Sensors and Materials, Vol. 30, No. 12 (2018) 2999-3007 2999
MYU Tokyo

S & M 1736

Flexible Contact Pressure Sensor Based on Ultrathin Piezoresistive
Silicon Membrane Capable of Strain Compensation

Yusuke Takei,l* Shintaro Goto,2 Seiichi Takamatsu,2
Toshihiro Itoh,? and Takeshi Kobayashi'

'Research Center for Ubiquitous MEMS and Micro Engineering (UMEMSME), National Institute of Advanced
Industrial Science and Technology (AIST), 1-2-1 Namiki, Tsukuba, Ibaraki 305-8564, Japan
2Graduate School of Frontier Sciences, The University of Tokyo,

5-1-5 Kashiwanoha, Kashiwa-shi, Chiba 277-8563, Japan

(Received June 26, 2018; accepted October 22, 2018)

Keywords: pressure sensor, strain sensor, ultrathin silicon, piezoresistive silicon membrane, flexible

device

In this study, we developed a highly sensitive and flexible contact pressure sensor by
transferring an ultrathin piezoresistive silicon membrane to a flexible substrate. The sensor
consists of two sensors, a contact pressure sensor and a strain sensor for strain compensation.
From the output of these two sensors, strain caused by fixing the sensor to the curved
surface can be compensated for, so that we can accurately measure contact pressure. In the
experiments, we confirmed that the fabricated contact pressure sensor has the same sensitivity
on both a flat surface and a curved surface. We also confirmed that our sensor can correctly
measure contact pressure by compensating for the distortion when fixed to a curved surface.

1. Introduction

In recent years, MEMS sensors have been utilized in various situations. Since the MEMS
sensors are small and lightweight, there is an increasing need to fix them not only on hard and
flat surfaces but also on soft and curved surfaces. Therefore, research for realizing a sensor
element and wiring with a flexible shape is actively conducted.''® Particularly for a flexible
force sensor and a strain sensor element, it is common to make use of the piezoresistivity of
conductive ink or a conductive polymer material.'’*  Although these materials are flexible,
they have a gauge factor of about 1 to 5, which is insufficient compared with the piezoresistive
silicon strain gauge factor of 100.

In general, however, a sensor based on piezoresistive silicon has a thickness of 500 um or
more, and there is the problem that such a sensor breaks when bent. The reason why the silicon
wafer is 500 pm or thicker is that in the MEMS process, the flatness of the wafer is important to
enable uniform processing. Such a thickness is also necessary to prevent the wafer from being
deflected. For these reasons, it is difficult to realize a flexible pressure sensor using highly

sensitive piezoresistive silicon. On the other hand, thin silicon having a thickness of 50 um or
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less does not break even if it is bent. Therefore, in recent years, research has been conducted
to realize a flexible semiconductive silicon device by transferring a thin MEMS device onto a
flexible substrate; this is called flexible hybrid electronics (F HE).(45 =D In our research group,
Yamashita and co-workers developed a flexible strain sensor array sheet by transferring a thin
lead zirconate titanate (PZT) film with a thickness of 10 pum fabricated on a silicon-on-insulator
(SOI) wafer onto a flexible substrate.®>~%  However, although the PZT sensor is suitable for
dynamic distortion measurement, it was not suitable for measuring static distortion or distortion
caused by low-frequency force such as contact pressure. Therefore, in this research, we used
an ultrathin piezoresistive silicon membrane to realize a flexible sensor that can measure static
strain and contact pressure.

Generally, when piezoresistive silicon is distorted, the resistance changes. Therefore, when
a flexible sensor with piezoresistive silicon is fixed to a curved surface, the resistance changes
owing to distortion. Since this resistance change continues to be added to the sensor output,
there is the problem that it cannot be separated from the resistance change due to the strain
caused by the contact pressure. In this research, we fabricated a “contact pressure sensor” and
a “strain sensor” side by side in a flexible structure [Fig. 1(1)]. From the output of these two
sensors, strain caused by fixing the sensor to the curved surface can be compensated, so that
we can accurately measure contact pressure even if the sensor is attached to a curved surface of
arbitrary shape [Fig. 1(2)].
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Fig. 1. (Color online) Measurement principle of our proposed sensor.
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2. Proposed Sensor

The principle of detecting the contact pressure while compensating for the strain when the
proposed sensor is fixed to a curved surface is described as follows. As shown in Fig. 1(1), the
sensor consists of two sensors, A: contact pressure sensor and B: strain sensor. In the contact
pressure sensor, a 5-pum-thick piezoresistive silicon membrane is mounted on a 0.3-mm-thick
silicone rubber layer formed on a polyimide substrate, and a 0.7-mm-thick silicone rubber layer
covers the membrane [Fig. 1(3) A-(a)]. On the other hand, the strain sensor is composed of a
5-um-thick piezoresistive silicon membrane fixed on a polyimide substrate and covered with
1-mm-thick silicone rubber [Fig. 1(3) B-(a)].

When the strain sensor and the contact pressure sensor are formed close to each other, as
shown in Fig. 1(1), and fixed to a curved solid surface, as shown in Fig. 1(2), both piezoresistive
silicon membranes are distorted by the same amount, which causes the resistance change AR, [Figs.
1(3) A-(b), B-(b)]. When contact pressure is applied to the sensor fixed to the curved surface,
as shown in Figs. 1(3) A-(c), B-(c), the strain sensor is not deformed by the contact pressure,
and additional resistance change does not occur. On the other hand, in the case of the contact
pressure sensor, the ultrathin piezoresistive silicon membrane will be distorted by the applied
contact pressure and resistance change AR, will occur as a result of the extra deformation.
Therefore, by taking the difference between the resistance changes of these two sensors, we can
measure the resistance change AR, due to contact pressure.

3. Fabrication

In this section, we describe the fabrication process for the proposed flexible contact pressure
sensor. Figure 2 shows the overall process flow. This process is roughly divided into two: the
process of fabricating an ultrathin piezoresistive silicon membrane from an SOI wafer, and the
process of transferring the ultrathin piezoresistive silicon membrane to a flexible substrate and
coating it with silicone rubber (KE-108, Shin-Etsu Silicone, Japan).

First, we fabricated the 5-pum-thick ultrathin piezoresistive silicon membrane of the device
layer on the 5/2/500 um SOI wafer. To form a piezoresistive layer on the surface of the device-
layer silicon (P type), a phosphorus ion dopant (OCD P-59230, Tokyo Ohka Kogyo Co., Ltd,
Japan) was spin-coated, and thermal diffusion was performed in an annealing furnace. After
that, an electrode was formed, and the device-layer silicon was etched by deep reactive-ion
etching (DRIE) to form the ultrathin piezoresistive silicon membrane [Fig. 2(1)]. The membrane

has a rectangular shape of 1 x 5 mm?

. Then, the handling-layer silicon was patterned and
etched from the back, so that a 5-um-thick ultrathin piezoresistive silicon membrane supported
by four beams was fabricated, as shown in Fig. 2(2).

Next, the process of transferring the fabricated silicon membrane onto a flexible substrate
and coating with silicone rubber will be described. Figures 2(3) to 2(7) show the fabrication
process of the flexible contact pressure sensor. The proposed flexible pressure sensor consists
of two types of sensors: a flexible pressure sensor for pressure measurement and a flexible

strain sensor for strain compensation. The difference in the manufacturing processes of these
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Fig. 2. (Color online) Fabrication process.

two sensors is that the strain sensor is placed directly on the polyimide substrate [Figs. 2(4)-b to
2(7)-b)], whereas the contact pressure sensor is placed on a silicone rubber layer with a thickness
of 300 um [Figs. 2(4)-a to 2(7)-a]. In this research, we selected polyimide as the base material
for the flexible sensor, as metal wiring can be easily patterned and it can withstand the thermal
curing temperature (80 °C) of polydimethylsiloxane (PDMS). For membrane transfer, we use
a flip chip bonder (M-400, HiSOL, Inc., USA). As shown in Fig. 2(3), by slightly pressing the
collet against the membrane, the four supporting beams are broken and the membrane is lifted
up by vacuum suction. Thereafter, this membrane is aligned and pressed onto the polyimide
substrate. After the transfer, the copper electrode on the polyimide substrate and the gold
electrode of the piezoresistive silicon membrane are connected with stretchable conductive
paste. Then, silicone rubber is poured onto the surface and cured to adjust the total thickness
to 700 um. Figure 3 shows the transferred ultrathin piezoresistive silicon membrane. Flexible
pressure sensors and strain sensors are transferred nearby. Also, since the sensor is thin, about 0.7
mm thick, it is composed only of a flexible material, so that breakage and disconnection of the
wiring and the sensor membrane do not occur even if it is bent between the fingers, as shown in
Fig. 4.
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Fig. 3. (Color online) Photograph of transferred ultrathin piezoresistive silicon membranes on polyimide substrate
and silicone rubber.

Fig. 4.  (Color online) Photograph of the fabricated sensors.
4. Results and Discussion

To evaluate the fabricated flexible contact pressure sensor, the following three experiments
were conducted: (I) piezoresistivity evaluation of fabricated ultrathin piezoresistive silicon
membrane transferred onto the polyimide substrate; (II) response of the sensor to the contact
pressure when the sensor is attached to a flat and a curved surface; and (I11) measurement of the
contact pressure with strain compensation when the sensor is fixed on a curved surface.

4.1 Piezoresistivity evaluation

First, the relationship between strain and resistance change of the fabricated ultrathin
piezoresistive silicon membrane was evaluated. The polyimide substrate onto which the
piezoresistive silicon membrane was transferred was pulled in the elongation direction, and the
strain and resistance change at that time were measured. The results are shown in Fig. 5. We
confirmed that the gauge factor of the fabricated piezoresistive silicon membrane was about
100.
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Fig. 5. (Color online) Relationship between strain and resistance change of fabricated ultrathin piezoresistive
silicon membrane.

4.2 Response of sensor to contact pressure

To confirm whether the fabricated flexible pressure sensor can measure the contact pressure
on both a flat surface and a curved surface, the resistance change with respect to the contact
pressure when the sensor is fixed on a flat surface and on a curved surface was measured. In
this experiment, the sensor was fixed on the surface of an acrylic pipe with a diameter of 5.5 cm
as the curved surface, and contact pressure was applied to the sensor using a circular jig with
a diameter of 10 mm so that both pressure and strain sensors can be simultaneously covered
and pressure can be applied. Figure 6 shows the results. From the measurement result, it was
confirmed that the sensors fixed to the plane and to the curved surface both exhibit a resistance
change ratio in linear proportion to the applied contact pressure. Furthermore, from the slope
of the linear relationship on the graph, it was confirmed that the same sensitivity to pressure is
demonstrated for both flat and curved surfaces. This indicates that the contact pressure applied
to the sensor can be correctly measured even when it is fixed to a curved surface, owing to
the strain compensation based on the response of the strain sensor fabricated near the contact
pressure sensor.

4.3 Measurement of contact pressure with strain compensation

Finally, experiments were conducted to confirm that the contact pressure can be correctly
measured by compensating for the strain even when the fabricated flexible pressure sensor
is fixed to a curved surface. Figure 7 shows the measurement results for a sensor attached
to an acrylic pipe with a diameter of 5.5 cm and touched with a finger. The measured results
shown in Fig. 7 are divided into three stages. (i) First, before attaching the sensor to the curved
surface, the sensor was lightly bent three times by hand. (ii) Then, the sensor was fixed on the
curved surface, and (iii) pressure was applied by touching the sensor surface three times with
a finger. The three graphs in Fig. 7 show the outputs of the contact pressure sensor, the strain
sensor, and the strain-compensated sensor.
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Fig. 7. (Color online) Results of measuring contact pressure with strain compensation.

In stage (i), it is confirmed that strain due to bending occurs in both the contact pressure
sensor and the strain sensor. From the difference between these two sensor outputs, we
confirmed that the strain due to bending is compensated and the sensor output is canceled to
zero. In stage (ii), by fixing the sensor onto a curved surface, the same amount of strain was
generated in the contact pressure sensor and the strain sensor, and it was also confirmed that the
sensor output was canceled to 0 as a result of compensating for the strain. In stage (iii), when
the sensor fixed on the curved surface was touched with a finger, only the contact pressure
sensor responded, because of the structure of the sensor where the contact pressure sensor has
a silicone rubber layer under the ultrathin piezoresistive silicon membrane. In this experiment,
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there was a PDMS layer between the piezoresistive Si membrane and the finger, and the contact
time was less than 0.5 s, so apparently, there was almost no influence of the body temperature.
When the sensor was pushed for a longer contact time, resistance changed owing to temperature
change in both the pressure sensor and the strain sensor. However, it is considered that by
taking the difference between the two sensors, the resistance change due to the temperature
change will be canceled. As a result, it was confirmed that the bending and distortion arising
when the sensor was fixed to a curved surface were compensated and only the response to
contact pressure was measured.

5. Conclusions

In this study, we developed a highly sensitive and flexible contact pressure sensor by
transferring an ultrathin piezoresistive silicon membrane to a flexible substrate. The sensor
consists of two sensors, a contact pressure sensor and a strain sensor for strain compensation.
We fabricated these two sensors side by side in a flexible structure. From the output of these
two sensors, we found that the strain caused by fixing the sensor to the curved surface can be
compensated, so that contact pressure can be accurately measured even if the sensor is attached
to a curved surface of arbitrary shape. From the experimental results, we confirmed that the
fabricated contact pressure sensor had the same sensitivity on both a flat surface and a curved
surface. We also confirmed that our sensor can correctly measure contact pressure because the
distortion caused by attachment to a curved surface is compensated.
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