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In the study, we investigated a detection method of
partial contact of an object owing to curved or un-
even surface of the contact object by a tactile sensor.
The sensor is developed using three microcantilevers
embedded in a polydimethylsiloxane (PDMS) bump.
First, three bumps were employed to place a bump for
each cantilever. It was possible to detect a contact posi-
tion because the resistance change in the strain gauge
on the cantilever under each bump significantly de-
pended on the contact/non-contact state of each bump.
Second, a tactile sensor with high-density arrange-
ment of microcantilevers was used to detect partial or
tilted contact situations. The results indicated that the
output of a tactile sensor with high-density arrange-
ment of microcantilevers reflected partial or tilted con-
tact. It is suggested that a tactile sensor with multiple
bumps and high-density microcantilevers allows for
more dexterous gripping control based on the shape
of the object and contact angle.

Keywords: tactile sensor, microcantilever, PDMS
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1. Introduction

The introduction of robots in various fields to perform
work previously done by humans is expected in areas such
as agriculture, nursing-care, and housework [1]. When
robots work instead of humans, it is assumed that the
robots will perform contact, operation, and gripping of
objects of various shapes. Robots can easily grip rigid
and definite shaped objects. However, they are unable to
grip flexible, soft, and indefinite-shaped objects. To grip
them, recognition of shape, hardness, and deformation of
the object is required [2, 3]. Furthermore, proximity and
slipping detection is also important in dexterously grip-
ping soft or fragile objects without deformation and dam-
age [4–6]. Therefore, tactile sensors are essential to rec-
ognize these properties. Various types of tactile sensors
are proposed and developed [1–3]. Nevertheless, they are
not fully utilized in practical terms owing to their size or
cost.

In previous studies, we developed tactile sensors with
microcantilevers fabricated by micro-electromechanical
systems (MEMS) technologies embedded in poly-
dimethylsiloxane (PDMS) [7–12]. The sensor can detect
normal and shear forces. Furthermore, it exhibits sensitiv-
ity to light and allows optical proximity sensing [13–15].
We already constructed a grasping control system using
a proximity and tactile combination MEMS sensor with
a PDMS bump [16, 17]. The tactile sensor is small (chip
size: 5 mm × 5 mm) and its cost is expected to reduce by
mass production. It is demonstrated that soft objects can
be successfully gripped with small deformation using the
system. However, in previous studies, the object shape
was definite, and its variation was not considered. In ac-
tual conditions, partial contact occurs given object shapes
with curved or uneven surfaces.

In the study, we examined the detection method of par-
tial contact by two methods. First, we proposed and fabri-
cated a tactile sensor with multiple PDMS bumps to place
a bump for each microcantilever. The study investigated
detecting partial contact with each bump from response of
the microcantilever under each bump. The second method
corresponds to a higher arrangement of microcantilevers.
Recently, we successfully developed a tactile sensor with
microcantilevers that are smaller than sensors in previous
studies and arranged at a higher density [18]. The results
indicated that the accurate direction of lateral deformation
by the applied force is obtained by the output distribution
from high-density microcantilevers. Thus, we attempted
to detect partial and tilted contact by lateral deformation
of PDMS from the contact point to the surrounding di-
rection by using a tactile sensor with high-density micro-
cantilevers. In the study, the effectiveness of each ap-
proach for partial contact detection is evaluated indepen-
dently to present guidelines for a fusion of design of two
approaches in the future.

2. Tactile Sensor with Multiple Bumps and
Detection Principle

Figure 1 shows a chip of proximity and tactile sensor
with three PDMS bumps as a contact part. Three can-
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Fig. 1. Tactile sensor with microcantilevers with three
PDMS bumps: (a) schematic view, (b) positional relation
between microcantilevers and bumps, and (c) photograph of
the fabricated sensor.

Fig. 2. (a) Top view and (b) cross-sectional (A-A’) view of
the microcantilever.

tilevers with a length of 290 μm and a width of 200 μm
are arranged inside a 1-mmφ in a manner similar to sen-
sors used in previous studies. They were embedded in
thin PDMS layer. Subsequently, in an extant study, a
cylindrical or hemispherical shaped PDMS bump was at-
tached on three cantilevers [16, 17, 19]. Conversely, in the
study, three PDMS bumps were attached to place a bump
on each cantilever, as shown in Fig. 1(b). The bump is
hemispherical in shape and 2.1 mm in diameter. The sen-
sor is expected to allow detection of the contact part in
the case of a partial contact without design changes in the
microcantilever arrangement in the sensor, as employed
in previous studies, and with increases in the number of
connections and output signals.

Figure 2 shows the top view and a cross-sectional view
of the MEMS cantilever. The cantilever structure was
fabricated by sacrificial etching of buried oxide layer of
a silicon on insulator (SOI) wafer. Specifically, Si3N4,
NiCr, Au, and Cr thin films were formed on the cantilever
as insulating, strain gauge, wiring, and stress control lay-

Fig. 3. Schematic illustrations of lateral deformation of a
cylindrical PDMS bump employed in previous studies and
behavior of the microcantilevers when normal force is ap-
plied in the case of contact with (a) flat- and (b) uneven-
surfaced objects.

Fig. 4. Schematic illustrations of lateral deformation of mul-
tiple PDMS bumps employed in the study and behavior of
the microcantilevers when normal force is applied in the case
of contact with (a) flat- and (b) uneven-surfaced objects.

ers, respectively. Fig. 3(a) shows the schematic illustra-
tion of behavior of microcantilevers embedded in PDMS
when a normal force is applied to the PDMS bump in
the case of the sensor with a cylindrical PDMS bump, as
used in previous studies [16, 17]. Resistance change in
the NiCr strain gauge layer with deflection change in the
cantilever is measured as the output of the sensor. The
PDMS deforms laterally with respect to the normal force
as shown in Fig. 3, and thus the deflection of the can-
tilever increases and resistance of strain gauge decreases
with increases in compressive strain. However, in the
case of contact with an object which has uneven surface
(as shown in Fig. 3(b)), deflection behavior of micro-
cantilevers becomes more complex. On the other hand,
Fig. 4 shows the case of the sensor with a bump placed
over each cantilever employed in the study. The deflec-
tion amount of microcantilevers decreases by the lateral
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Fig. 5. Three-axis motorized stage with a reference force
sensor for contact measurement.

Fig. 6. Schematic illustration of contact measurement. Tac-
tile sensor with three PDMS bumps pressed by (a) a jig
which presses one of the bumps and (b) large object cov-
ering all three bumps.

deformation of the PDMS bump because the tip direction
of each microcantilever is from the center to the outside
of the bump. For contact with an uneven-surfaced object,
as shown in Fig. 4(b), the behavior of microcantilevers is
not extremely complex and is similar to that with a flat
object because bumps over each cantilever are separated.

3. Contact Measurement Using Tactile Sensor
with Multiple Bumps

Figure 5 shows a 3-axis motorized stage (SHOT-
204MS, Sigma Koki) with a 6-axis force sensor
(UFS2012A-05, Nitta), for reference, that is used to per-
form contact measurement with MEMS tactile sensors.
Fig. 6 shows a schematic illustration of the contact mea-
surement. Initially, normal force of up to 0.5 N was ap-
plied to one of the PDMS bumps of the tactile sensor by
using a jig with a square surface (1.5 mm × 1.5 mm).
Additionally, the tactile sensor was pressed with a suffi-
ciently large object covering all three PDMS bumps. Re-
sistance change in the strain gauge on the cantilever was
measured by a digital multimeter (R6581, ADCMT).

Figure 7 shows the resistance change in strain gauge on
the three cantilevers when normal force is applied to each
bump by assuming detection of a contact situation with
only one bump. Sensitivity (slope of resistance change)
of three cantilevers to the normal force is different and
especially that of the cantilever under bump #2 is lower
than other cantilevers. This appears owing to the varia-

(a)

(b) (c)

Fig. 7. Resistance change in strain gauge for each can-
tilever when normal force is applied to (a) bump #1, (b) #2,
or (c) #3.

Fig. 8. Behavior model of cantilevers embedded under mul-
tiple bumps.

tion in initial deflection between cantilevers. It is neces-
sary to perform a correction based on sensitivity of each
cantilever measured by resistance change by applying a
known force in advance. Furthermore, the results indi-
cate that the resistance for the cantilever under the force-
applied bump increases linearly to the force. The can-
tilever deflection under each bump decreases as shown in
Fig. 8, and thus resistance of the strain gauge increases.
Conversely, the resistance under the bumps without the
application of force exhibits a slight decrease. The result
is considered to be due to lateral deformation propaga-
tion from the force-applied bump through the thin PDMS
layer to the bottom of the other bumps, and this increases
cantilever deflection as shown in Fig. 8.

Resistance change for each bump linearly increases
when the normal force is applied to itself and decreases
when the normal force is applied to other bumps. The
result is expressed as follows:

⎛
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where Si, ki j, and Fi (i, j = 1,2,3) denote sensor outputs
(resistance change), sensitivities, and normal force ap-
plied to each bump, respectively. Eq. (1) is modified using
inverse matrix of ki j as follows:
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Sensitivity matrix, ki j, is experimentally determined in
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Table 1. Sensitivity values for each cantilever to force ap-
plied to bumps.

Cantilever
Sensitivity (ppm/N)

F1 F2 F3

#1 160 −83.5 −104

#2 −63.5 353 −95.2

#3 −71.1 −92.0 330

Fig. 9. Output of each cantilever when the sensor is pressed
against a large object covering all bumps.

advance by the measurement result. Table 1 shows
ki j values as obtained by linear regression of data in Fig. 7.
Normal force is calculated from the values and sensor out-
put using Eq. (2). Based on the measurement, the results
indicate that the bump that contacts the object can be dis-
criminated and the applied normal force due to contact
can be detected by the tactile sensor with multiple bumps.

Figure 9 shows the change in resistance for three can-
tilevers when the sensor is pressed with the object cover-
ing all bumps, assuming a contact situation with multiple
bumps simultaneously. The tendency of resistance of each
cantilever to normal force is different. This is considered
to be caused by the slight variation in heights of the three
bumps due to the variation in the mold size or thickness of
adhesive layer, as shown in Fig. 10. The cantilever is ar-
ranged under the highest bump #3 that first contacts the
object, and thus the resistance monotonically increases
when the normal force increases, as shown in Fig. 7(c).
However, the resistance change for bump #3 is slightly
lower than that in the case of Fig. 7(c). Furthermore, the
resistance of cantilever under bump #1 does not exhibit a
significant change in contrast to Fig. 7(c). Although the
exact cause is unknown, partial contact can lead to a mo-
ment about the contact point, and this suppresses lateral
deformation of PDMS, as shown in Fig. 11. Conversely,
the resistance change for the cantilever arranged under the
next highest bump #2 stops decreasing and begins increas-
ing at approximately 0.2 N. Concurrently, the increasing
rate of resistance for the cantilever #3 decreases. This in-
dicates that the object is in contact with the second height
bump at approximately 0.2 N. The resistance change for

Fig. 10. Differences in the height of three bumps (as mea-
sured by a laser displacement meter).

Fig. 11. Suppression of lateral deformation of PDMS due
to the moment about the contact point by partial contact.

cantilever arranged under the lowest bump #1 exhibits
a slightly monotonical decrease, as shown in Fig. 7(b)
or (c), because it does not contact the object in this mea-
surement. It is suggested that slight difference of bump
height significantly affects the resistance change for each
cantilever, and thus bumps should be formed with unifor-
mity by using an accurate mold or uniform adhesive. If
the bumps are formed with same height, then it is esti-
mated as to which bump is contact with the object. There-
fore, the results indicate that it is possible to discrimi-
nate between contact and non-contact and estimate ap-
plied normal force to each bump by using the tactile sen-
sor with same height multiple bumps and also in the case
of contact with multiple bumps.

4. Contact Measurement Using Tactile Sensor
with High-Density Microcantilevers

It is considered that insufficient spatial resolution can
exist with three cantilevers for detecting contact status on
objects with more complex surface shapes. Therefore, we
developed a tactile sensor with further miniaturized and
high-density microcantilevers as shown in Fig. 12 [18].
The size of the cantilever includes 155 μm in length
and 70 μm in width. A total of 12 cantilevers are arranged
in a 1 mmφ , and the density of cantilevers is thrice that of
the sensor with three cantilevers. To remove the effect
of surface shape of the sensor, a cylindrical PDMS bump
with a flat surface similar to that in previous studies was
employed. In an extant study [18], the basic response of
the sensor to applied force was characterized, and it was
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Fig. 12. Schematic illustration of tactile sensor with
high-density microcantilevers: (a) cylindrical PDMS bump,
(b) arrangement of cantilever (length: 155 μm, width:
70 μm), and (c) photograph of the fabricated sensor.

Fig. 13. Schematic illustration of contact measurement of
tactile sensor with 12 cantilevers pressed by objects with
(a) small or (b) large surface area.

demonstrated accurate direction shear force was detected.
However, responses in the case of partial and tilted con-
tact are not characterized. Hence, in the study, we assume
partial contact situations, and a tactile sensor with 12 can-
tilevers was pressed by objects with surface area lower
(0.5 mmφ ) or higher (20 × 20 mm) than that of cylindri-
cal bump as shown in Fig. 13.

Figures 14 and 15 show the relationship between re-
sistance change and position for 12 cantilevers in tactile
sensor when a normal force of 0.5 N is applied by an ob-
ject with surface area lower and higher than that of tac-
tile sensor bump, respectively. Resistance for cantilevers
arranged at external side decreases and that for those ar-
ranged at internal side exhibit a slight decrease in the case
of contact with small objects. Conversely, in the case of
a large object covering the entire surface of the bump, al-
though a similar tendency is observed, the difference in
resistance change between external and internal side can-
tilevers is not high. Additionally, resistance change for
external side cantilevers arranged at lower Y -value posi-
tion is slightly lower than that arranged at higher Y -value
position. If there is a possibility that flat bump surface of
the sensor is not perfectly parallel to surface of the object
with large surface area, then it is considered that contact
with slight tilting leads to this type of bias in sensitiv-
ity. Fig. 16 shows resistance change as a function of nor-
mal force for cantilevers arranged at external and internal
sides (shown as A and B in Figs. 14 and 15) when the

Fig. 14. Relationship between resistance change and posi-
tion for 12 cantilevers in tactile sensor pressed by an object
with small surface area (0.5 mmφ ).

Fig. 15. Relationship between resistance change and po-
sition for 12 cantilevers in the tactile sensor pressed by an
object with high surface area (20 × 20 mm).

Fig. 16. Resistance change as a function of normal force for
cantilevers arranged in external (A) and internal (B) sides
when the bump is pressed by (a) small or (b) large objects.

bump is pressed by the object with (a) small or (b) large
surface area. The results indicate that difference in re-
sistance change to normal force between A and B is evi-
dently higher in the case of the small object (Fig. 16(a)).

To confirm the behaviors of the cantilever, deformation
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Fig. 17. FEM analysis result of deformation shape of can-
tilevers embedded in PDMS bump when the bump is pressed
by a large object.

Fig. 18. FEM analysis results of stress distribution for the
cantilever arranged at the internal side when the bump is
pressed by (a) small or (b) large objects.

of cantilever with applying force was analyzed by finite
element method (FEM) using ANSYS (R18.1). Fig. 17
shows the analysis result of deformation shape (enlarged)
of cantilevers embedded in PDMS bump pressed by the
object with higher surface area. Deflection increase in
cantilevers arranged at the external side evidently exceeds
that of cantilevers arranged at the internal side. This is
because lateral deformation of PDMS increases closer to
the exterior edge of the bump. Fig. 18 shows the calcu-
lated distribution of the first principal stress at the surface
of the cantilever arranged at internal side when the bump
is pressed by a small or large object. The deformation
amount of the cantilever tip and the maximum value of
stress in the case involving pressing by the small object
(Fig. 18(a)) are lower than that in the case of large object
(Fig. 18(b)). This indicates that the difference between re-
sistance change shown in Figs. 14–16 is due to the behav-
ior of cantilever deformation embedded under the bump.

In addition, resistance change for 12 cantilevers was
also measured when the large object contacts the bump of
tactile sensor with tilting. Fig. 19 shows resistance change
in the case of contact with normal force corresponding
to 0.5 N and tilt angle corresponding to 10◦ in various
direction (θ ). The results indicate that resistance for can-
tilevers arranged at near contact point in tilting direction
increases. On the other hand, resistance arranged at an
opposite side of contact point decreases. Fig. 20 shows a

Fig. 19. Resistance change in the case of contact with nor-
mal force of 0.5 N and tilt angle of 10◦ at (a) θ = 45◦,
(b) θ = 135◦, (c) θ = 225◦, and (d) θ = 315◦.

F

Fn

Ft

Fig. 20. Schematic illustration of lateral deformation in-
duced by tilting contact.

schematic illustration of PDMS deformation and deflec-
tion behavior of cantilevers in the case of tilting contact.
At the contact point, contact force is applied in oblique
direction to PDMS surface. Thus, applied contact force
includes both normal (Fn) and tangential (Ft ) components
to the PDMS surface. Specifically, the PDMS deforms
laterally from contact point to the other side with respect
to the normal force. Furthermore, PDMS is deformed lat-
erally by tangential force in the same direction. The di-
rection of the tip of cantilevers arranged at near contact
point is parallel to lateral deformation of the PDMS while
that of cantilevers arranged at an opposite side is antipar-
allel. Hence, deflection of the cantilever arranged at the
contact point increases and that arranged at the other side
decreases. This implies that tilting contact and its direc-
tion can be assumed from spatial distribution of changes
in resistances for 12 cantilevers.

The results revealed from the output of 12 cantilevers
depend on contact area of the object and tilting contact.
If this sensor is installed on a robotic hand and machine

302 Journal of Robotics and Mechatronics Vol.32 No.2, 2020



Tactile Sensor with Microcantilevers for Contact Detection

learning is performed in advance on the correlation be-
tween the output distribution from the 12 cantilevers and
the contact parameters, such as the contact angle and area,
then it is possible to dexterously control gripping state of
the robotic hand based on the inverse estimation of the
contact parameters from the sensor output.

5. Conclusions

The results of the study indicated that various contact
conditions can be detected by a sensitive MEMS tac-
tile sensor with multiple PDMS bumps or high-density
microcantilevers. The employment of multiple PDMS
bumps enables detection of a contact position because re-
sistance change in strain gauge on the cantilever under
each bump significantly depends on contact/non-contact
state of bumps. Furthermore, it is demonstrated that out-
put distribution from tactile sensor with 12 cantilevers de-
pends on partial and tilted contact situations. In a future
study, we will develop a tactile sensor by combining mul-
tiple bumps and high-density cantilevers. Furthermore,
we will demonstrate gripping of soft or indefinite shaped
objects, such as gel and tissue, by a robotic hand with
control through tactile and proximity information.
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