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Figure S1. Detailed fabrication process of VACNT-based displacement sensor.

(a) The silicon microstructures of the VACNT-based displacement sensor were fabricated on
a silicon-on-insulator wafer using a 20-pum-thick device layer, 520-pm-thick handle layer,
and 1-pum-thick buried oxide layer. The device layer was heavily doped with arsenic of
resistivity 0.005 Q cm.

(b) The etch masking of the front and back sides was lithographically defined.

(c) The device and handle layers were etched by deep reactive ion etching.

(d) The buried silicon oxide layer was wet-etched using hydrofluoric acid.

(e) A 5-nm-thick layer of iron catalyst was deposited by electron beam evaporation. The

patterning of the catalyst layer was done using a separately prepared shadow mask.

(f) The CNT arrays were synthesized by thermal chemical vapour deposition process.
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Figure S2. Comparison of sensitivities of the proposed VACNT-based displacement
sensor and a piezoresistive sensor.

The figure of merit of a piezoresistive sensor is expressed in terms of the gauge factor
(GF), which is given by GF = 4R/Re, where AR is the change in the resistance R for an
applied strain ¢. To compare the sensitivity of the proposed VACNT-based displacement
sensor with that of a piezoresistive sensor, we calculated the corresponding GF of the former.
Assuming that the displacement sensor is indirectly used to measure the strain of a flexible
substrate (Fig. S2a), the applied strain is obtained from A//I, where A/ is the change in the gap
1. Using the experimentally determined change in the contact resistance in the separation
mode (Fig. 3a), we calculated the corresponding GFs as a function of the displacement (Fig.
S2b), and determined the maximum GF to be 3115, which corresponded to a displacement of
2.1 pm. In the approach mode, a maximum GF of 10 was obtainable. Although the GF in the
approach mode was substantially lower than that in the separation mode, it was still higher

than those of other CNT-array-based mechanical sensors, which range from 0.31 to 4.52. -4
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Figure S3. Linear output current signal in the sliding mode.

When the shuttle moves leftwards, the overlapping contact area of the VACNTSs for electrical
current flows decreases and the electrical resistance of the two fixed electrodes increases.’
Because the change in the overlapping contact area is directly proportional to the
displacement of the shuttle and the electrical conductivity of the contacting CNTs, the output

electrical signal can be estimated.
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Figure S4. The sensitivity and maximum sensing range in the sliding mode

The sensitivity and maximum sensing range can be adjusted by varying the initial contact
length of the CNTs (L). Figure S5a shows the measurement results of two sensors having
different values of the initial CNT contact length (L). A greater variation of the percentage
change in the resistance for identical displacements was observed for a CNT length of 100
um than for a length of 300 um. It is noteworthy that the initial overlapping CNT contact
length determines the maximum sensing range, which enables the measurement of a much
wider range of displacements. In this study, displacement sensing was conducted up to 2.1

mm, as shown in Fig. S5b.
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Accelerometer e Ist Resonant Figure
Sensitivity (mV/g/V) frequency (kHz) of merit
Sankar, A. R. et al’ 2.89 1.13
Huang, S. et al ® 1.115 26.36
Partridge, A. at al’ 0.7 1.47
The presensted
accelerometer 2.07 50.05

Figure S5. Design and demonstration of 1-axis accelerometer

As an example of a mechanical sensor, we developed a 1-axis accelerometer. As shown in

Fig. S5a (scale bar: 500 um), a proof mass was anchored to a compliant spring, and a stopper

was used to prevent excessive displacement of the proof mass, which would permanently

deform the CNTs.® The sensing part was positioned at the end of the proof mass (Fig. S5b;

scale bar: 50 um). The measured changes in the contact resistance of the CNT arrays with



respect to the accelerations are shown in Fig. S5c as the voltage outputs obtained by a
Wheatstone bridge circuit. From the linear fit, the sensitivity was calculated to be 11.68
mV/g/V. As shown in the table, by using the proposed high-sensitivity displacement sensor,
the accelerometer could achieve higher sensitivity and resonant frequency than other
accelerometers using a resistive bridge circuit. The figure of merit is given by Sf;°, where S
denotes the minimum sensitivity and fj denotes the first resonant frequency.'*"!

The area artificially coloured red in Fig. S5a is also a potential location of the sensing part,
and the sensitivity and maximum sensing acceleration can be tuned by controlling the
distance between the sensing part and the anchor. The closer the sensing part to the anchor,
the higher is the maximum sensing acceleration. This is because the contacting CNTs are
completely separated at high accelerations. Conversely, when the sensing part is far from the
centre of rotation, maximum changes in displacement can be achieved, and hence high
sensitivity. This design flexibility that allows for tuning the sensitivity and maximum sensing
acceleration without degradation of the resonant frequency is an advantage of the proposed
device over piezoresistive transducers, in which the sensing elements can only be placed at

the highly strained locations.
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Figure S6. Sensing modes and changes in contact resistance for accelerations in
different directions. (SP: sensing part; +: increase in resistance; -: decrease in

resistance).



Sensitivity (mV/g/V) 1st Resonant Figure

A, Ay A, frequency (kHz) of merit
Amarasinghe, R. e al * 0.228 0.23 0.196 1.432 0.40
Plaza, J. A. et al 0.16 0.093 0.464 0.715 0.24
Hsieh, H. -S. at al '* 0.17 0.17 0.12 1.57 0.30
Dong, P. at al 0.00217  0.00225  0.00264 164 0.36
Ta'c‘sell’er:sz‘:::f 0.301 0.296 0.300 2.572 1.98

Figure S7. Comparison of performance of proposed 3-axis accelerometer with those of

piezoresistive accelerometers of previous studies.
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