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Abstract This paper presents a high-precision intelligent flexible robot grasping front-end with an integrated
capacitive tactile sensor array and a conditioning chip. The capacitive tactile sensor is the primary part of
the front-end, it determines the overall performance. The micro-needle array sandwich structure in the tactile
sensor increases the repeatability and stability, and ensures the sensitivity. The assembled sensor exhibits a
saturation at 10.53 N (421 kPa) with a sensitivity of 1.9%/kPa. Furthermore, a conditioning chip is utilized
in a custom readout interface to achieve better performance by reducing signal attenuation, and to increase
the compatibility of the front-end. The chip is optimized for the parasitic shunt capacitance in the capacitor
array. A dual bidirectional charge-discharge conversion method and a two-port detection method are matched
to achieve the goal of reducing the shunting influence, and attenuating the offset voltage or the noise input
effects. A prototype of the interface has been fabricated using 180-nm CMOS technology. Sensor with the value
of 0.5 pF shunted by capacitors of 47 pF has been detected with an error of 1% within 100 µs.
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1

Introduction

Giving robots the ability to sense tactile stimuli is the next big issue in robot development, as they
already have the equivalents of eyes and ears. The tactile sense is the key in building efficient and
secure service environment when robots are in contact with human beings. Furthermore, it also helps
with fine manipulation, path planning, and intelligent grasping. Reference [1] presents a recent study
on object shape recognition and 3D reconstruction on the basis of tactile sensors. Reference [2] presents
research into the classification of contact materials. Reference [3] presents a method of high-sensitivity
slip detection. Many other subsequent papers on tactile reconstruction have been carried out. In the
past 30 years, many papers have been published in the field of flexible tactile sensors. At present, sensors
are manufactured on silicon or SOI (silicon on insulator) using standard MEMS technology. A number of
tactile sensors have been fabricated on hollowed silicon, which acts as a pressure-sensitive capacitor [4].
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Figure 1 (Color online) (a) Schematic of the typical readout circuit for capacitive sensors array; (b) simplified diagram
of the sensors array.

Several researchers have used ion implantation modification technology to create a piezoresistance at
the area of detection [5]. The former designs are fragile and less flexible when the sensors are attached
to the surface of a robot’s hands. Polymer materials have been used to solve this problem. At first,
polymer materials were employed to replace the substrate, and the sensor itself was still fabricated on a
silicon wafer [6]. More flexible polymer materials (polyimine, polyester, polydimethylsiloxane, parylene)
have been developed, and flexible substrate MEMS technologies have been proposed for flexible tactile
sensor production; thus, the problem of flexibility has been solved. Polydimethylsiloxane (PDMS) mixed
with a certain percentage of carbon nanotubes has good piezoresistive performance. Yang et al. utilized
this characteristic and employed a dispenser to reduce crosstalk between adjacent conductive elements
[7]. Pressure-sensitive capacitors are a developing device in the field of tactile sensor arrays; these
capacitors are attractive because they have a lower temperature coefficient than piezoresistive sensors.
Our previous work includes an analysis of flexible capacitive tactile sensors [8–10]. The performance of
different structures has been discussed in [11–13]. In an innovative method, each capacitive sensor is
equipped with an interface chip [14], which should become the prototype for tactile sensors in the future.
Sensors with an interface chip significantly reduced the length of the interconnect lines. Consequently,
the parasitic and degradation effects caused by long interconnects can be ameliorated.
Sensors are typically arranged in an array form so as to decrease the number of interconnect lines
required. However, this arrangement increases the complexity of the readout interface. The biggest
challenge is to eliminate the shunting capacitance of capacitors in the same line. Our solution for the
interface of a grounded capacitive sensor array has been published [15]; however, it is not applicable to
the capacitor array shown in Figure 1(a). Column and row multiplexers connect the measured capacitor
to the interface. Although the other ports are connected to ground, capacitors sharing the same row
or column interconnects still influence the output. A simplified diagram is presented in Figure 1(b). In
this paper, we propose a novel capacitive tactile sensor made from a sandwiched microneedle array. This
device is more durable than sensors with an air gap and is more sensitive than sensors with PDMS layers.
PDMS is chosen as the substrate material to ensure high flexibility. Additionally, we employ a customized
conditioning chip for each sensor array to achieve less signal attenuation, a more effective output, and
greater universality.

2

Overall intelligent grasping front-end design

The high-precision intelligent flexible grasping front-end integrates a flexible capacitive sensor array with
a customized conditioning chip, as shown in Figure 2. The sensor is a sandwiched flexible micro-needle
array, which increases the repeatability and stability, and guarantees the sensitivity. Additionally, a
customized conditioning chip to evaluate the shunting capacitance in the arrayed capacitor measurements
is discussed.
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(Color online) Block diagram of the proposed precision intelligent flexible grasping front-end.
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(Color online) (a) The schematic diagram and (b) the exploded diagram of the proposed flexible capacitive

Capacitive sensor design

A. Sensor design
Two basic device designs have been explored in this field. The main difference between the two designs
is the material of the dielectric layer (air gap or PDMS), which creates a striking distinction in device
performance. Sensors with an air gap have higher sensitivity (up to 50 times better than sensors with a
PDMS layer) [16]. However, the stability and repeatability of these sensors are weaker. After repeated
pressure measurements, the elasticity of the device decreases. Sensing becomes difficult to resume, thus
affecting subsequent measurements. By contrast, sensors with a PDMS layer perform better, because
of the elasticity of the interlayer [17]. In particular, we combine the advantages of these two designs,
improve upon their shortcomings, and then propose a new structure with a micro-needle array layer as
the dielectric layer so as to improve the sensor performance.
A cross-sectional view of the proposed tactile sensor is shown in Figure 3(a). The exploded view of
the proposed tactile sensor, which consists of four layers (bottom to the top: bottom electrode layer,
dielectric layer, upper electrode layer, and bump layer), is presented in Figure 3(b).
Figure 4 presents simulated deformations computed using COMSOL Multiphysics software. PDMS
is configured as a flexible, linearly-elastic material. In this simulation, we choose four sensors of the
same size for comparison. As is well known, deformations under the same pressure indirectly reflect the
sensitivity. As shown in Figure 4, the proposed sensor inherits the high sensitivity of sensors with an
air gap, and it has a better performance than those with cylindrical arrays. Therefore, we chose the
micro-needle array structure as the dielectric layer.
We also simulated the respective stress distributions of both the sensor with the air gap and the
proposed sensor using COMSOL Multiphysics. The results under an applied pressure of 100 kPa are
shown in Figure 5. Regions in blue are those with the largest stress, regions in bright green are those
under smaller stress, and regions printed erythrine are those with the smallest stress. As shown in Figure
5(a), stresses concentrate mainly on the surface of the sensor. It is the long-term pressure over this large
area that accelerates the aging of the sensor. In the proposed sensor, stresses transfer to the elastic
micro-needle array as shown. This redistribution reduces the pressure on the surface and increases the
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Figure 4 The simulated deformations of the four structures under the same condition.

Figure 5 The simulated stress distribution of (a) the typical sensor and (b) the proposed sensor under 100 kPa pressure.

speed of rebound, which significantly improves repeatability and stability.
B. Sensor fabrication
Figure 6 shows a schematic illustration of the fabrication procedure for the experimental device, which
is made using layered flexible MEMS technology. These four flexible layers are separately made on PDMS
and then bonded after oxygen plasma treatment. The separate experimental procedures for forming each
layer are as follows.
For the bottom electrode layer in Figure 6(a), a piece of flexible printed circuit board (FPCB) film is
used. This material simplifies integration with the chip. Additionally, it increases the flexibility of the
sensor.
For the top electrode in Figure 6(c), the PDMS layer is first spin-coated on the silicon wafer and
then cured. The PDMS prepolymer and the curing agent (Sylgard 184 A:B) are mixed at a 10:1 ratio
for preparation. Then, the mixture is placed in a vacuum chamber for degassing. Next, a thin film of
parylene is deposited on the PDMS to enhance the metal adhesion and compensate for the damage during
evaporation before metal sputtering.
The dielectric layer and the bump layer in Figure 6(b) and (d), respectively, are fabricated using
silicon molding technology. The mold is first made of dry-etched silicon. Next, a 0.5-µm parylene film
is deposited on the mold to decrease adhesion of PDMS with the silicon mold to allow easy peeling.
Prepared PDMS is perfused on the equipped silicon mold and leveled. The mold is then spin-coated at
1000 rpm. The PDMS layer can be peeled off after curing at 85◦ C for 30 min.
The fabricated flexible tactile sensor is shown in Figure 7(a). Sixteen sensing elements are formed.
The size of each sensing element is 0.5 mm × 0.5 mm; the whole sensor is 5 mm × 5 mm. The height of
micro-needle array (sandwiched between the two electrode layers) is 300 µm. The high flexibility of this
sensor can be clearly seen in Figure 7(b). The sensor is flexible enough to be rolled up without damage.
2.2

Conditioning chip design

Figure 2 shows a block diagram of the customized conditioning chip, which contains a column multiplexer (CMUX), a row multiplexer (RMUX), a capacitance-to-voltage converter (CVC), a voltage digital
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Figure 6 (Color online) Separated fabrication process of
the (a) bottom electric layer, (b) dielectric layer, (c) top
electric layer, (d) bump layer, and (e) the assembled device.

Figure 7 (Color online) (a) The fabricated flexible tactile
sensor; (b) the rolled flexible tactile sensor.

converter (VDC), and a serial peripheral interface (SPI). This chip is specifically designed for reading
capacitors in an array. CMUX and RMUX are indirectly controlled by SPI input to connect the target
capacitor to the CVC. Regarding the shunting capacitors in the array, we employ a novel measurement
method as described below.
A. Capacitance to voltage converter
The CVC (using a switched-capacitor structure) shows good linearity between capacitance and output
voltage. Because of the parasitic capacitance, we have improved the circuit using a dual bidirectional
charge-discharge measurement method. Figure 8(b) presents a diagram of the controlling time-series logic
and output signal. As shown, the method divides the measurement into two stages: stage 1 indicates
forward charge-discharge, and stage 2 indicates backward charge-discharge. During the whole process,
the shunting capacitor Cp1 makes no contribution to charge transfer. However, the effect of Cp2 should
be eliminated.
As shown in Figure 9, each stage has two phases. The first phase is used to charge Cx , and the second
phase is used to reflect the charge in the output voltage through the feedback capacitor Cf . In stage 1
(the forward charge-discharge stage), the measured capacitor Cx has been filled to full during ϕ1 . The
charge on Cx should be transferred to Cf during ϕ2 . However, some charge has been shunted to Cp2 . The
charge transfer will result in an output voltage given by the following equation:
Vo1 =

Vdd (Cp2 + 3Cx ) Vdd
+
.
2Cf
2

(1)

In stage 2 (the backward charge-discharge stage), charge on the measured capacitor Cx has been
emptied during ϕ3 . Then, the shunting effect of Cp2 will be revealed during ϕ4 . Then output voltage
will changed to
Vo2 =

Vdd (Cp2 − Cx ) Vdd
+
.
2Cf
2

(2)

Cf (Vo1 − Vo2 )
.
2Vdd

(3)

Cx will be detected by the value:
Cx =

Because of the phenomenon of counterbalance, this dual bidirectional charge-discharge method retains
its non-interference with noise and offset voltage. For instance, the noise influence is equivalent to the
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Figure 8

(a) The proposed CVC for capacitive sensors array; (b) the switch control signals and the output voltage.

parasite voltage Vni at the negative input of the OTA. This influence is reflected in the voltage growth
(by Vni ) at point B. As a result, the output can be calculated as
Vo1 =

Vdd (Cp2 + 3Cx ) + 2vni (Cp2 + Cx ) Vdd
+
+ Vni ,
2Cf
2

(4)

Vo2 =

Vdd (Cp2 − Cx ) + 2vni (Cp2 + Cx ) Vdd
+
+ Vni .
2Cf
2

(5)

The unsatisfactory factors have been eliminated because of the above-described effect for output Vo1 and
Vo2 . The value of Cx is unchanged,
Cf (Vo1 − Vo2 )
Cx =
.
(6)
2Vdd
B. Voltage digital converter
A 10-bit target resolution algorithmic ADC is used here to digitize the output voltage. The block
diagram in Figure 10 shows a basic block schematic of the ADC, which consists of a sample/hold circuit,
a multiplier, a summator, and a comparator. This converter is based on a cyclic algorithm. There are
several steps in every bit conversion, as presented below.
Step 1. The sample/hold step. In first cycle of the conversion, the voltage Vin is sampled and held
at the input of the ADC, which is the original signal via switch ϕin , which is described by the following
equations:
Vk = Vin ; (k = 1).
(7)
In the remaining cycle, the output voltage of the multiplier will be sampled/held instead, via the switch
Nϕin .
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Step 2. The comparison step. After each sample/hold step, the voltage Vk is compared to half of the
power voltage. The following equations show the outcome after each comparison:


Vdd
Nk = 1; Vk >
,
(8)
2


Vdd
.
Nk = 0; Vk <
2

(9)

The comparison result, called the selection signal, is sent to the summator (ϕf /N ϕf ). At the same time,
the result after each comparison forms the overall conversion output.
Step 3. The multiplication step. The sampled voltage is multiplied using a capacitor-switch network
sampled for the first clock period (Vk−1 ) and doubled for the remaining clock period (2Vk−1 ).
Step 4. The addition step. The addition step is available until the second cycle. This step is controlled
by the result of the former comparison. When Vk−1 < Vdd /2, a voltage of Vdd /4 is added to the sampled
voltage and becomes the new voltage Vk . When Vk−1 > Vdd /2, the voltage is subtracted from the sampled
voltage. The equations below explains the previous conversion algorithm:
Vk = Vk−1 −

Vdd
Vdd
+ (−1)Nk−1
; (k = 2),
2
4

Vk = 2Vk−1 −

Vdd
Vdd
+ (−1)Nk−1
; (k > 2).
2
4

(10)
(11)

By repeating this step 10 times, the output of a 10-bit voltage to digital conversion (from the most to
the least significant bit) can be acquired.
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Figure 11 (a) The output capacitance change upon repeatable measurement, and (b) the graph of the measured capacitance change of the fabricated tactile sensor.
Table 1
Our sensor

Lei et al. [16]

Cheng et al. [12]

Dielectric

Micro needle

PDMS

Air

Air

Initial Value (pF)

0.41

0.95

1.41

0.21

Size (mm2 )

5×5

—

4.5 × 4.5

0.4 × 0.4

Sensitivity

1.9%/kPa

—

0.56%/kPa

—

75.9%/N

6.8%/N

40.9%/N

3%/mN

421

945

241

250

10.53 N

—

3.3 N

10 mN

Range (kPa)

3

Comparison of different sensors
Lee et al. [18]

Discussion and experimental results

The capacitive tactile sensor and conditioning chip have been tested separately to ensure their reliability.
The results are presented and analyzed as follows.
3.1

Test of capacitive tactile sensor

We performed a repeatable pressure test on the fabricated sensor several times. A pressure of 8 N was
applied to the sensor and removed after several seconds. The time domain waveform is presented in
Figure 11(a). The x-axis represents time; the y-axis represents the sensor output. When no force is
applied to the sensor, a value of 0.41 pF is measured (an initial output, not shown in Figure 11(a)). The
output rises by 2.53 pF after applying the force, and quickly returns after the weight is withdrawn. No
hysteresis phenomenon is seen. The output follows the input well throughout the experiment.
Figure 11(b) presents a graph of the statistical testing results. We use the ratio (rm0 ) of the measured
capacitance (Cm ) to the initial capacitance (C0 ) to define the sensor performance. Figure 11(b) indicates
saturation at 10.53 N (421 kPa) with a sensitivity of 1.9%/kPa. Table 1 presents comparison results
between our sensor and sensors from some papers that are popular in the tactile sensor field. Our sensor
has good relative performance in terms of range and sensitivity.
3.2

Test of conditioning chip

A conditioning chip has been designed and fabricated using 180-nm standard CMOS technology. The
microphotograph of the implemented chip active area of which is 618 µm × 660 µm is shown in Figure
12. The current consumption is 80 µA for a 1-V, single-sided power supply.
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(Color online) Microphotograph of the proposed capacitive sensor interface chip.
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Figure 13 (Color online) The simulation results for noise analyzing: (a) the measured capacitance value Cx and (b)
the measured shunting capacitance value Cp under different noise input voltage; and the experimental results for shunting
capacitance effect analyzing: (c) measured capacitance value Cx and (d) measured shunting capacitance value Cp under
different shunting capacitance input.

For noise analysis, we simulated the chip for various noise input voltages using Cadence software.
Figure 13(a) is the result for a simulated value of Cx ; Figure 13(b) is the result for a simulated value
of Cp . Obviously, the value of Cx is steady, and the change in the noise input voltage is shown at the
shunting capacitance Cp . This condition also occurs in the measurement of the parasitic capacitance
effect, as shown in Figure 13(c) and (d). The value of Cx is independent of the parasitic capacitance.
As shown in Figure 13(c), for a capacitor with a value of 0.5 pF, a parasitic capacitance of 20 pF causes
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a deflection of 0.01 pF, which amounts to 0.05% of the parasitic capacitance. A parasitic capacitor of
47 pF is also tested in this interface; the result shows a deflection of 5 fF, which amounts to an error of
1% and corresponds to 0.05% of the parasitic capacitance. As Figure 13(b) shows, the noise input may
be reflected in an increase in the parasitic capacitance. In a similar way, the parasitic capacitance in a
chip package, the input offset voltage (or other non-ideal factors) may influence Cp instead of Cx as well.
The output of 8 pF remains when there are no input shunting capacitors, which proves the hypothesis.
However, the customized chip can also compensate for this condition.
The VDC is tested with a full-scale sine wave. As shown in Figure 14, the ENOB (effective number
of bits) of 7.41 bits with an SNDR (signal-to-noise-density ratio) of 46.4 dB is found in the experiment,
which is enough to create the capacitive tactile sensor described above.

4

Conclusion

This paper introduces a novel precise intelligent grasping front-end that integrates a flexible capacitive
sensor array with a customized conditioning chip. This intelligent grasping front-end has good performance at low signal attenuation, more effective output, and greater universality.
The sensor is a sandwiched flexible micro-needle array that has increased repeatability and stability,
and guarantees the sensitivity. The sensor is fabricated using PDMS to ensure flexibility, which can be
rolled into a cylinder without injury. One single sensing element is designed to have a size of 0.5 mm
× 0.5 mm with an initial value of 0.41 pF. The ratio (rm0 ) of the measured capacitance (Cm ) and the
initial capacitance (C0 ) is used to define the sensor performance. The change in pressure can create an
8-fold increase of (rm0 ). A sensitivity of 1.9%/kPa and a saturation of 10.83 N (421 kPa) were recorded.
Additionally, a customized conditioning chip designed for shunting capacitance measurement in arrayed
capacitors is discussed. This chip is implemented using 180-nm standard CMOS technology. The active
area of the fabricated conditioning chip is 618 µm × 660 µm. A dual bidirectional charge-discharge
measurement method is employed to achieve the goal of measuring very small capacitances that are
shunted by a large capacitance. Results for Cx show independence from the parasitic capacitance. A
capacitor Cx of 0.5 pF shunted by the capacitor Cp of 47 pF (94 times larger than Cx ), is gauged by a
standard deflection of 5 fF, which amounts to 0.011% of Cp .
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