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Organic sensor array was fabricated on a curved plastic film substrate of which Gauss curvature was finite. In this
work, we proposed soft robot finger as one of the test cases of curved surface device that has artificial tactile sense by
detecting slight deformation induced by touching an object. We made curved surface sensor array by thermal molding
of planer device array on thin plastic film. Observed electrical current in each sensor pixel reflected strain distribution
and time response induced by external slight displacement applied.

1 Introduction Recently, flexible and stretchable
electronics attract much interest in the field of electronic
devices[1-17]. Although electronics on a curved surface
have been investigated by sticking flexible or stretchable
electronics onto the curved surface, the curved surface is
geometrically different from the simple plane. So it is not
easy to stick a planer flexible device on the curved sur-
face perfectly. Stretchable device is also a candidate for
the electronics on the curved surface, however, stretchable
devices have a drawback that they cannot keep the shape
without an object[18]. In this work, we proposed organic
thin film sensor array fabricated on a curved plastic film
which has finite Gauss curvature[19]. As one of the test
cases, we fabricated a fingertip-shaped organic thin-film
transistor (OTFT) array in this study. Possible shape of the
curved surface device is not only the fingertip shape. Ap-
plication of our method on various curved surfaces will be
expected. We can flexibly make other curved surfaces by
making proper molds. This time we tried to detect slight
deformation on the fingertip shape induced by a soft touch
to an object. Because organic thin film and thin plastic
substrate film are sufficiently soft and flexible, we success-
fully detected a slight deformation which reflected induced
strain distribution. Especially in this paper, we achieved
not only single pixel monitoring but also real-time sequen-
tial acquisition of strain distribution by scanning 88 OTFT
pixels, that was a prototype of artificial tactile sense, and
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Figure 1 (a) Electrode pattern of the fingertip-shaped OTFT ar-
ray. (b) Optical micrograph of OTFT array region. The electrode
pattern has a redundancy to secure the tensile strain durability
generated during the thermal molding. (c¢) Metal mold and (d)
engineering plastic mold produced with 3D printer.

numerical finite element calculation based on more realis-
tic shape model compared to our previous work[19].

2 Experimental details The substrate film of thin
poly(ethlene naphthalate) (PEN) that was provided from

Teijin Ltd., Japan whose thickness of 75 pum was used.
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Figure 2 Photograph of the fingertip-shaped organic sensor array.
Dense organic device matrix is seen in the center of the curved
surface. This fingertip includes 88 organic thin film transistor as
strain sensors.

Au gate electrode pattern was thermally evaporated, and
900 nm thick parylene-SR layer was formed on the sub-
strate surface as a gate dielectric layer. Then Au contact
electrode pattern was deposited on the surface, which
was chemically treated by pentafluorobenzenethiol self-
assembled monolayer (PFBT-SAM) to reduce the contact
resistance[20-24]. Figure 1(a) shows the electrode pattern
of the fingertip shaped OTFT array, and optical micrograph
of OTFT array region is shown in Figure 1(b). The elec-
trode pattern in the OTFT array region has a redundancy to
secure the tensile strain durability[25,26] generated dur-
ing the formation of the curved surface. A proper amount
of dioctylbenzothienobenzothiophene (Cs-BTBT)[27-40]
powder whose melting point was 126° C was transferred
onto the substrate, and then another PEN film was put
on it. Details of the sample preparation procedure are the
same with our previous works[19,41,42]. In the last stage
of sample preparation, the planer PEN film was deformed
by thermal molding[19]. Thermal molding was carried out
by clamping and pressing the planar plastic sheet with
properly produced mold during thermal treatment. Figure
1 (c) and (d) show the metal and engineering plastic mold,
respectively. Especially the engineering plastic mold has
sufficient thermal durability, and is digitally designed and
fabricated using 3D CAD and 3D printer. Figure 2 is a
photograph of the fingertip-shaped device array. This sen-
sor array includes 88 OTFTs in the center of the fingertip
shaped curved surface.

This curved surface is also well fitted and stuck on
the original human finger from which we made the finger
mold[19]. And also, we made original tactile sense tester
[19] using micro caliper to demonstrate sensitive artificial
tactile sense in this work. Figure 3 (a) shows the photo-
graph of fingertip-shaped sensor array under tactile sense
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test. Tip of the micro caliper head presses the top of the
fingertip-shaped PEN film surface. Embedded 88 OTFT-
type strain sensor array was connected to external circuit,
and the readout of each pixel is carried out by the bias
switching of gate voltage and drain voltage by high speed
electronic relay. Figure 3 (b) shows one of the output char-
acteristics of OTFT array fabricated in the curved surface.
Ip indicates typical p-type OTFT characteristics, and Ig
which include gate leakage current is sufficiently low even
after the formation of the curved surface. When normal
displacement to the stage plane (Ah) was applied to the
top surface of the fingertip shaped sensor array, induced
strain was distributed to the whole region of the curved sur-
face, so, the strain distribution was a kind of fingerprint of
the contacted objects. The contact strength and the contact
point shape were reflected to the induced strain distribution
collected from all sensors. We expect this electronic artifi-
cial tactile sense will easily be connected with the modern
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Figure 3 (a) Organic sensor array under tactile sensing test. The
metal rod pressing the fingertip-shaped sensor array is the micro
caliper head. Normal displacement applied to the curved surface
sensor array is varied in the 100 pm resolution. (b) Typical output
characteristics of the OTFT fabricated in the curved surface.
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Figure 4 (a) Mesh model of the fingertip shape in the finite ele-
ment method (FEM) calculation. Red circle is contact region of
the micro caliper head. The points labeled from a to e are the lo-
cation that FEM results were picked up. (b) Relation of the calcu-
lated strain and applied normal displacement of Ah. Differential
drain current ratio of the OTFT-type strain sensors.

artificial intelligence (Al) technologies, and sensitive robot
finger in the precision work field will be realized in the near
future.

3 Results and Discussion We carried out numer-
ical calculations of the induced strain in the fingertip-
shaped PEN film surface by the finite element method
(FEM). Mesh model of the fingertip-shape shown in Fig-
ure 4 (a) was constructed and imported into the FEM
simulator, LISA [43]. Characteristic points from ‘a’ to ‘e’
are marked as shown in Figure 4 (a), and the contact re-
gion is drawn as dotted brown circle. Figure 4 (b) shows
the summary of the z-component of calculated induced
strain at each point from ‘a’ to ‘e’ toward applied normal
displacement of Ah. The reason why we picked up the
z-component is that the corresponding channel direction
of OTFT array is z-direction in Figure 4. This calculated
results show that a compressive strain was induced in ‘b’,
‘c’, and ‘d’. And the largest compressive strain was in-
duced in point ‘d’ because this point belongs to the edge
of the contact rod. On the other hand, tensile strain was
induced in ‘a’, and only slight tensile strain was induced
in ‘e’. A strong tensile strain was induced at around ‘a’
because this point was located in the outer rim of the com-
pressive strain region. Tensile strain was observed in the
outer rim of the compressive strain region also in our pre-
vious simulated result in the hemisphere.[19]. And point
‘e’ was sufficiently far from the contact region with the
test rod.

Figure 4 (c) shows summarized experimental results
of drain current difference ratio (Alp/Ipg) observed in
each OTFTs. At first, induced tensile and compressive
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Figure 5 Time variation of the observed drain current flowing
through an addressed OTFT strain sensor during the artificial tac-
tile sensing test. Ah (0.2 - 1.0 mm) in the figure indicates applied
vertical displacement from the micro caliper head.

strain correspond to the decrease and increase of the drain
current, respectively. Positive Al /Ipy was observed in
compressive strain region, and negative AIp/Ipo was ob-
served in tensile strain region because the compressive
stress have effects to expand the TFT channel length, grain
boundaries, and lattice parameter, all of them cause in-
crease of electrical resistance. And for the tensile stress,
effects of these factors are inverted. In addition, the ab-
solute value of Al /Ipg also well corresponded to the
magnitude of induced strain. As we can see, the observed
drain current difference well corresponds to the calculated
strain distribution, therefore, we can acquire strain distri-
bution data electrically by distributing small OTFT's on any
curved surfaces.

Figure 5 (a) is time variation of the observed drain cur-
rent flowing through an addressed OTFT in 7th line and
4th row (we call S7-GD4 pixel in this paper) in the pixel
map. Ah (0.2 - 1.0 mm) in the figure indicates applied ver-
tical displacement from the micro caliper rod. This data in-
dicate that the induced strain was compressive strain, and
corresponds to the amount of Ah, and in addition, real time
detection of induced strain was achieved. As recognized in
the results of static measurement shown in Figure 4, this re-
sult shows the real-time monitoring of drain current in ad-
dressed OTFT pixel also accurately acquired the induced
strain. Figure 5 (b) also shows the acquired compressive
strain induced in S9-GD3 pixel in real time. On the other
hand, Figure 5 (c) shows the detected tensile strain induced
in S14-GD1 pixel during application of various Ah. And
only a slight difference was observed in S17-GD4 pixel be-
cause this pixel was sufficiently far from the contact region.

Finally, we tried to make a prototype of real-time arti-
ficial tactile sense of robot finger by scanning 88 OTFTs
in the sensor array using 28 high speed electrical relay (18
relays in Source side and 10 relays in Gate/Drain side) ,
and made a strain distribution map by building sequen-
tially acquired AlIp/Ipg data as shown in Figure 6. By
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synchronously addressing 88 OTFTs, drain current of each
OTFTs was read out in 200 ms, therefore, total time re-
quired to collect 88 strain data was about 20 s in our present
prototyping setup. Although present strain map is actually
not constructed in real-time, it is possible to reduce the
sampling time spending for each OTFT, and to reduce the
number of sensing points because the human tactile sense
also has distribution. Therefore, we have technical margin
to improve the total response within the existing technical
limit of instruments and sample design. Anyway, we have
succeeded in prototyping artificial tactile sense.
Differential drain current map under three Ah from 0.2
to 1.0 mm is shown in Figure 6. As discussed in Figure 4
and Figure 5, positive and negative differential drain cur-
rent corresponded to the induced compressive strain and
tensile strain, respectively. In Fig. 6 (a), weak compressive
strains were widely detected in the fingertip shaped curved
surface, on the other hand, weak tensile strains were de-
tected in the peripheral region. In addition, relatively rather
strong tensile strain was also detected in the pixel in S6-
GD3 pixel. This locally induced tensile strains were prob-
ably due to the initial direct point contact between test rod
bottom and curved surface. Effect of the direct point con-
tact on the pixel which induce the local tensile strain was
possibly stronger than that of the plastic deformation of
whole curved surface itself. On the other hand in Fig. 6
(b), regions of stronger compressive strains were widely
distributed mainly in the vicinity of the contact circle, and
tensile strains existed in the peripheral region. Both com-
pressive and tensile strains detected by OTFT array became
stronger than that of Fig.6 (a), which indicates that strains
induced by touching the object were accumulated in the
whole curved surface. Different from the case of bending
the plane or opening the cylindrical surface and remem-
bering the Gauss curvature of both plane and cylindrical
surface is zero, strain induced in curved surface of which
Gauss curvature is non-zero was accumulated by propagat-
ing generated strain in entire curved surface. And finally,
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Figure 6 Differential drain current maps obtained with our real-
time artificial tactile sense prototype under (a) slight touch of Ah
= 0.2 mm , (b) moderate and (c) weak oppression of Ah = 1.0
mm.
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Strain distribution o,,

Figure 7 (a) Illustration of a bar type contact object touching
the robot finger in a cross direction or a parallel direction. (b)
Calculated strain distribution of ¢, induced when touching a bar
in a cross direction (upper) and in a parallel direction (lower) . (c)
Illustration of robot finger picking up a soft and small object with
properly controlled grip strength.

Fig. 6 (c) was a more deformed case. Stronger compres-
sive strains were detected in and around the contact circle,
and the observed tensile strains also increased entirely. In
this way, these strain distributions, i.e. strain data at each
pixel, were electrically collected in real time scale.

If the strain distributions induced by deformation of
curved surface device array are electrically and dynami-
cally collected, wide range of application can be expected.
For example in this work, robot finger that has sensitive
tactile sense for high precision hand works, such as repair,
palpation and surgery are our passible targets. As illus-
trated in Fig.7 (a), if a contact object is touched to the robot
finger in a cross direction and a parallel direction, induced
strain distributions are different for each case as shown in
Fig. 7 (b), which is calculated strain distribution of o,,.
The electrically collected strain distributions are very use-
ful to discriminate shapes and directions of objects. In ad-
dition, induced strain distribution is necessary for adjust-
ing the grip strength to pick up soft things without crush-
ing them as illustrated in Fig. 7 (c). Considering the speed
of the recent image recognition using deep learning tech-
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nologies, it is not difficult to process only 88 pixel strain
data. Therefore, time delay due to the object recognition
is expected to be negligible. Moreover, image recognition
is also advantageous to buffer the ununiformity of sensi-
tivity between pixels because image recognition is pattern
recognition which means the acquired signal distribution is
not necessarily accord with real strain distribution, in other
words, absolute value of strain in each pixel is not neces-
sary to recognize an object.

4 Summary We fabricated 88 OTFT array on a plas-
tic film substrate and made the curved surface sensor ar-
ray by thermal molding of planer device on thin plastic
film. Though the demonstration of strain distribution de-
tection in static and dynamical condition, soft robot finger
that have precise tactile sense was proposed.
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A prototype of an artificial tactile sense of a soft robot finger
which is expected to substitute sensitive human finger and to be
engaged in high precision works was proposed. Curved surface
consist of thermally molded plastic film is effective because it has
smooth shape that is faithful to the original 3D designed mold and
has spring characteristics appropriate to pick up soft objects with
properly controlled grip strength.
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