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Abstract
With the increasing demands in new application such as wearable electronics, human health monitoring, and soft robotics, high-performance strain sensors with high sensitivity, and high stretchability, with the ability to measure both tensile and compressive strain, are highly desirable. However, based on the reported studies, it is difficult to get a strain sensor with both high sensitivity and high stretchability. Also, the response of the many strain sensor is nonlinear which makes their practical application difficult. Here, we introduce a strategy in which a carbon nanotube paper was embedded into an elastomeric substrate with laser-engraved technology to well control the crack density. Then the pre-cracks were changed into through-thickness cracks by a roll-to-roll process. This sensor can maintain high sensitivity with good stretchability (with a GA of over 4.2 × 104 at 150% strain which is three times greater than that of no pre-cracked sensor). By changing the sensor’s substrate to a thermoplastic polymer, and applying a stretching-stress-releasing process, we are then capable of designing a highly-sensitive compressive strain sensor.
1.
Introduction
With the rapid developments in stretchable electronics, stretchable strain sensors got high attention.1-6 High-performance stretchable strain sensors are mainly determined by three factors: sensitivity, stretchability, and linearity.7-13 The sensitivity was often measured by gauge factor (GA) which is evaluated by the relative resistance change versus the applied strain. High gauge factor is useful to detect even small strain change which is important in some situations such as body blood pressure measurement and heart rate detection. High stretchability brings high detection range which plays a vital role in human body motion detection and soft robotic applications. The linearity of the stimulus/measurement response is also a required performance to get consistent level of precision over the whole measurement range. Current strain sensors technologies do not perform well on these three aspect in the compressive range. It is indeed difficult to have a good combination of high stretchability (strain>100%), high sensitivity(GA>100), high linearity, and high compressibility (>4%).
A classical way to bring stretchability to a component is to introduce cracks.  An excellent stretchable strain sensor was reported based on cracked silver nanoparticles thin film in polydimethylsiloxane (PDMS). 14 This sensor can be stretched to 20% with a GA of 7. The good sensitivity and stretchability are attributed to the opening and closing of microcracks. We can find a lot of stretchable strain sensors based on cracks, such as deposited cracked platinum thin film on top of stretchable layers, embedded graphite thin films with short microcracks in elastomers.15,16 Due to the specific response of the cracked surfaces, both sensitivity and stretchability are tremendously increased. However such technologies do not perform well today for the measurement of compressive strains. Conductive aerogels have high compressibility, but underperform under tensile strain.17,18 Conductive film based compressible strain sensors have a very limited measurement range in  compression (strain>-4%).19,20
Here, we introduced a new strategy to construct a high-performance strain sensor with high sensitivity,  high stretchability, high linearity, and high compressibility. First, we introduce pre-cracks with a laser-engraving process on the surface of the carbon nanotube thin film. Then, the engraved carbon nanotube film was embedded in polydimethylsiloxane (PDMS).  To trigger the pre-cracks, we used a roll-to-roll pressing process. Thus we got a stretchable strain sensor with a maximum stretchability of 153% while maintaining a high sensitivity of 4.2 × 104. Followed the above steps, we changed the PDMS to a thermoplastic elastomer (TPE) as the substrate. At last, pre-stretching the sensor followed by a heating annealing process released the stress caused by pre-stretching. Based on this method, we got a stretchable strain sensor capable to measure compressive strains up to 8% with a highly linear response.
2. Results and discussion 
2.1. 
The controlled density of cracks and the opening of cracks
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Figure 1. Proposed strategy to control the crack density of the SWCNT paper in an elastomer for high sensitivity, high stretchability, high linearity, and high compressibility in strain sensors. (a) the laser-engraving process for generating partial cracks on the SWCNT paper. (b) Embedded engraved SWCNT paper in PDMS substrate. (c) Roll-to-roll pressing process to trigger the pre-cracks. (d) Graphs to demonstrating pre-cracks before and after roll-to-roll pressing process. (e) Changing PDMS to a TPE as new substrate to fabricate a compressive strain sensor. (f) The pre-stretching and heating reheating process to form an open cracks structure for getting compressibility.
Fig. 1 shows the central concepts and steps to get a high-performance stretchable strain sensor. First, we used a laser to engrave the SWCNT paper to form non-through thickness macrocracks as shown in Fig.1.a. By adjusting the distance between two macrocracks, the density of non-through thickness macrocracks was well controlled.  Next, we embedded engraved SWCNT paper into a PDMS substrate and connected two copper wires as electrodes (Fig.1.b). Then, we used a roll-to-roll pressing process to trigger the macrocracks propagation (Fig.1.c). The Fig.1.d is the demonstration of the cracks before and after the roll-to-roll pressing process. The non-through thickness cracks propagated to through thickness cracks after the roll-to-roll pressing process. For getting a compressive strain sensor, we changed the PDMS to a TPE film (Fig.1.e). Followed by the above steps, the sensor was pre-stretched by a steel extension device to open the cracks (Fig.1.f). At last, the sensor was heated to remove the internal stresses through an annealing process, so the new configuration with open cracks becomes the reference configuration, providing the sensor with the compressive-strain measurement capabilities.  
2.2. 
Strain sensing
Fig.2.a shows the performance sensor with a low crack density (0.5) under incremental increasing loading. We can see that the change in resistance with strain was highly non-linear. Fig.2.b shows the performance of the sensor with a high crack density (3.3). The stretchability was increased to more than 150%, and the linearity and repeatability between loading and unloading step were largely improved. The relative changes in resistance versus strain of the high crack density sensor (3.3) was shown in Fig.2.c. It shows two linear stage, with a change in regime at about 25% strain. The maximum sensitivity of the sensor is 4.2×104. We plotted the change in resistance with respect to strain under different loading rate in Fig.2.d. Based on the result shown in Fig.2.d, the loading rate has a small influence on the sensor’s response. The Fig.2.e and Fig.2.f show the response of the sensors under a cyclic compressive strain with a 25% and 50% pre-stretching strain, respectively. From these results, we can find that the increase in the pre-stretching strain can improve the sensor’s performance under compressive strain, but for the amplitude of the measurable range and for the linearity.  
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Figure 2. The sensing performance of different sensors with a low and high density of cracks, and the compressibility of the sensor based on TPE substrate. (a) The performance of sensor with a low crack density of 0.5 when used in cyclic tension. (b) The performance of sensor with a high crack density of 3.3 when used in cyclic tension. (c) Relative changes in resistance versus strain of the high crack density sensor (3.3) when used in tension. (d) The influence of the loading rate of the measured resistance (high crack density 3.3). (e) The performance of sensor with 25% pre-stretching strain under five repeated compressive loading. (f) The performance of sensor with 50% pre-stretching strain under five repeated compressive loading.
3. 
Experimental

3.1. 
Materials
SWCNTs with 2.7% COOH groups were purchased from CheapTubes, Inc., with over 90 wt% purity and containing more than 5 wt% of multi-walled CNT. The SWCNT length ranged from 5 to 30 mm and their outer diameter ranged from 1 to 2 nm. The true density of these SWCNTs was 2.1 g cm−3. SYLGARD 184 PDMS and methanesulfonic acid (CH3SO3H) were purchased from Sigma Aldrich.
3.2. 
Preparation of SWCNT paper
An environmentally friendly mild organic acid, methanesulfonic acid (CH3SO3H), was used to disperse SWCNTs to increase the safety of the material handling (compared to super acids like chlorosulfonic acid). A 0.5 wt% SWCNT dope was prepared by adding 0.2 g of SWCNTs into 40 g of CH3SO3H, sealing in a glass bottle, stirring for 5 min and bath sonicating using a Brason 8510 sonicator (250 W; Thomas Scientific) for 60 min. The mixture was then stirred again for 12 h at 500rpm. 15 g of the 0.5% SWCNT/CH3SO3H dispersion were vacuum-filtered through a ceramic filtration membrane (pore size: 20 nm, Whatman).
3.3. 
Laser engraving on the SWCNT paper
High-density grooves were created using a PLS6MW-Multi-Wavelength Laser Platform and a 1.06 μm fiber laser source (Universal Laser Systems). The sample was cut with a power of 24 W at a speed of 160 cm s−1 and a frequency of 400 kHz to ensure a non-through-thickness channel. The crack density was controlled in 0.5 and 3.3.

3.4. 
Preparation of SWCNT paper-based strain sensors
The strips of laser-engraved SWCNT paper were transferred onto 0.5 mm-thick PDMS substrates; copper wires were connected to the SWCNT paper strips by silver epoxy. Next, a second layer of PDMS precursor of equal weight was poured onto the sample and cured at 70 °C in an oven for 2 h to fully encapsulate the SWCNT paper.
3.5. Preparation of TPE (SIS) film.
Dichloromethane (DCM), was used to dissolve Polystyrene-block-polyisoprene-block-polystyrene (SIS) grains and a homogeneous SIS film was obtained by a solution-casting process. 10 wt.% SIS solution was prepared by adding 20 g of SIS grains into 180 g of Dichloromethane (DCM), sealed in a glass bottle, stirred for 1 hour at 800 rpm/min speed. Then 150 g of the solution was put into a steel container (59×7×20 cm) with a cap for evaporating for 12 hours. The semitransparent SIS film was then peeled off from the bottom of steel container.
3.6. Preparation of SWCNT paper-based strain sensors with TPE (SIS) substrat.
The strips of laser-engraved SWCNT paper was transferred onto an SIS strip. Next, the second layer of SIS strip was covered onto the sample. After that, the sample was sandwiched in the middle of two glass slides covered with Teflon paper. Two steel blocks weighting around 2 Kg were put onto a glass slide to give samples uniform pressure stress, and at the same time the sample was heated at 120 0C for 2 h to fully encapsulate SWCNT strips. The samples were cut to dog-bone shape by the laser cutting machine (Universal Laser Systems).
3.7. Initiation of through-thickness cracks by the roll-to-roll pressing method
The samples were loaded into a self-designed roll-to-roll pressing device. Cracks were propagated through the whole thickness by pressing the sample in alternating clockwise and counterclockwise directions until all cracks were created.

3.8. Pre stretching and heating re healing process for compressive strain sensor

The samples were given different pre-stretching 25% and 50%, by a tensile device as shown in Fig.1.f. To release the tensile stresses, all the samples were annealed at 90 0C for 1h.

4.
Conclusions
In summary, through increasing the crack density of SWCNT paper, the performance in sensitivity, stretchability, and linearity were improved. We also use a TPE film as the substrate to design a compressible strain sensor, using a pre deformed network of cracks stabilized by annealing. The sensor shows good linearity and high compressibility ( strain>8%) under compressive strain. We believe that these techniques can inspire various designs of other sensitive and reversible strain-responsive materials with widespread applications.
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