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Supplementary Notes

Note S1. Theoretical analysis of AC-based capacitance-to-voltage convertor.
The output voltage of the C/V convertor can be expressed as:
7

R
’ f .
Vy(t) = - jw;C; - Vi(t 1-1
40, E P LR AO (1-1)
i=0

where V) (t) is the output signal of the C/V converter on the row interface number o, and o = 0,
1, ..., 7, w; isthe angular frequency of the excitation source. C; is the capacitance on the different
column addresses being measured, which can be expressed by solving the corresponding frequency
path voltage amplitude:

2
l jwoVi(ORe | ° w;R¢ A;
where 4; is the amplitude of the input AC excitation voltage signal V;(t) with angular frequency
w;, and A! is the amplitude of the output AC signal Vi (t) with angular frequency w;. Therefore,
the solution of A% requires the following digital quadrature demodulation. To analyze the dynamic
performance of the C/V converter, we solve its response under the action of a single frequency wy,
and the transfer function is expressed as:

R
r f .
Vitg)=-——: Co - Vy(t 1-3
5 (6) ijCfRf+1 jwoCo - Vo(t) ( )
V(s R sC CrR
Giy=k® R oSG YR (1-4)

which is a first-order system, with a time constant 7 being C¢R;. Assuming that g—" =K, Eq. (4)
f

can be rewritten as:

ST K
G(S)_K(_ST+1)_ST+1_K 1-=5)
When a unity step voltage is applied to the C/V converter, the output becomes:
1 1 K
VZ’(S)_EG(S)_;<ST+1_K) 1-6)

By inverse Laplace transform, the output V) (t) in the time domain can be expressed as:
t

() =—-Ke'® 1-7)

The response time of the system is defined as the time elapsed for the system to reach a steady

state error less than a given value after applying a unit step voltage. When the steady-state error is
less than 0.1%, the response time can be calculated as:

tey =697 (1-8)

For the AIM-skin system, the capacitance of our sensor unit is between 10~12~10~°F. Therefore,

according to Eq. (1-3), we need to select the appropriate Cr, R so that the output voltage V5 (t)

would be within the appropriate range of ADC. However, according to Eq. (1-8), when C¢Ry is

too large, the response time would be too long to affect the normal measurement. Therefore, we

2
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need to weigh the Cr, Ry settings. Here, our excitation frequency is 10 kHz to 17 kHz, and we set

the response time to be 10% of one signal cycle. Therefore, according to Eq. (1-8), the response

security time can be expressed as
tCU

tw_ 11 1
6976

. < 1-9
9 9 10fi7knz 1173000 ( )

In order to ensure that C/V converter output is acceptable within the measurement range and has
high sensitivity, it should be high. The sensitivity is:

V) (t
s Oc( ) (1= 10)
0
By introducing Eq. (1-3) the sensitivity can be expressed as:
jwoVe(H)R woR:A
= [ = St e (1-11)

\/(wochf)z +1

where 4, is the modulus value of V,(t). We use ADC7606, whose voltage input range is 5 Vp_p.
Assuming that the maximum capacitance to be measured is 10 nF, the sensitivity of the C/V
converter should be 0.0005 V,_p/pF. When the excitation frequency is 17 kHz and the excitation
voltage amplitude is 0.2 V,_p, EQ. (1-11) can be expressed as:

0.0005 2m-17000- Ry - 0.2
———5 Vp-p/F = Vo_p/F (1-12)

10-12 5
\/(Zn -17 000CsR;)" + 1

By combining Eq. (1-9) and Eqg. (1-12), the feedback resistance and capacitance can be determined
to be:

Rf < 23.50KkQ,

C; > 36.27pF.
Therefore, when we set the feedback resistance and capacitance to 20k and 40pF respectively,
let the C/V converter's sensitivity and response time meet 0.0005 V,_p/pF and 10% of a signal
cycle as much as possible.

(1-13)
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Note S2. Theoretical analysis of digital quadrature demodulator.

From Eqg. (1-2), we need to solve the amplitude of the mixed frequency output signal to
characterize the node capacitance of the corresponding frequency coding. According to Eqg. (1-1),
the output signal is composed of M sine components (M is 8 in our design). Assume that there are
M signals of different frequency sinusoidal components and their superimposed outputs are as
follows:

M
y(t) = Z A, cos(wpt + @) + £(b) 2-1)
m=1

where 4,,,, w,, and ¢,,, are the amplitude, angular frequency and phase of the m-th sinusoidal
component of the signal y, and ¢ is the measurement noise associated with y. The data after
discrete digital sampling by ADC with sampling frequency of f; is:

M

y(n) = Z A,, cos (wm% + <pm> +e(n),n=1,2,.. (2-2)

m=1

where n is the serial number of the sample, w,, is the angular frequency of the m-th sinusoidal
component. Eq. (2-2) is represented by matrix as follows:
y(n) =u, - x+e(n) (2-3)

Where u,, is the sine component of the known target frequency, x is the state vector composed of
amplitude and phase. u,, and x are expressed as:

[ cos (a)1 %) 1
€08 <w2 %> [ Aj cos(@q) T
( : n> A, CO:S(fpz)
cos | wy — :
T sin (a)M g) T fXMCZ;I(Ep(PA;)) T
5 —A; sin(p,)
sin (a)2 %) L —A; sin(e,) |
sin <a)1 %)

where the operator [ ] denotes the transpose. When ADC samples N discrete data points, Eq. (2-
3) can be expressed as:
YN=UN‘x+€N (2_5)
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where Y, is a sample vector of length N, Uy is a sample matrix consisting of 2M sine cosine
orthogonal components with different frequencies, and the discrete length is N, € is the error
vector. The specific composition is as follows:

Yy =@ y@ .. yW],
Uy =[u;, u; .. uy], (2—-06)
ey =[e(1) &2 .. N,

From Eqg. (1-2), we need to solve the amplitude of the mixed frequency output signal to
characterize the node capacitance of the corresponding frequency coding. The amplitude and phase
can be represented by the state matrix x.

e

AL Jx(1)?2 + x(2M)2
A =42 = [V*(@)?2 +x@2M - 1)?|

Al | zanTr g1y
x(1 ] 2-7)

arccos
[ Ay

o

K4
Qz _ arccos[

_(pM x(M)
L _arCCOS AM |

where x (i) is the i-th element of x. Therefore, x is the goal of our matrix solution. According to
Eq. (2-5), our solution is as follows:

x=Uy"" (Yy—ey) (2-8)
The least squares method can be used to obtain an estimate of x:
x = (URUN)TUR(Yy — &y) 2-9)

Take Eqg. (2-6) into Eq. (2-9) and simplify it as follows:
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z cos <w1 Z) z cos (a)1 ;l) cos Z cos sin <w1 Z)
N et n=1 y ;
= z cos (a)2 n) cos ( fs) Z Ccos (wz Z) Z cos sm ( fs)
N u i
Z sin ( Z) cos ( 2) Z sin < Z) cos < Z) Z sin? (w1 Z)
_ ;]lzl N e . n=1 y
Z cos (n) Z cos ( ;l) y(n) Z sin (a)M ) (n) Z sin ( ) (n)

(2 —10)

In order to simplify the solution of the above x, we need to make the above integral length N meet
the integer period of each sinusoidal component in the multi frequency signal, so that the
unnecessary sinusoidal part can be removed:

N
cos (w 3) = {5 (@=panda,f=12..M)

Z h " O(a # fand a,f =1,2...M)
=
<Zsm sm( ;l) {(G_ﬁandaﬁ—lz .M) 2-11)
s lo(@#panda,f=12..M)

Z cos (wa%) sin (wﬁ fs> =0(a,p=12..M)

When Eq. (2-11) is satisfied, it can be obtained according to Eq. (2-10):
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Z cos (w1 %) Z cos (a)M %) , z sin (wM %) z sin (w1 %) y(n)(2 —-12)

n=1 n=1 n=1

The above N length accumulation process is equivalent to a low-pass filter to reduce the
measurement noise and retain the DC component. Then calculate the amplitude and phase of the
sine component of the signal according to Eq. (2-7) and Eq. (2-12):

Ay = Jx(M)2 + x(M + 1)?2
x(M) (2 -13)
Ay

Oy = arccosl

Ay = Jx(M)? + x(2M + 1 — m)?
x(m) (m=12..M) (2-14)
A

@y = arccos

Similarly, we can decompose it into the expression of quadrature demodulation according to Eq.
(2-12):

‘

I,

1
N

2|~

N

N
cos a)m2 cy(n) = l A—m cos Za)m2 + @, | + cos(@,,)
fs N 2 fs
n; N
sin (wy, 2) cy(n) = l A—m sin (2w, i + @) + sin (—@,,)
fs N 2 fs

(2 — 15)

When the length N of the sampled data meets the integer period of the target frequency or the data
sequence is low-pass filtered, the result is:
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1
Iy = EAm COS((pm)

1

Qm =- EAm Sin((pm)

(2-16)

Therefore, the results of amplitude and phase through digital quadrature demodulation are shown

as follows:

Am=2uﬁﬁ+QJ

2
= arccos |——
(pm Qm

(m=12..M)

(2 —17)

The structure of a single quadrature demodulator is shown in Fig. S1. We can solve I,,, and Q,,, of
the target frequency signal through reference signals of different frequencies.

Reference signal

Demodulator m

Multiplier

I_®DDS

Vi(t) = Agexp (7 (27 frnt + @0))

____________.l

—p-

> o
Ll >

»

ADC

/2 rad. —>® -

Multiplier

Order: 3
BW 3dB: 150

LPF

T\

Measuring signal

Order: 3
BW 3dB: 150

LPF

Om

Ly

-

Fig. S1. Structure diagram of digital quadrature demodulator.
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Note S3. Theoretical analysis of circuit anti crosstalk.

In our measurement circuit, our crosstalk avoidance is based on the operational amplifier in the
C/V converter. In the actual circuit, we hope that when measuring capacitance C,, it would not be
affected by crosstalk caused by parallel connection of other capacitors. We take capacitor C, as an
example to prove that it is not affected by the change of parallel capacitance in the circuit. As
shown in Fig. S2 A, this is the array circuit structure diagram and capacitor C; local crosstalk
equivalent circuit diagram. Under the action of excitation voltage signal V,, and capacitor C; to be
measured, the current I; passing through capacitor C; is:

Iy =V, - jwly B-1

Where w is the angular frequency of the AC excitation voltage. Under the effect of parallel
capacitor, the current finally entering C/V conversion can be expressed as:
L'=L+10 3-2)

As shown in Fig. S2 A, I; is the current passing through other crosstalk capacitors of parallel
circuits. However, due to the virtual short characteristic of the operational amplifier, the two-point
potentials of U; and U, are equal to GND. Therefore, the current I; can be solved as:
I = % =0 (3-13)
-~ + -~
jwCly ~ jwCiy

According to Eq. (3-2) and Eq. (3-3), I;' = I; can be obtained, so the current injected into the
operational amplifier is completely through the current of the target capacitor, which is not subject
to the crosstalk of parallel capacitors. The result shows that our circuit can effectively suppress
the crosstalk caused by the change of parallel capacitance.

In the circuit simulation of Simulink, we set C; to 20pf, change the value of all other
capacitors in the array, and test the influence of C; measurement value. As shown in Fig. S2 B, we
set all other capacitors on the array to 1pF, 20pF, 50pF, 100pF, 500pF, and 1000pF, respectively.
The error between the measured value and the actual value of C, is less than 6%.
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Note S4. Description of standard capacitance measurement experiment.

We use a single C/V converter verified in Note S1 to measure the target capacitance, and then use
a digital quadrature demodulator to demodulate the signal on the corresponding frequency code.
The experimental circuit for measuring the standard capacitance is shown in Fig. S3. The
experimental circuit for measuring the standard capacitance is shown in Figure 3. We place the
capacitance to be measured at the node excited by a 13kHz signal, and the capacitance of other
nodes is initialized to 30pF. The amplitude of excitation voltage and noise voltage is 200mV. We
set standard capacitors C, of different values to verify the capacitance measurement accuracy.

r _@ - - -
I =iz |1 30pF I
C/V converter |
|1
I |-®/:11kl—{z )| 30pF T I
I 20kQ |
[ — 11— i
: A P 30pF 40pF | :
—F ——
| l-Of: oty AN Gy iy | I
[ .
: |-®f: i, 1 30pF I
I l-Of: 15kHz ) 30pF I
| o |
I l-qz 16kHz i 30pF I
| ro—| |
| 7= 17K 30pF |
m I1
l l-GNoiac I I 30pF I

Fig. S3. The experimental circuit for measuring the standard capacitance.

According to Eqg. (1-3), we can calculate the capacitance to be measured as follows:

2

4-1

where A; = 200 mv is the amplitude of the input AC excitation voltage signal with angular
frequency w; = 2rf;, and A,, is the amplitude of the output AC signal with angular frequency
w;. Wherein, A,,, can be demodulated and solved according to Eqg. (2-17).

11
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Supplementary Figures
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Sandpaper Template (P1200) Spin coating PDMS High temperature curing

2 )

A

PDMS / Ag electrode array Magnetron sputtering Peeling PDMS

Fig. S4. Schematic of the preparation of the flexible electrode arrays with microstructures.
The sandpaper of P1200 is chosen as the template for the microstructure. Flexible PDMS
substrate with abundant microstructures is prepared by the template method. By magnetron
sputtering, a 200 nm Ag-patterned electrode arrays on PDMS is obtained.
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Fig. S5. Signal superposition test circuit. We superimpose the Sine waves with the frequency of
10 kHz, 11 kHz and ...17 kHz, with the amplitude set to 20 mV, and add the noise signal with the
amplitude of 20 mV. The output of the superimposed analog signal is used to evaluate the
demodulation performance of the demodulator.
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Fig. S6. AIM-skin array sensors synchronous response under multi touch. (A) Experimental
platform for multi-touch sensing using AIM-skin array. (B) The capacitance response of 16
contacts under reciprocating touch of linear motor. Sensor nodes can achieve rapid synchronous
response.
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Fig. S8. The pressure values of ten dynamic touch gestures with respect to the capture frames
and the set of sensor units. The pressure response (z-axis) with respect to capture time frames (x-
axis) and the set of the sensor units (y-axis) for ten dynamic touch gestures that were collected
from 2 subjects. Among them, (A) is the No. 1 experiment participant, (B) is the No. 15 experiment
participant.
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Fig. S9. Multi channels sinusoidal signal generation circuit based on AD9833. We generate
sinusoidal signals with frequencies of 10kHz, 11kHz and... 17kHz, and use them as excitation
sources for different frequency coding.
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Fig. S10 Signal acquisition hardware system diagram. AD7606 collects the voltage signal after
C/V conversion, and FPGA demodulates the digital signal in parallel.
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Fig. S11. Digital Circuit Design Block Diagram Based on FPGA. The internal DDS generates
two frequency orthogonal reference signals, the DSP multiplies the input signal and the reference
signal, and the Cascaded Integrator-Comb (CIC) filter and Finite Impulse Response (FIR) filter
realize the low-pass filtering of the signal to obtain the DC component. CORDIC module
calculates the root mean square of two signals. The final solution value is transmitted to the PS
side through AXI4 link, and ARM packages the data stream and sends it to the upper computer.
The CIC filter is used as a decimator for downsampling, with an input sampling rate of 200 kbps
and a decimation factor of 40. The FIR filter has a sampling rate of 5 kbps, a cutoff frequency of
150 Hz, and the order of 10.
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Fig. S13. 2D and 3D convolution architecture. (A) Applying 2D convolution on a touch data
volume (multiple frames flattened as one plane) also results in an image. (B) Applying 3D
convolution on a touch data volume results in another volume, preserving spatiotemporal
information of the input signal. (C) C2D net has 4 2D convolution, 3 max-pooling, and 3 fully
connected layers, followed by a softmax output layer. (D) C3D net has 4 3D convolution, 3 max-
pooling, and 3 fully connected layers, followed by a softmax output layer.
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Fig. S14. Comparison of recognition results of Res3D, C2D and C3D. Res3D has significantly
improved the recognition accuracy compared with C2D and C3D, which would effectively assist
the dynamic gesture recognition of the dynamic tactile sensing system.
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Fig. S15. The classification accuracy of dynamic touch gestures for each participant based

on Res3D.
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TABLE S1. Touch Gestures with Description

number gesture description
A Hit Give a blow to the robot with a closed fist quickly and forcefully
B Stroke Move your hand gently and sl_owly over the robot along the same
direction
c Rub Move your hand backwards and forwards over the robot while pressing
firmly
D Tap Hit the robot quickly and lightly with your fingers
E Poke Push the robot quickly with one finger
F Press Push the robot closely and firmly with a steady force
G Scratch Rub the robot with your fingernails
H Pat Touch the robot gently with your hand flat
I Circle Draw a circle on the robot with one finger
J Put Place your hand gently on the robot and stay still

1 Table S1. Touch Gestures with Description. The experimenter completes the above touch
2 actions in turn at the system prompt.

3
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TABLE S2. The Confusion Matrix for Result Evaluation

redict
ﬁp\ True False

True TN FP

False FN TP

Table S2. The Confusion Matrix for Result Evaluation.
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Movie S1.
Capacitive Response of AIM-skin Array.

Movie S2.
Visualization of Spatial Response of the FC-AIMS Platform.

Movie S3.
Construction of AIM-skin tactile perception model.
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