiffness (Figure 3e and f) regardless of the 

direction of loading. 

The pattern stiffness may vary because of the difference in 

CNT lengths. For instance, CNTs in the straight stripe 

patterns may form continuous, parallel, fiber-like bundles 

that produce a rigid structure.27,39 Loads can be transferred 
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smoothly as a result of continuity in the bundles. When these 

bundles are aggregated in the polymer matrix, they resist 

large, longitudinal forces, but bend in response to 

perpendicular loading. The same load transfer mechanism 

occurs in the pillar pattern, but with less stiffness owing to 

the short CNTs.  
 

Fig. 4 Finite element analyses of CNT patterns. (a) Stress distributions of CNT 

patterns (straight, corner-shaped, and curved) indicating that better stress 

distributions within the straight patterns lead to a high stiffness. Stress 

concentration regions result from the corner-shaped pattern, especially at the 

interface between CNT forests and PDMS. The curved pattern eliminated the 

stress concentration regions; (b) Maximum and minimum stresses associated 

with all loading directions for all patterns. 

FEM analysis was used to understand and explain the varying 

mechanical responses of the CNT patterns. The FEM was 

used to simulate the impacts of various loading criteria on 

CNT patterns in PDMS. We simulated the straight, corner-

shaped, and curved stripe patterns. As shown in Figure 4a, 

the patterns experienced a load in the perpendicular (I), 

longitudinal (II), and perpendicular applicate (III) directions. 

The maximum and minimum stresses of the straight striped 

patterns appeared to be similar, which indicated better load 

transfer, especially under longitudinal loading. CNT forests 

easily transferred their loads in this configuration, resulting 

in very stiff structures. The corner-shaped stripe patterns 

behaved differently from the straight patterns, as the corners 

concentrated stress. Stress concentration was observed in all 

loading directions (I, II, and III) and resulted in structures with 

damping characteristics, as indicated by their large 

maximum and minimum stresses (Figure 4b). This was 

consistent with our experimental observations. The curved 

patterns exhibited high maximum stresses in loading 

directions I and II, but perpendicular loading from below 

produced very low maximum and minimum stresses. The 

curved architecture produced a better stress distribution by 

eliminating the stress concentration regions within the 

patterns. The maximum and minimum stresses that the 

various structures produced in response to loads from each 

direction are shown in Figure 4b. For directions I and II, the 

stress 

Fig. 5 Laser shield application. (a) Patterned CNTs block the 1.06 µm laser; (b) 

Photograph shows the effect of the laser shield experiment on a polyimide (PI) 

sheet. Pure PDMS (top right) was transparent to the 1.06 um laser, thus the 

laser burned the PI layer. The square at bottom right (square 2) indicates the 

location of the pure PDMS during the laser experiment. The burnt part is 

visible as a black spot on the PI. No signs of PDMS burning were observed. 

The top left contains PDMS and patterned CNTs. The square at the bottom 

left (square 1) indicates the PDMS/patterned CNT location during the 

experiment. No burning was observed on the PI sheet. Burnt sections were 

observed inside the PDMS, adjacent to the patterned CNT; (c–e) Top-view, 

bottom-view, and cross-sectional photographs of PDMS/patterned CNTs, 

respectively. Scale bars: 5 mm; (f) PDMS/patterned CNTs under 40% length 

compression; (g, h) Optical microscopy images of PDMS/patterned CNTs 

before and after laser irradiation, respectively; (i) Cross-sectional SEM image 

of PDMS-CNT after laser irradiation; (j, k) SEM images (top-view) of a burned 

area in the PDMS-CNT. Inset (j) EDS spectrum showing silicon oxide (SiOx) 

peaks in the burnt material. 

magnitude increased on moving from a straight line to a 

pointed design. This pressure increase occurred owing to 

curvature, stress concentration, and a tendency to bend 

further in the direction of loading. The above behavior could 

be easily explained with help of a force balance, where a 

Page 5 of 8 Journal of Materials Chemistry C



Journal of Materials Chemistry C  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Mater. Chem. C, 2018, 00, 1-3 | 6 

Please do not adjust margins 

Please do not adjust margins 

large angle between the acting forces produced a better 

force distribution. In direction III, the stresses in the curved 

beam were smaller than those of the straight lines. This is 

because the beam tended to flatten by distributing the 

stresses towards the ends of the layers. The super-elastic 

behavior of the CNTs helped in this process. However, the 

sharp features of the pointed layer design dominated and 

hence produced a large stress peak.  

We also demonstrated that the patterned CNTs in PDMS 

could be used in compressible laser shield applications. For 

this experiment, an infrared laser (1.06 µm) was focused over 

a polyimide (PI) sheet. A layer of PDMS containing patterned 

CNTs was placed over the sheet, between the PI and the laser 

(Figure 5a). A control experiment was performed under the 

same conditions using a pure PDMS layer with the same 

dimensions. Figure 5b shows the results of laser irradiation. 

Pure PDMS is transparent at the wavelength of the laser. 

Consequently, the laser burned the PI layer, as indicated by 

a black spot on the PI sheet. No signs of laser burning were 

observed if PDMS contained patterned CNTs. Instead, a grey, 

burned layer could be observed inside the PDMS. Figures 

5c–e show the photographs taken after laser irradiation 

through patterned CNTs inside PDMS. The burned grey layer 

was located directly over the CNT layer, thus relating the 

laser absorption to the presence of the patterned CNT layer. 

The same laser shield effect was observed even under 

compression (Figure 5f). Optical microscopy images were 

taken before and after laser irradiation (Figure 5g, h 

respectively), which showed that the area between the CNT 

strips was also burned. The cross-sectional SEM image 

shown in Figure 5i correlates the burned area to the CNT 

strip position. The burned part was composed of a thin layer 

(<10 µm), over which CNT strips could still be observed 

(Figure 5j). Energy-dispersive X-ray spectrum (EDS) analysis 

of the layer identified the burned material as silicon oxide, 

which probably arose from the combustion of PDMS (inset, 

Figure 5j). High-resolution images demonstrated the 

presence of CNT bundles within the burned material. The 

reason that the laser did not penetrate the open spaces 

between the CNT strips is not clear; however, these 

composite structures can clearly be used both as optical 

switches and laser shields. 

Conclusions 

In conclusion, we demonstrate that the inherent anisotropic 

mechanical properties of CNTs can be used to fabricate a 

material with controllable optical transmittance, namely, the 

ability to transition from transparent to opaque at a strain of 

less than 0.4%. Lithography and CVD were used to design 

various (straight, corner-shaped, and curved stripes, as well 

as pillars) CNT forests in which optical switching depended 

heavily on the direction of loading. The transition was less 

pronounced when the samples were loaded in the 

longitudinal direction than in the perpendicular direction. 

Further, FEM analysis was used to illuminate the mechanical 

behaviors of the various CNT patterns. The CNT patterns 

were further demonstrated as both optical switches and 

structures for decreasing laser-induced damage. 
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