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Abstract: Manipulation of terahertz (THz) wave plays an important role in THz imaging, 

communication, and detection. The difficulty in manipulating the THz wave includes single 

function, untunable, and inconvenient integration. Here, we present a mechanically tunable 

THz polarizer by using stretchable buckled carbon nanotube sheets on natural rubber substrate 

(BCNTS/rubber). The transmittance and degree of polarization of THz wave can be modulated 

by stretching the BCNTS/rubber. The experiments showed that the degree of polarization 

increased from 17% to 97%, and the modulation depth reached 365% in the range of 0.2-1.2 

THz, as the BCNTS/rubber was stretched from 0% to 150% strain. These changes can be also 

used for high strain sensing up to 150% strain, with a maximum sensitivity of 2.5 M/S. A spatial 

modulation of THz imaging was also realized by stretching and rotating BCNTS/rubber. The 

theoretical analysis and numerical modeling further confirm the BCNTS/rubber changes from 

weak anisotropic to highly anisotropic structure, which play key roles in THz wave modulation. 

This approach for active THz wave manipulation can be widely used in polarization imaging, 

wearable material for security, and highly sensitive strain sensing. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Terahertz (THz) radiation defines as the electromagnetic wave within the frequency range from 

0.1 to 10 THz [1,2]. In recent years, great progress in THz generation, detection, and 

manipulation have enabled these techniques with diverse applications including THz imaging 

for security and biology [3,4], wireless communications [5,6] spectral detection and strain 

sensing [7,8]. However, the manipulation components for THz waves are still in the primitive 

stage of development, such as polarizers [9,10], modulators and switches [11,12], phase shifters 

[13,14] and sensors [15,16]. In particular, polarizer is a fundamental optical element and could 

detect and control the polarization state of THz wave. Nowadays, active modulation of 

polarization and phase for THz wave are attracting great interest, because of the demands in 

polarization communication, polarization imaging, and polarization spectroscopy [17,18]. 

Traditional metal wire grid polarizers show excellent polarizing performance in detection or 

generation of linear polarized THz wave [19,20], but they could not be used for active 

modulation of THz wave because of their rigidity and non-tunable structures. 

Recently great progress have been achieved by using different materials and design in active 

manipulation of THz wave, including graphene and liquid crystals using gate electrode [21], 
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semiconductor and graphene by pumping light and metamaterials by thermal or mechanical 

modulation [22]. Mechanical tuning by stretching, winding, and rotating are effective ways to 

realize active modulation of THz wave [23]. At present, the THz active devices via mechanical-

stretch ability face major problems such as complex fabrication, low stretch ability, and limited 

modulation depths. For examples, Li et al. proposed a mechanically tunable THz metallic 

metamaterial on a highly elastic polydimethylsiloxane (PDMS) substrate. Due to the non-

stretch and fracture of metallic microstructures, the resonance frequency of metamaterial can 

be only tuned 8.3% [24]. Pitchappa et al. proposed a micro-electromechanical system (MEMS) 

metamaterial to active THz modulation [25]. Kan et al. proposed a THz polarization modulator 

employing vertically deformable 3D chiral spirals, in which the polarization rotation of 28° can 

be achieved [26]. However, they are also limited by the complicated fabrication, strong driving 

electric field, narrow tuning range and bandwidth. More importantly, actively controlling 

amplitude and polarization of THz wave in a single device or structure at the same time has 

merely been reported so far, which can be integrated with more functions in one device. 

Therefore, materials and strategies for mechanically tunable THz devices are highly 

demanded to obtain a broader tuning range, wider operating bandwidth, and more functions. 

Carbon nanotubes (CNT), especially super-aligned carbon nanotube sheets (SACNTS) formed 

by parallel arrays of CNT, have unique ultra-broadband anisotropic optical properties [27–29]. 

In particular, they exhibit essentially excellent polarization anisotropy in the THz regime, 

ideally suited for THz polarizer applications [30,31]. For examples, Ren et al. achieved an ideal 

polarizer at a broadband with 99.9% polarization degree and extinction ratios of 103 based on 

triple-layer single-walled CNT films on sapphire substrates [32]. Kyoung et al. reported on a 

high-performance THz CNT polarizer by mechanically winding SACNTS on a U-shaped 

polyethylene frame [33]. However, to the best of our knowledge, no THz polarizers based on 

CNT could be tunable due to the poor stretch ability of CNT itself. 

In this paper, we utilized a structure of buckled CNT sheets on the rubber (BCNTSm/rubber, 

m represents the number of layers of BCNTS) to withstand large deformations as a tunable THz 

polarization device. It was fabricated simply by transferring SACNTS on a pre-stretched rubber 

substrate and then releasing of the pre-strain. The buckled structure gradually disappeared 

during stretching and appeared again when the substrate was released. Based on this, it can be 

widely used for active THz wave manipulation, polarization imaging, and strain sensing. 

2. Experimental methods

2.1 Device fabrications 

The SACNTS used here were drawn from multiwalled CNT (MWCNT) forests (6 walls, 9 

nm of outer diameter) grown by chemical vapor deposition (CVD). The SACNTS showed good 

flexibility and toughness, as well as good compatibility with the polymer materials. The 

BCNTS/rubber was prepared via a prestretch-release process shown in Fig. 1(a). Briefly, an 

elastic natural rubber sheet (length: 30 mm, width: 15 mm) is uniaxially stretched to 150% 

strain (called fabrication strain), and then one-layer CNT was stacked onto the pre-strained 

rubber substrate. The orientation of carbon nanotubes in SACNTS was parallel to the stretch 

direction of the natural rubber sheet. After uniform coating of SACNTS layer on rubber 

substrate, ethanol was sprayed on the SACNTS. After evaporation of the ethanol, the SACNTS 

adhered firmly to the natural rubber. Repeat the above steps, the pre-strain of rubber was then 

released and the BCNTSm/rubber was formed. 

Figure 1(b) shows the scanning electron microscopic (SEM) images of BCNTS20/rubber at 

different strain. The stretch/release direction of the BCNTS20/rubber was along the horizontal 

direction. Due to the pre-strain and release of rubber substrate, the CNT of BCNTS20/rubber at 

150% strain presents well-organized status. By contrast, the parallel buckles were observed 

apparently in the stretch/release direction at 90% and 30% strain. In addition, as the degree of 

tension decreases, the more obvious and dense the fold was. Some kinks were observed in the 
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buckle ridges, and the alignment directions of the CNT in the kinks were distorted compared 

to other areas. The formation of these kinks should be ascribed to width expansion during 

release of the pre-strain of the rubber substrate. The thickness of one layer of CNT is 10 nm. In 

fact, there are some gaps between CNTs in the same layer, so the multi-layer of CNT will make 

the CNT from adjacent layer to filling the gap. Thus, the total thickness of 20-layer of CNT 

sheet is slightly less than 200nm. When the stretch is released, the thickness of the sheet will 

not increase. 

 

Fig. 1. (a) Schematic illustration of fabrication steps of a BCNTS/rubber. (b) Low- and high-

resolution SEM images showing buckles of a BCNTS20/rubber at 30%, 90%, and 150% strain. 

2.2 Experimental system 

A standard THz time domain spectroscopy (THz-TDS) system was used to conduct the THz 

experiment, as schematically shown in Fig. 2(a). The THz pulse was generated by a low-

temperature grown GaAs photoconductive antenna. The excitation source was a Ti: sapphire 

laser with 75 fs duration of 80 MHz repetition rate at 800 nm. A ZnTe crystal was used for 

detection. All the experiments were carried out at room temperature with humidity of less than 

5%, and the signal to noise ratio (SNR) of system was more than 50dB from 0.2 to 1.2 THz. 

The amplitude spectra A(f) can be obtained by doing Fourier transform of the time-domain 

signal: 

  ( ) ( )A f FFt E t   (1) 
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where E(t) is the measured time-domain THz signal from THz-TDS. And the amplitude 

transmission spectra are calculated by: 

 ( ) ( ) ( )s rt f A f A f   (2) 

where As(f) and Ar(f) are the amplitude spectra of the sample and air, respectively. 

In addition, as shown in Fig. 2(b), it can be seen that the mechanical properties of the rubber 

substrate showed negligible changed after attaching BCNTS on the rubber substrate, and it has 

a good mechanical recovery characteristic. 

As a control experiment, we firstly tested the THz time-domain spectra of the bare rubber 

substrate at different strain, as shown in Fig. 2(c). The measured THz time signal moved 

forward with stretching the rubber substrate, and the amplitude transmission peak stayed at 

nearly the same level (90% from 0% to 150% strain), which means that only the phase of THz 

waves was modulated by stretching the rubber substrate. This phase shift during stretching 

should be ascribed to the decreased optical path because the rubber became thinner during the 

stretching. During strain increase of the rubber substrate, the intensity and polarization of THz 

wave were not modulated. 

 

Fig. 2. (a) Schematic diagram of THz-TDS, insets: experimental tensile setup. (b) The stress-

strain curve of bare rubber, BCNTS20/rubber, and BCNTS60/rubber. (c) Time-domain THz 

spectra of bare rubber substrate at different strain 0%, 30%, 60%, 90%, 120% and 150%. 
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3. Results and discussions 

3.1 Tunable polarization characteristics 

Next, we analyzed the THz time-domain spectra of the BCNTS/rubber for the cases of BCNTS

 THz and BCNTSTHz at different strain, as shown in Fig. 3. The polarization angle was 

defined as the rotating angle of CNT alignment direction to the THz polarization direction, 

which was 0° in the parallel case (BCNTS  THz) and 90° in the perpendicular case 

(BCNTSTHz). The results of BCNTS20/rubber were shown in Figs. 3(a) and 3(b). On 

stretching the BCNTS/rubber, the THz time signal moved forward with less time delay, and the 

peak values increased for BCNTSTHz case and decreased for BCNTS  THz with strain 

increase. The modulation of amplitude transmission and phase of THz wave by stretching 

BCNTS60/rubber were similar to that of BCNTS20/rubber. This indicates that both amplitude 

transmission and phase of the THz wave were modulated by stretching the BCNTS/rubber. 

After doing Fourier transform of time domain signals, the corresponding amplitude 

transmission can be calculated, respectively. 

 
Fig. 3. Time-domain THz waveform for BCNTS/rubberTHz and BCNTS/rubber  THz of (a, 

b) 20-layer and (c, d) 60-layer for strain increasing from 0% to 150%. 

The amplitude transmission spectra of BCNTS20/rubber for the BCNTS  THz and 

BCNTSTHz cases with the different strain, as shown in Fig. 4(a). When there is no strain, the 

amplitude transmission of BCNTSTHz is only slightly higher than that of BCNTS∥THz, both 

close to 40% (44.63% and 39.29% at 1 THz, respectively). When the strain increases from 0 to 

150%, the amplitude transmission of BCNTSTHz increases to 70.67%, but BCNTS  THz 

inversely drops down to 18.50%. The BCNTS/rubber having other number of layers from 5 to 

60 showed similar trends as the BCNTS20/rubber in modulating THz wave, and the results of 

BCNTS60/rubber are shown in Fig. 4(b), with total amplitude transmission smaller than that of 
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BCNTS20/rubber. It is obvious that the amplitude transmission of BCNTS/rubber is strongly 

dependent on the changes of buckled structure, and its THz anisotropic properties can be 

actively tuned in the stretching process. 

 

Fig. 4. Amplitude transmission spectra of BCNTS/rubber for the BCNTS  THz and 

BCNTSTHz cases of (a) 20-layer and (b) 60-layer with the different strain. Extinction ratio for 

BCNTS/rubber of (c) 20-layer and (d) 60-layer at the different strain. The peak signal of the 
Time-domain THz spectra for the (e) 20-layer and (f) 60-layer as a function of polarization angle 

at different strain. 

To study the influence of anisotropic properties of BCNTS/rubber as a tunable THz 

polarizer, we calculated the extinction ratio (ER) of the THz wave as a function of frequency 

(f), which was defined as [30,33]: 

 2 2 2 2

/ / / /( ) ( ) ( )ER f t t t t      (3) 
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where t// and t are the amplitude transmission of THz wave for the cases of BCNTS  THz and 

BCNTSTHz, respectively. The ER is 100% for an ideal polarizer since it creates fully linearly 

polarized light. Figures 4(c) and 4(d) show the ER of THz wave at 0.2-1.2 THz for 

BCNTS/rubber at different strain for m = 20 and 60, respectively. For BCNTS20/rubber, the ER 

increased gradually from 16.6% to 88.3% at 1THz when strain increased from 0% to 150%. 

For BCNTS60/rubber, the ER increased from 17% to 97% at 1THz, and the THz spectra showed 

negligible dispersion as the strain was larger than 90%. It indicates that higher ER values can 

be obtained for BCNTS/rubber having a larger number of CNT layers. However, the more 

layers of CNT, the lower the transmittance it has, as shown in Figs. 4 (a) and 4(b). The results 

indicate that the BCNTS/rubber can be used as an efficient tunable THz polarizer, which can 

be changed from a nearly isotropic state at 0% strain to a highly anisotropic state at high strain. 

In addition, we studied the THz polarization properties of BCNTS/rubber as a function of 

polarization angle at different strain as shown in Fig. 4(e). The BCNTS/rubber is fixed on the 

sample holder that can be rotated by any angles. The input THz wave in THz-TDS system is 

linearly polarized, and then the relative orientation of incident polarized light and CNT can be 

realized by rotating the sample holder. The peak of the THz time-domain signal of 

BCNTS/rubber at 0% strain linearly increased from 39% to 48% as the polarization angle 

increased from 0° to 90° for m = 20. The similar results of m = 60 are shown in Fig. 4(f). At 

higher strains for BCNTS/rubber, the peak increased more prominently with the increase of 

polarization angle. The peak decreased with strain increase as the polarization angle is smaller 

than 45°, and increased with strain increase when the polarization angle is higher than 45°, and 

kept constant at the polarization angle of 45°. Therefore, the BCNTS/rubber at stretched state 

shows highly anisotropic properties, which can be used as a tunable THz polarizer to control 

the polarization and amplitude transmission of THz waves. 

3.2 Theoretical analysis and simulation 

To understand the observed strain-dependent THz amplitude transmission, we characterized 

the BCNTS20/rubber at different strain by SEM. Figure 1 shows the obvious buckled structure 

was observed for BCNTS at 30% strain. The distance between buckles got larger as strain 

increased, and finally the buckles disappeared at strain 150%. In the highly stretched 

BCNTS/rubber, the CNT was highly aligned in the stretch direction and worked as a conducting 

wire grating for THz wave. The THz amplitude transmission for BCNTS  THz is low and that 

for BCNTSTHz is high, so the BCNTS/rubber at high strain is an efficient THz polarizer. At 

low strain, the formation of buckles and kinks in BCNTS/rubber largely broke the anisotropy 

of CNT in the alignment direction. The THz amplitude transmissions for BCNTS  THz and 

BCNTSTHz are very close to each other, and therefore BCNTS/rubber at low strain served 

as a nearly isotropic material for THz wave. 

A numerical model with a structure of BCNTS grating was used to simulate the THz 

polarization and modulation behaviors of BCNTS/rubber at different strain, as illustrated in 

Fig. 5(a). In this model, the BCNTS was statistically taken as a pair of orthogonal optical 

gratings of CNT. The vertical grating grid represents the CNT alignment direction during 

fabrication and the pre-stretch direction of the rubber substrate, where b represents the period 

of this vertical grating. Because there are buckles and defects in the BCNTS/rubber at low 

strains, the orientation of CNT is partially deteriorated. Therefore, another horizontal grating 

was used to represent the CNT buckles and defects that are aligned perpendicular to the pre-

stretch direction, where a represents the period of this horizontal grating. The geometric 

parameter c represents the statistical width of the CNT gratings, and it stays the same during 

stretching. 
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Fig. 5. (a) The diagram of the statistical grating model of BCNTS/rubber, the yellow part 
represents rubber and the gray wires represent CNT gratings. (b) The simulated values of a and 

b in (a) as a function of strain. (c) The simulated values of b/a in (a) as a function of strain. (d) 

The simulated amplitude transmission spectra of BCNTS20/rubber for the cases of BCNTS 
THz and BCNTSTHz at different strain. 

The commercial software Lumerical FDTD Solution was used to make the full-wave 

electromagnetic field simulation for the above model based on the finite difference time domain 

(FDTD) method [34]. Here, the CNT gratings exhibit semi-metallic characteristics and it was 

set as an electrical conductivity of 5 × 105 S/m [35], and the permittivity of rubber was set as 

3.09 in the simulation model, which is accurately measured by the THz-TDS system. Only one 

unit cell is used to describe a pair of periodic orthogonal grating grids as shown in the dotted 

area of Fig. 5(a), and two pairs of the periodic boundary condition are set. When we set different 

geometric parameters a, b, and c, the BCNTS/rubber grating model with different strain can be 

numerically simulated, and the simulated amplitude transmission spectra of BCNTS/rubber for 

both BCNTS  THz and BCNTSTHz cases can be obtained. Although this model looks 

different from the geometry in Fig. 1(b), it can well indicate the optical properties of BCNTS 

in the stretching process. 

Figure 5(d) shows the simulated amplitude transmission spectra of BCNTS20/rubber with 

different parameters a and b corresponding to the strain from 0 to 150%. When the strain is 0, 

both simulated amplitude transmission of BCNTSTHz and BCNTS  THz are close to 50%. 

When the strain increase from 0 to 150%, the amplitude transmission of BCNTSTHz 

increases to >70%, but BCNTS  THz inversely drops down to <20%. All the simulated 

amplitude transmission spectral curves agree well with the corresponding experimental spectral 

at different strains shown in Fig. 4(a). Figure 5(b) records the changes of parameters a and b in 

the simulation process. During stretch of BCNTS/rubber from 0% strain, c keeps constant, a 

decrease, b increases, which is consistent with the actual situation shown in Fig. 1(b). The 

parameter b/a represents the geometric asymmetry of BCNTS/rubber, which increases from 2 

to 20 as strain increases from 0 to 150%, as shown in Fig. 5(c). This indicates that the 

BCNTS/rubber changes from weak anisotropic to highly anisotropic structures for THz wave 

modulation. The numerical simulation results confirm the THz-TDS experiment of 

BCNTS/rubber, and explain the THz anisotropy and modulation behaviors of BCNTS/rubber 

during the stretching process. Based on the numerical model that we proposed, the simulated 

results of 60-layer also can be obtained. The specific value of a, b, and c may change, but the 
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trend of b/a still increase with the degree of tension. Due to the higher extinction ratio of 60-

layer, the maximum value of b/a will greater than 20-layer. In addition, the conductivity of 60-

layer is greater than 20-layer. 

3.3 Modulation and sensing characteristics 

We next discuss the modulation of THz intensity by the BCNTS/rubber and its strain sensing 

behavior. The intensity modulation depth (MD) is defined as: 

 2 2 2

0 0( ) [ ( ) ( ) ] ( )MD f t f t f t f    (4) 

where tε(f) and t0(f) are the amplitude transmittance at strain ε % and 0%, respectively. The 

modulation depth of BCNTS/rubber as a function of strain at 1 THz for different m is shown in 

Fig. 6(a). It can be seen that the MD of BCNTS/rubber at BCNTSTHz is much higher than 

that at BCNTS  THz for the same number of layers of BCNTS and at the same strain. The MD 

for both BCNTS  THz and BCNTSTHz monotonically increased with increase in the 

BCNTS layer number and strain, respectively. The maximum MD value of 365% was obtained 

at 150% strain for BCNTSTHz. By comparing Fig. 2(c) and Fig. 3, it can be concluded that 

phase shifts of BCNTS/rubber come mainly from the thickness change of the rubber substrate. 

This performance of MD with strain would make the BCNTS/rubber a good candidate for 

strain sensing. In order to characterize the strain sensing properties quantitatively, we define 

the strain sensitivity (SS) as: 

 ( ) ( )SS MD     (5) 

which is the derivative of the MD-strain curves shown in Fig. 6(b). The average strain 

sensitivity of BCNTS/rubber for different m was obtained by fitting of the MD-strain curves. 

The SS of BCNTS/rubber for BCNTSTHz linearly increased from 0.29 to 2.5. The maximum 

SS value of 2.5 means that, the MD of THz wave changes by 2.5% for per change of strain 1%, 

indicating a good sensitivity of the strain sensor. The SS of BCNTS/rubber for BCNTS  THz 

monotonically increased from 0.32 to 0.55 as the number of layers of BCNTS increased from 

5 to 60. The stress-strain curves of BCNTS/rubber (for m = 0, 20, and 60) are shown in Fig. 

2(b), which showed a monotonic change of stress with strain increase. The correlation of stress-

strain and the MD-strain would make it a possible way to sense the stress by measuring the MD 

values. 

 

Fig. 6. (a) The modulation depth as a function of strain for BCNTS/rubber with different BCNTS 

layer number (m = 5, 10, 20, 40, and 60, respectively) for the cases of BCNTSTHz and BCNTS

 THz. (b) Strain sensitivity as a function of number of BCNTS layers for the cases of 

BCNTSTHz and BCNTS  THz. 
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Fig. 7. The extinction ratio curves of BCNTS/rubber at 1THz after different cyclic stretch (red 

dotted lines represent 20-layer, blue dotted lines represent 60-layer). 

In order to illustrate the reliability of BCNTS/rubber after long-time operation, we give the 

extinction ratio curves of BCNTS/rubber at 1THz with different cycle number, as shown in Fig. 

7. On the whole, after many times of stretching, the ER curves have a slight decrease and finally 

tended to be the same and remain at a high level, which shows that the BCNTS/rubber can 

withstand multiple operations and maintains the good performance. 

3.4 THz polarization imaging 

THz imaging has shown the tremendous potential in fields including security screening and 

biomedical imaging [36–41]. Imaging using THz radiation shows contactless and 

nondestructive, that is suitable for materials that behind dry and nonpolar materials such as 

plastics and rubber. Besides the THz imaging, THz shielding is also important for blocking the 

THz imaging for security and detection requirements [42–45]. For the cases that require 

switchability and tunability of THz imaging and blocking, we here showed the spatial 

modulation of THz polarization by using the BCNTS60/rubber, which realized a switchable 

imaging for a cloaking coin, as shown in Fig. 8(a). Here, the THz wave is generated by an 

unbiased photoconductive antenna (TD-1550-L165-AR from Eachwave company), which can 

be stimulated by fs-laser. The sample is placed at the front focal plane of a 4f system made by 

two THz lenses. The schottky diode detector (3DL-12C-2500LS-A1 from ACST company) is 

placed at the back focal plane. By 2D scanning at object plane with a motorized precision 

translation stage, we can detect the intensity transmission of every point from the sample on 

receiving plane. 

The BCNTS60/rubber is clamped on a metal frame with a hole, which can be stretched to 

different strain and held by the clamp. The metal frame can be rotated with different rotation 

angle and therefore the orientation of BCNTS can be parallel or perpendicular to the THz 

polarization direction. We first studied the polarization imaging of the coin by using 

BCNTS60/rubber for different polarization angles from 0° to 90° at 150% strain, as shown in 

Fig. 8(b). The coin is hardly seen for the BCNTS  THz case (the polarization angle of 0°), and 

a circular ring is clearly observed for the case of BCNTSTHz (the polarization angle of 90°), 

with different imaging intensities for the polarization angles in between 0° to 90°. The inner 

dark circle is the hiding coin and the outside is the metal frame, forming a bright yellow ring 

for the space between the coin and the metal frame. We then studied the polarization imaging 

of the BCNTS60/rubber at different strain from 0% and 150% for the case of BCNTSTHz, as 

shown in Fig. 8(c). The coin was hardly seen as the BCNTS60/rubber was at 0% strain, and the 

intensity of the bright-yellowish circular became clearer by increasing the strain. Therefore, the 

THz polarization imaging can be tuned by from almost being hidden to being clearly imaged 

by mechanical stretching or rotating of the BCNTS/rubber. In addition, the single-walled 

carbon nanotubes (SWCNT) possess higher ER index than MWCNT [30,46]. Therefore, if we 
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choose the SWCNT instead of MWCNT, the performance of BCNTS in strain sensing and 

polarization imaging will be further improved. 

 
Fig. 8. Tunable THz polarization imaging of a coin by use of BCNTS60/rubber. (a) Schematic 

demonstration of tunable THz imaging. (b) The THz images with different rotation angle at 

150% strain. 0° and 90° are corresponding to the BCNTS  THz and BCNTSTHz. (c) The 

THz images at different strain with a rotation angle of 90°. 

4. Conclusion 

In summary, we fabricated BCNTS/rubber and demonstrated its application in THz polarization 

modulation, including transmittance and degree of polarization by mechanical stretching, and 

realized tunable THz polarization imaging by using BCNTS/rubber via rotation and stretching. 

The change of degree of polarization with strain indicates that the BCNTS/rubber can be used 

for highly strain sensing. Based on the micro-structural change of the BCNTS/rubber, a grid 

model was designed and the simulation agreed well with the experimental results. This tunable 

THz device and its approach for active THz wave manipulation can be widely used in 

polarization imaging, wearable material for security and high sensitive strain sensing. 
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