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Abstract

In this paper, we propose a method to realize flexible
sensor skins integrated onto robot surfaces. By implant-
ing wireless sensing elements in an elastic body, we 0b-
tain an elastic and tough sensitive skin which allows to
be shaped freely. The element is a passive resonator chip
whose resonant frequency reflects the stress around the
chip. The resonant frequency is read out by a ground
coil located at the bottom of the skin. The chip is simply
composed of three functional parts, a coil for receiving
and transmitting electrical power with wireless coupling,
capacitance sensitive to stress, and ceramic resonator
to provide high-Q resonance. The high quality factor
brought by ceramic resonator enables us to distinguish
a large number of chips, and to sense the stress with high
accuracy. The structure, the method of wireless signal
detection, and basic experiments of tactile sensing are
presented.

1 Introduction

In order to realize practical robots working in un-
structured and unpredictable surroundings with human-
s, we are facing a new problem of tactile sensing. That
is how to give an elastic and tough sensor skin (sensi-
tive skin) to the entire surface of a robot with a complex
shape. For this purpose, any tactile sensing method re-
ported so far[1, 2] has one or more defects of inelastici-
ty, fragility, inpracticable complicity of fabrication. In a
pioneering work of an entire body perception, an inter-
esting idea of sensing suit[3] was proposed. The sensing
fabric is more flexible than a film-type sensor[5], but the
instability of electrical contact among strings is difficult
to avoid. Polymer electronics[4] is a hope, but it is not
at a practical level yet now. From past methods, we
find that those defects come from the wiring. If we can
place small sensing elements in an elastic body without
wiring, the skin will be tough and elastic as well as easy
to fabricate in a free shape. Based on this considera-
tion, we recently proposed a method called “telemetric
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Figure 1: Basic concept of wireless tactile sensing.

skin”[6], and showed a sensing chip receiving electri-
cal power and transmitting tactile signal by inductive
coupling. In that research, the signal was produced by
an integrated circuit on the sensing chip. Therefore it
yields easy development into a multi-functional sensing
chip. Meantime, we are afraid the cost might be too
high for a practical use, especially at the early stage.
In this paper we propose a new wireless tactile sensing
device. Signal transmission based on inductive coupling
between sensing chips and a ground coil, is the same as
the former telemetric skin. The new component is that
the sensing chip is composed of only passive compo-
nents without transistors. The structure is simple, nev-
ertheless each chip gives highly accurate digital signal
representing the pressure around the chip.

2 Principle of Wireless Tactile Sensing

The basic concept of wireless tactile sensing is shown
in Fig. 1 and 2. If we have a resonator which has some
electromagnetic interaction with the ground coil located
at the bottom of the skin, and whose resonant frequen-
cies are sensitive to the stress around it, the resonator
can be a wireless tactile sensing chip. A simple LC res-
onator as shown in Fig. 2, whose capacitance is stress-
sensitive, is an example of it. The resonant frequency
shift to reflect the stress is obtained wirelessly, by induc-
tive excitation and observation of the relaxation with a
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Figure 2: A simple example of tactile resonator to ex-
plain the concept of wireless tactile sensing.
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Figure 3: The sensing resonator proposed here. The
radial cut of the sensing capacitor electrode is for pre-
venting induction current which interferes the coupling
between the chip coil and the ground coil.

ground coil. We obtain a stress distribution by detect-
ing resonant frequencies of multiple chips sequentially.

A desirable resonator has high accuracy, quick re-
sponse, and low cross-talk with other resonators having
close resonant frequencies. For obtaining high accu-
racy and low cross-talk, the resonator must have high
Q (quality factor). In order to obtain quick response
without losing the accuracy and the low cross-talk, the
resonant, frequency must be as high as possible. There-
fore a simple LC resonator is not proper for this tactile
chip because the Q is less than 100 at frequencies higher
than, for example, 1 MHz.

Other than LC resonance, several resonant phenome-
na are known. One is acoustic resonance. Resonance of
quartz has both very high Q (~ 10%) and high resonan-
t frequency. Ceramic resonator also has high Q (over
10%). A surface acoustic wave (SAW) device can have
high Q up to 10*, besides, the resonant frequency and
quality factor are controllable by patterning of two di-
mensional electrode [8]. Another interesting resonance
is NMR (nuclear magnetic resonance), but the signal is
too weak to use in practical tactile sensing.

3 Structure of Senisng Chip

In this paper we propose a sensing resonator as shown
in Fig. 3. The chip is composed of three functional
parts, a coil L for receiving and transmitting electri-
cal power, capacitance C which is sensitive to stress,
and ceramic resonator X¢ to provide high-Q resonance.
Fabrication process of these parts has been well estab-
lished.

A sensing chip based on SAW device [8] instead of
C and X¢ will be another challenging method. It is
attractive that we can use not only frequency but also
signal delay to distinguish a large number of chips [7].
However, we have to increase the operating frequency
over 1 GHz to make the chip size smaller than several
mm. Therefore we examine another sensing chip using
C and X¢ as shown in Fig.3.

Equivalent circuit of ceramic resonator is illustrated
in Fig. 4 (a). The ceramic resonator has both a zero
and a pole. The reactance of the serial connection of L,
C and X¢ is shown in Fig. 4 (b) and (c). The resonant
frequency to maximize the circuit current in Fig. 3 is
the frequency at which the following reactance
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becomes zero. In a simple LC resonator, the large resis-
tance contained in L results in a low quality factor. But
in this L-C-X¢ resonator, the equivalent inductance Lg
in X¢ can be much larger than L, which brings higher
quality factor than that of the simple LC.

Sensing is done by C. We can calculate the sensitiv-
ity, neglecting wlL, as
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Therefore if C is comparable to Cqy and C1, the frequen-
cy change rate is comparable to the change rate of C.
The resistance of the serial connection of C' and X at
F,. is given as

2
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Thus, the equivalent resistance increases by attaching
C. This means a smaller C' than C; weakens the sig-
nal amplitude. It will be informative to show typical
parameters of a commercial resonator. In a 8 MHz res-
onator (Murata, Ceralock), Ly = 68 uH, Cy = 6.4 pF,
Ry = 4.5 Q, and C; = 39.6 pF.

4 Signal Intensity and Chip Design

Schematic diagram of signal detection is shown in
Fig. 5. First we give the ground coil a burst curren-
t I;n as shown in Fig. 5 (b) to excite a chip. After
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Figure 4: (a): Equivalent circuit of quartz and ceramic
resonator X¢. (b): Ilustrating reactance of L, C and
Xc¢. (c): The reactance X of the serial connection of L,
C and X¢. The resonant frequency F,. is the zero.
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Figure 5: Schematic diagram of resonant frequency
sensing. We observe the output voltage V,,; by an input
burst signal I;,.

stopping I;,, we observe the output voltage of another
ground coil driven by the excited resonator. (It is al-
so possible we use only one coil for both excitation and
observation.) The frequency of output voltage is always
the resonant frequency F,. regardless of the excitation
frequency, but the amplitude is maximized when the
excitation frequency is equal to F,.. The signal decays
with time constant /7 F,.. As we show in next section,
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Figure 6: Equivalent circuit for understanding the res-
onant current at the chip coil L.

we measure the frequency of this signal.

Next we examine the theoretical signal intensity. In
Fig. 6, the R is the equivalent resistance contained in
the coil L at the resonant frequency. The C' and R’ rep-
resent the impedance of the serial connection of C and
X at the resonant frequency. When L is sufficiently
small, the R’ is approximated as Eq. (3).

Assume a chip coil with radius a and turn n is located
at the center of the circular ground coil which has radius
b and turn ng. Then the mutual inductance M between
them is written as

2
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where g is the vacuum permeability. Therefore the
observed voltage V,,; is given as
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where M’ is the mutual inductance between the chip
coil and the ground sensing coil, and ny, is the turn of
the ground sensing coil.

For example, when w = 10 MHz x27 , ¢ = 2 mm, b
=5cm, ng =ng =n =5, and R+ R =10 Q, Eq.
(5) is calculated into

Vout [V] = 0.006 T;,, [A]. (6)

At a low frequency, Eq.(5) tells us that the observed
voltage is proportional to the square of the chip-turn n
when R < R'. But in our experiments up to 40 turns
at 10 MHz ( for chip coil radius 2 mm, by 50 um radius
wire), the output voltage did not increase where n > 10,
because the R increased at a comparable rate [9].

5 Frequency Detection

Figure 7 shows the procedure of resonant frequency
detection. A digital-based circuit brings easy detection
of multi-mode resonance. After we mold the sensor skin,
the computer scans over the total bandwidth of all res-
onators, for obtaining rough estimate of each resonant
frequency from the peak frequency. Using these record-
ed initial frequencies, we detect the precise resonant
frequencies of chips one by one as follows.
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Figure 7: Block diagram of resonant frequency detec-
tion. Signal A excites the chip for T,, and signal B is
used for a reference signal.

One primitive method is counting the alternation of
relaxation signal. To obtain the highest accuracy, we
excite each chip during T, ~ Q/F, and observe the re-
laxation signal during T' ~ Q/F,.. The frequency error
AF, is given as

For example, let F,. and Q be 10 MHz and 1000, respec-
tively. If we assign 0.1 MHz bandwidth, that is, 1 % of
10 MHz for each chip, the dynamic range is 10', that is
about 3 bits.

The method to obtain higher frequency resolution is
to measure the period of the signal more precisely, as
we have a-priori knowledge that the signal has a single
frequency. After shifting the signal frequency to a lower
frequency through multiplication with a reference sig-
nal, we obtain its period from the waveform, which gives
more precise signal frequency as follows. The block di-
agram in Fig. 7 illustrates the procedure. The received
signal goes through a band-pass filter whose pass-band
covers total bandwidth of all resonators. And after con-
verting to a one bit signal as shown in Fig. 8, we take
exclusive-OR with the reference signal. After low-pass
filtering, we get the analog waveform g¢(¢) into a com-
puter. The frequency of the waveform g(¢) is equal to
the difference between the reference signal and the re-
ceived signal.

The period of g(t) is calculated from zero-crossings
of a filtered signal gx¢(t) where ¢(t) is a quasi-Gaussian
kernel

o(t) = { xp{~A(/T:)" ) sin(o)
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Figure 8: Illustration of processed signals. The frequen-
cy difference between the driving signal (signal B) and
the detected signal (signal at P2) is obtained from the
waveform at P3.

The parameter wy is a rough estimate of frequency
of g(t), and we choose 3 = 4.0 to make the envelope
smooth. We obtain the signal period from the zeros of
g ¢(t) in [Ty, T — Ty] excluding both ends of T} data.
(Here the best estimate is obtained when T7 = T/6.
The proof omitted.)

Then the accuracy of frequency detection by this
method is given as

AF,  myF, N N o)
F, (TF)5A (TF,) %A~ QA

where A and ng are the signal amplitude and the noise
density at the signal frequency, respectively, at point
P1 before digital operation in Fig. 7. The N = ng/F,
is the amplitude of an imaginary noise with a constant
density ng up to F.. (The proof omitted.) If the SN
ratio is 10 dB for such a white noise, the resolution
is improved 100 times compared with Eq. (7), for the
same data length T

6 Experiment

We fabricate two prototypes of sensing chip, and ex-
amine the theory. One operates at 900 kHz, and the
other one is a practical 8 MHz chip. In both chips, the
sensing capacitor is made of two copper plates with ox-
idized surface facing each other. Sensitivity to pressure
is given by natural unevenness of the plates. Though
the shape of the chip is a circle in Fig. 3 to avoid stress
concentration, here we fabricate the sensing capacitor
in a square shape for convenience. The coil L is made
of wire 0.1 mm in diameter. The dimension of each
part is summarized in Table 1. The size of the ceramic
resonators described in the table, is not that of the res-
onator itself, but that of the package. Except for L, we
can miniaturize them without losing sensing ability. In
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Figure 9: Experimental setup. We observe the reso-
nant frequency of the sensing chip while we push on
the silicon robber surface.

Table 1: Structure and dimension of sensing chips.

900 kHz 8 MHz
L | 100 turns, a = 4.2 mm | 5 turns, a = 2.2 mm
C 62 pF 23 pF
7 x 7 x 0.5 mm 5 x5 x 0.5 mm
X 895 kHz 7.98 MHz
6 X 5 X 2 mm 4.5 x 4 x 1.6 mm

900 kHz operation, we need many turns for signal in-
tensity, as is shown in the theory. And a low frequency
chip is slow in response. Therefore it is not practical,
however we fabricate it at first for obtaining reference
data.

6.1 Results of the 900 kHz chip

Fig. 10 (a) shows an output signal with no sensing
chip. Only driving signal is observed. The input cur-
rent I;, is 6 mA in effective value. Fig. 10 (b) is a
signal from the sensing chip at the resonant frequency.
The resonance is observed. Here the output voltage is
amplified 12000 times. In this basic experiment, the
BPF (band-pass-filter) in Fig. 7 is not inserted. The
effective noise value is 0.2 V. The waveform at point
P3 in Fig. 7 is shown in Fig. 10 (c). We estimate
the frequency from the data during 7' = 512 us with
1 MHz sampling. The plots in Fig. 11 are the de-
tected frequencies through this procedure. When we
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Figure 10: Experimental results of the 900 kHz chip.
(a): Signal V,,; with no sensing chip, at P1 in Fig. 7.
(b): Resonance signal. (c): low-passed ExORed signal
at P3. The driving current I, is 6 mA.

pressed the sensor surface using a plastic cylinder with
a radius of 5 mm, the resonant frequency changed. The
standard deviations of the frequency detection are plot-
ted on the identical figure. They were estimated from
100 measurements under an identical condition. These
plots show the error is smaller than 20 Hz for 0.5 ms
observation. The error ratio

F, .
= 20/900,000 = 2 x 10

K

(10)

corresponds to the calculation of Eq. (9) when F,.T =
450, and SN ratio = 20 dB.

6.2 Results of 8 MHz chip

The experimental setup is unchanged from the previ-
ous one. Also in this experiment, the preliminary band-
pass-filter is not inserted. Fig. 12 shows the detected
signal. The input current I;, is 1 mA in effective value.
The signal intensity 0.5 V corresponds to the calcula-
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Figure 11: Experimental results of the 900 kHz chip.
Measured resonant frequencies and their errors while
we pressed the sensor surface. The data length used for
the frequency estimation is 512 us.

2 7

1 6
= 2
0 5 o
a o
®, -1 4 %
® (]
2 g
82 3 5
S >

-3 2

-4 ! ! L L L ! ! ! L 1

0 10 20 30 40 50 60 70 80 90 100

Time [us]

Figure 12: Experimental results of the 8 MHz chip.
Signal V,,; at point P1 in Fig. 7, and the signal at P3.
The driving current I;,, was 1 mA.

tion of Eq. (5) when we substitute 12 Q for R + R'.
In this case, the signal amplitude was 0.5 V in effective
value, to 0.2 V noise. When we pressed the sensor sur-
face, the resonant frequency changed as shown in Fig.
13. The data length used for determining the frequency
is T' = 20 ps. The standard deviation was 1 kHz. The
error ratio

AF,

r

= 1kHz/8MHz ~ 1 x 10~* (11)
corresponds to the calculation of Eq. (9) when F,.T =
160, and SN ratio = 10 dB.

Through this experiment, we could realize a sensing
chip whose bandwidth was 30 kHz with 1 kHz resolu-
tion. The time needed to get one chip signal was shorter
than 100 ps. In calculation, 100 sensing chips whose ini-
tial frequencies span from 10 MHz to 20 MHz with 100
kHz interval, can be measured within 10 ms.
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Figure 13: Experimental results of the 8 MHz chip.
Measured resonant frequencies while we pressed the sen-
sor surface using a plastic cylinder with a radius of 5 m-
m. The standard deviation was 1kHz. The data length
used for frequency estimation is 20 us.
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