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a  b  s  t  r  a  c  t

This  paper  presents  the  research  findings  on  a  new  robot  fingertip  tactile  sensing  module,  and  its  simple
production  method.  The  module  has  a three-dimensional  curved  shape  and  a  radius  of  curvature  of  about
7 mm  similar  to that of  human  fingertip.  The  size  of the  module  is  16.3 mm  in depth,  16.6  mm  in width,
and  38  mm  in  height.  A  thin  and  flexible  sensing  part  consists  of  strip-type  force  sensors  with  37  taxels
based  on  a  contact-resistance  principle.  Each  cell is 2  mm  in  diameter.  The  force  sensors  are  evaluated
through  a calibration  setup  in  order  to obtain  a  static  force response.  The  fatigue  test  is  also  carried  out
eywords:
istributed tactile sensor
ontact-resistance tactile sensor
obot fingertip
olding technique

D-curved surface

to check  its  durability.  The  3D-curved  fingertip  structure  is fabricated  by  the  molding  technique  known
as  an  effective  method  for mass  production.  The  force  sensing  part  is  inserted  into  the  molded  fingertip
structure.  The  assembled  robot  fingertip  module  is  evaluated  through  a calibration  setup  in  order  to
obtain  the  static  and  dynamic  force  responses.  The  fabricated  module  can  detect  both  contact  force  and
location  simultaneously.  The  threshold  sensitivity  of one  taxel  is  about  0.2 N.  The developed  sensing
module  is compact  and  replaceable,  and  its  fabrication  process  is  easy  and  economical.
. Introduction

Personal robots, such as service robots and entertainment
obots, have been developed widely in terms of human–robot inter-
ction. The famous pet robot, AIBO, designed and manufactured
y SONY, perceives touch through capacitive touch sensors on its
ody and head parts for interaction with human [1]. Iwata et al.
ave tried to attach the film type distributed force sensor to the
urface of robot such as shoulder, arm and elbow for human–robot
nteraction [2]. As the field of robots is continuously expanding to

ore various environments such as offices, hospitals, homes, and
ven space, robots are increasingly required to perform advanced
uman-like manipulation tasks such as shape recognition of objects
nd grasping objects. In order to achieve advanced in-hand manip-
lation tasks, many tactile sensors and tactile sensing systems have
een reported in various fields of applications [3–4]; a biomedical
5,6], human–robot interaction [7], and dexterous robotic hands
8]. Kinoshita et al. have proposed a shape recognition system with

iezo-electric force sensors when their robot hand grasps objects of
arious shapes [9]. Mouri et al. have used the information about the
enter of contact points through the distributed force sensor for the
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grasping task [10]. On the other hand, many studies have reported
the distributed force sensor using a variety of sensing methods (e.g.,
resistive [11–13], capacitive [14,15], piezoresistive [16], piezoelec-
tric [17–19], etc.). Yang et al. have reported a tactile sensing array
using flexible PI-copper films [20]. Tekscan Inc. [21] and Interlink
Electronics, Inc. [22] have commercialized their film-type contact-
resistance force sensors. They are flexible and thin. However, it
is difficult to integrate the film type force sensors to the curved
structure such as head, arm and hand. Especially, it is much more
difficult to apply to fingertip shape because it has very small radius
of curvature. Hence, a fabrication technique is required to develop a
compact tactile sensing module that can cope with various curved
structures.

In our previous work [23], we have proposed the design and
the fabrication process of a robot fingertip module that senses
both force and location simultaneously. The module has a human
fingertip-like shape with a radius of curvature of about 7 mm.  The
3D-curved fingertip structure is fabricated by a molding technique
known as an inexpensive method in terms of mass production. The
contact-resistance type force sensor can obtain only normal force
component. It is important to detect the slip information between

finger and object in case of grasping task. The slip information can
be extracted indirectly by tracking the change of a center of the con-
tact points obtained from the distributed force sensors [24]. The
designed sensor has 7 × 7 strip-type structure in order to insert

dx.doi.org/10.1016/j.sna.2013.09.013
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2013.09.013&domain=pdf
mailto:jhk@kriss.re.kr
dx.doi.org/10.1016/j.sna.2013.09.013


422 D.-K. Kim et al. / Sensors and Actuators A 203 (2013) 421– 429

F
s
a

i
s
a
s
f
s
s
c
a
u
3

2

2

h
r
o
s
t
a
t
a
d
S
t
d
d
e
p
7
a
T
o
p
t
t
fi
c
r
o
t
u

have introduced an easy technique that can project 3D structure
onto 2D plane and place the sensors on 2D surface, and then recon-
struct the same to 3D surface [3]. This technique will be useful to
obtain the exact location of each taxel. The designed sensing part
ig. 1. Design concept for 3D-curved robot fingertip that has human fingertip-like
cale and shape: (a) photograph of real human fingertip, and (b) scales of a sensing
rea  that has hybrid structure of elliptic curves for robot fingertip.

nto the fingertip structure. However, the previous work did not
how the force response near top area of the fingertip because of

 location mismatch of the strip-type force sensor and the molded
tructure. In this paper, we modified the shape of the strip-type
orce sensor to match with the fingertip structure and presented the
tatic and dynamic evaluations of the film-type distributed force
ensor through the calibration setup. This paper also shows the high
ycle fatigue test in order to check its durability and reliability. In
ddition, the static and dynamic force responses are also obtained
sing jigs when the distributed force sensor is assembled to the
D-curved fingertip structure.

. Design of robot fingertip module

.1. Design of 3D-curved fingertip structure

Fig. 1 shows the 3D-shape design for robot fingertip that has a
uman-fingertip-like scale and shape. Fig. 1(a) is a photograph of a
eal human fingertip. Fig. 1(b) presents the scale of the sensing area
f robot fingertip. 3D-curved structure has two different elliptic
tructures. The lower structure is semi-elliptic cylindrical struc-
ure with 8.3 mm in semi-major axis and 6.8 mm in semi-minor
xis. Its height is 12 mm from the bottom. The upper structure has
wo semi-elliptic curves: the one is 8.3 mm in semi-major axis (z-
xis) and 6.8 mm in semi-minor axis (x-axis). Fig. 2 shows the 3D
esign of the robot fingertip module using SolidWarksTM (Dassault
ystemes SolidWarks Co.), 3D CAD software. The designed finger-
ip is 16.3 mm in depth (y-axis direction), 16.6 mm in width (x-axis
irection), and 38 mm in height (z-axis direction), and has a three-
imensional curved shape. The fingertip apparatus consists of the
lastic outer-cover, the elastic inside part, a finger-nail part, a ring
art, a rigid-core, and a connecting part. The elastic inside part has

 × 7 slots like groove for inserting of strip-type thin film sensor
nd its alignment. The distance between two slots is about 4 mm.
he width of the slot is 1 mm,  and the depth is 0.8 mm.  The elastic
uter cover is designed it has a mesh structure to cover the sensing
art with force sensors. It has the same outside radius of curva-
ure as the elastic inside part. The width of the mesh is 1 mm,  and
he thickness of the mesh is 0.8 mm.  The rigid-core supports the
ngertip structure just as the human bones do. The elastic outer
over and the inside part are fixed by the fingernail part and the

ing part. The rigid-core, the fingernail part, and the ring part not
nly fix the elastic inside part and outer cover but also combine the
wo. The connecting part links the designed robot fingertip mod-
le to various robot hands and grippers. Its design shape depends
Fig. 2. Three-dimensional (3D) computer-aided design (CAD) of robot fingertip tac-
tile  sensing module.

on the shapes of a target robot-hand [25]. In reference, Schmitz
et al. have also tried to apply the capacitive pressure sensor to their
finger-tip tactile sensing module for the humanoid robot [26]. It
is not easy to obtain the high spatial resolution compared to our
3D-fingertip module with radius of curvature of about 7 mm.  Loeb
et al. have developed a commercial biomimetic finger-shaped sen-
sor module (BioTAC® [27]). It can detect the contact forces and
micro-vibrations [28]. However, the fabrication process is not sim-
ple because of the conductive fluid between sensing electrodes and
elastomeric skin, and it is not cost-effective. The spatial resolution
is also not high compared to our fingertip module.

2.2. Design of the force sensing part

Fig. 3 depicts the computer-aided design (CAD) of the sensing
part. The location and distance of each taxel on the 3D surface
are needed to place each taxel into the slot of 3D-shaped elastic
inside part exactly. We calculated the locations using a mathemat-
ical tool, Mathmatica® software. On the other hand, Dahiya et al.
Fig. 3. Computer-aided design (CAD) for the sensing part that consists of a contact-
resistance force sensors and the flexible electric circuit board: (left) eight port for
data  communication; (middle) bottom layer of the force sensors and the flex-circuit
for  signal processing; (right) top layer of the force sensors.



 Actuators A 203 (2013) 421– 429 423

c
b
h
c
i
r
b
r
e
f
d
h
[
t
i
o
t
g
t
d
s
e
f
c
r
t
w
i
t
p
i
f
t
t
p
4
o
p
a

3

3

p
t
m
e
t
t
d
t
r
t
fi
p
i
r
u
f
m
l
o
t
c

(a) Flexible copp er clad laminat e (FCC L)
Polyimide film (54  μm)

Copper (11 μm)

(b) Fle xible printed circuits board (FPCB )

Etchin g proce ss

Contact signal terminal line

Screen print ing

(c) Conductive layer printing using silver paste

(d) Resist ive layer printing usin g carbon pas te

Screen print ing

Conduct ive layer
(Silver : 8~10 μm)

Resist ive layer
(Carbon : 10 ~12 μm)

(e) Upp er an d lower sensing layers assembly

Ass embling

Top s ensing layer

Bottom  sensing la yer
D.-K. Kim et al. / Sensors and

onsists of the contact-resistance type force sensors and the flexi-
le electric circuit board for data signal processing. The force sensor
as some advantages: it is flexible and thin because it can be fabri-
ated on a flexible and thin film; it is electrically robust because of
ts high signal-to-noise ratio; and it is economical because its fab-
ication process is very simple and easy. The sensing part should
e thin, flexible and strip-type in order to insert into the 3D-curved
obot fingertip structure [29]. The designed sensing part has 37 tax-
ls, and each taxel is 2 mm  in diameter. Although the distributed
orce sensor is 7 × 7 matrix structure, it has 37 taxels due to the
ouble-curved shape of the robot fingertip structure. In case of
uman being’s fingertip, the spatial resolution is about 1-2 mm
4,30]. It is important to increase the total number of taxels within
he 3D-curvered fingertip structure in terms of more exact contact
nformation. We  determined the size of taxels and the spatial res-
lution considering the size of the used commercial chip and its
otal number of ports. Each taxel is uniformly distributed at fin-
ertip structure. Especially, some taxels are located at tip area of
he fingertip for an effective grasping task. Spatial resolution of the
istributed force sensor is about 4 mm.  It seems that the number of
ensing elements is small, and the spatial resolution is low. How-
ver, the spatial resolution can be higher because it is possible to
abricate the force sensor with size of about 1 mm in diameter. The
ontact-resistance force sensor should have both upper and lower
esistive layers for measuring the change of resistance under con-
act force. The contact-resistance between the two layers changes
hen the upper layer is subjected to an external load. The middle

mage of the Fig. 3 shows the design of the bottom layer of the dis-
ributed force sensor and the flexible circuit board. The right image
resents the design of the top layer of the force sensor. The left

mage describes an eight electric port of the flexible circuit board
or data communication: the port numbers 1 and 8 are for ground;
he port numbers 2 and 3 are used for data transmission between
he sensor and the computer; the ports 5 and 6 are used to upload a
rogram from the computer to a chip on the circuit board; the port

 is used for the interrupt mode; and the port 7 is used to apply
perating voltage (3.3 V) for the chip and circuit. Thus, only four
orts, ports 2, 3, 7, and 1 or 8, are used for data communication
fter a program uploaded to the chip.

. Fabrication and evaluation of distributed force sensor

.1. Fabrication of the contact-resistance force sensor

Some researchers have tried to use a flexible PCB in order to
lace the sensing part and its electric circuit into the curved struc-
ure like fingertip. Cannata et al. have proposed a flexible triangular

odular robot skin system based on the flexible PCB [31]. Schmitz
t al. have reported the fingertip module with above mentioned
riangular module in [26]. They showed an effective method in
erms of flexibility and optimum use of space. We  considered the
istributed force sensor with strip-type shape in order to apply
o the slots like groove of the fingertip structure that has a small
adius curvature and many taxels, if possible. We  have also tried
o get the small-sized FPCB for the optimum use of space. Thus, we
nally designed the FPCB with long signal lines between the sensing
art and the electronics as shown in Fig. 3 that can be bended and

nserted into the fingernail part of Fig. 2. Fig. 4 describes the fab-
ication process of the film type contact-resistance force sensor
sing a silk screen printing technique. The polyimide is well known
or its thermal stability, robust chemical resistance, and excellent

echanical properties. The FPCB is made of flexible copper clad

aminate (FCCL) with a 54 �m thick polyimide film, whereas that
f copper is 11 �m (Fig. 4(a)). The pattern of the contact signal
erminal line is made through the etching process (Fig. 4(b)), and
onductive and resistive layers are coated using the screen printing
Fig. 4. Five steps for fabrication process of the contact-resistance force sensors using
flexible printed circuit board (FPCB) and screen printing technique.

method. We use a high precision semi-automatic printing machine
(model LSP-6050L, Linesystem Co.), which uses a square-edge type
squeegee made of polyurethane material with shore hardness (Hs)
of 70 durometer and is necessary to spread paste onto the screen
mask. A conductive layer (Fig. 4(c)) is formed on the film using a
silver paste (MISUNG Polytech Co., Ltd.) and a 300-mesh mask. The
coated film is leveled at room temperature for 10 min  and then
cured in an oven at 140 ◦C for 10 min. A resistive layer is coated
(Fig. 4(d)) using carbon paste based on polymer and carbon black
(MISUNG Polytech Co., Ltd.) and a 250-mesh mask. These pastes
have passed a reliability test (temperature: 70 ◦C, humidity: 90%,
48 h), so it guarantees durability and performance. The carbon paste
is cured in an oven at 150 ◦C for 60 min  after being leveled at room
temperature for 10 min. Finally, the upper and lower surfaces of the
printed film are assembled together (Fig. 4(e)).

3.2. Fabrication of the force sensing part

Fig. 5 presents the distributed force sensor with a flexible
electric circuit board for signal processing. The sensing part has an
array of 37 sensing taxels, and each cell is 2 mm in diameter (Fig. 5
(bottom)). The distributed force sensor and signal processing
part are neatly integrated onto the same FPCB to apply to the
robot fingertip module, except for the four signal lines used to
communicate with PC.

We did take into account the total number of ports for the input

and output channels of the matrix-type force sensors to select the
main electronic, MCU. The number of ports for the input voltage and
the output A/D should be more than 7, respectively. The sampling
rate of the MCU  should be fast, if possible, to obtain a good dynamic
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Fig. 5. Photographs of the fabricated sensing part with a flexible electric circuit
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of the distributed force sensor under static load. Fig. 7 shows
the evaluation setup composed of a multi-component (Fx, Fy, Fz)
load-cell and its probe tip, xyz-axes positioning stages, and PC. The
load-cell (CURIOSITY TECHNOLOGY Co., Ltd. Model CMAS111) has
oard for signal processing: (bottom) fabricated sensing part with flex-circuit board;
top left) flexible electric circuit board with micro controller unit (MCU) and refer-
nce resistance; (top right) schematic of simple voltage divider circuits.

esponse. The size should be smaller than 11 mm × 10 mm,  the size
f the FPCB to insert the components into the fingertip module. The
rice of a chip should be cheap for the cost-effective fingertip mod-
le, if possible. The tiny and cheap commercial signal processing
hip was used for signal data acquisition and analog-to-digital
onversion (ADC). We  used 8-bit ultralow power MCU  (model
TM8L151G6, ST Microelectronics Co.) with twenty-eight pins. The
hip provides 12 bit ADC with up to 1 Msps sampling rate per 25
hannels, and standard communication interface such as SPI (Serial
eripheral Interface Bus), I2C (Inter Integrated Circuit), and USART
Universal Synchronous Asynchronous Receiver Transmitter). Fig. 5
top left) shows the fabricated signal processing board. The contact-
esistance force sensor is a variable resistor, with resistance varying
rom about 1 k� up to 100 k� under loading force. In addition, the
abricated sensor does not require amplification because of its large
hanges in resistance by loading force. Thus, resistance was mea-
ured by using simple voltage divider circuit (Fig. 5 (top right)),
ith the reference resistance (Rf) at 500 � and the input voltage

Vin) is 3.3 V. Output voltage (Vout) can be expressed as follows:

out = Rf

Rf + Rs
Vin (1)

here Rs is the resistance of the force sensor. Fig. 6 illustrates
he schematic diagram of the electrical signal flow from the
orce sensing element to the computer. The MCU  controls the
ow-direction multiplexing in order to provide the input voltage
o the sensor array. Then, the analog output data from the sensing
lements are connected to the A/D ports. The digital data are trans-
itted via USART serial communication interface with 1 Mbps full

uplex. A FTDI USB MCU  (model FT232RL, FTDI Ltd.) was used for
SART-to-USB conversion. Array type tactile sensor usually has
rosstalk between adjacent sensing elements because parasitic
esistors are present between taxels. Even if the sensor array is
omposed of discrete taxels in rows and columns, the crosstalk
s found in the sensor array [32]. To reduce the interference and
olve this crosstalk problem, some researchers have proposed a
ew strategies such as a grounding method [21,32–34]. We  also

ave tried to reduce crosstalk in our previous MEMS-based tactile
ensor array in [35]. However, it is not easy to make the small-
ized electronic circuit considering crosstalk error, which needs
igh-cost fabrication. We  simulated the electrical circuit shown
Fig. 6. Electrical schematic diagram of a signal flow from the force sensing element
to  PC, and functions of each signal processing units.

in Fig. 6 using Schematics® software (Design Lab) to evaluate the
crosstalk error when some taxels are pressed simultaneously. We
considered some case examples, and obtained that the interference
error was  below 0.3%. The maximum crosstalk error was about
17% when all taxels are pressed except of Rs within force sensing
elements shown in Fig. 6.

3.3. Static and dynamic evaluation of distributed force sensor and
its result

We  used an evaluation setup to measure each force response
Fig. 7. Evaluation setup to evaluate the force response of the distributed force sen-
sor:  (a) three-axis load-cell, (b) z-axis linear stage, (c) x- and y-axes positioning
stages, (d) top plate of the stage, (e) �2 probe, and (f) distributed force sensor.
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LabVIEWTM.
There are three typical fatigue test cycles: a fully reversed load-

ing cycle, a repeated offset loading cycle, and a random loading
ig. 8. Output signal of ‘taxel 3b’ obtained from loading and unloading under five
epetitive cycles.

 capacity of 10 N in three directions. The z-axis linear stage, which
as a 1 �m resolution, was used to apply a normal load to one taxel
f the distributed force sensor. The x- and y-axes positioning stages
ere used to check the alignment between the probe and a target

axel. The cylinder-shape probe tip has the same diameter of 2 mm
s the taxel. Analog amplifiers (Instrument Division Co., Model
210) were used to amplify the output signals of the load-cell. We
sed the PXI module (National InstrumentTM): PXI-7340 for motor
ontrol and PXI-6221 for signal acquisition of the load-cell. The
nalog output signal data of the target taxels were also acquired
nd converted to digital data through the signal processing part.
abVIEWTM was used to control the linear stage and obtain data
rom the distributed force sensor and the load-cell.

Fig. 8 presents the force response of the ‘taxel 3b’ during five
epetitive cycles. The ‘3b’ means a ‘column 3’ and ‘row b’. The force
esponse was obtained by loading and unloading conditions from

 N to 5 N. Five repetitive cycles were carried out to check repeat-
bility. The target taxel was aligned by the x- and y-axes positioning
tages. The z-axis linear stage moves at a speed of 0.5 mm/min. The
ensor has a hysteresis error of 8.2% and a repeatability error of
.5% with respect to the full scale (5 N). Threshold sensitivity of
he force sensor is about 0.1 N. On the other hand, twelve taxels,
ach four cells on the columns 1, 4, and 6, were chosen to evaluate
he uniformity error of the distributed force sensor. Taxels from
he row ‘e’ to ‘g’ are not available for evaluation because the top
ayer and the bottom layer cannot be aligned due to 3D-curved
hape of the module. Each taxel was evaluated five times under
bove conditions; 0 N to 5 N force range and 0.5 mm/min  moving
peed. Fig. 9 shows the force response corresponding to each fifth
ycle obtained from twelve taxels. The taxel to taxel maximum
rror is about ±9.5% with respect to the full scale. Fig. 10 shows
he impulse loading setup to obtain the dynamic response of the
orce sensor. The impulse loading of 0.5 N was applied to the sur-
ace of the ‘taxel 4d’. Output signal was measured by a dynamic
ignal analyzer (Agilent Technologies, Inc., Model 35670A) using
imple voltage divider circuit. The reference resistance is 500 �,
nd the input voltage is 3.3 V. Fig. 10 also shows the good dynamic
esponse during 40 ms  after impulse loading. Sampling rate of ana-
yzer is about 0.25 ms,  and the rise and fall times are about 2 ms,
espectively.
.4. Fatigue test of distributed force sensor and its results

Fig. 11 shows the high-cycle fatigue test setup composed
f an electro-dynamic type actuator, a power amplifier, and a
Fig. 9. Output signals of each fifth cycle of twelve taxels obtained from loading and
unloading under five repetitive cycles.

load-cell [36]. The load-cell based on strain-gage has a capacity of
50 N. Analog amplifier (Instrument Division Co., Model 2210) was
used to amplify the output signals of the load-cell. The electro-
dynamic type actuator based on speaker principle consists of a
field magnet and the moving bobbin with coil. Also, a linear
guide is used to prevent the bobbin with coil from vibrating hor-
izontally. The electro-dynamic type actuator can produce up to
100 Hz in the range of 50 N. We  used the PXI module (National
InstrumentTM): PXI-8106 embedded controller for system control
and data processing, and PXI-6221 for signal acquisition of load-
cell and force sensor. Output voltages of the taxel were measured
by the simple voltage-divider-circuit board as shown in Eq. (1);
input voltage was 3.3 V and the reference resistance was 500 �.  The
acquisition of data and its analysis was performed automatically by
Fig. 10. Dynamic response of the contact-resistance force sensor at ‘taxel 4d’ after
an  impulse loading test with 50 g dead weight.
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Fig. 11. Fatigue test setup with moving coil linear stage to evaluate the durability
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f  the sensor: (a) cantilever type load-cell, (b) positioning stage, (c) linear-guide, (d)
ctuator part composed of field magnet and moving bobbin with coil, (e) jig and flat
late, and (f) distributed force sensor.

ycle [37]. We  employed the repeated offset loading cycle for the
igh-cycle fatigue test. The distributed force sensor was evaluated
y moving the jig at a speed of 10 Hz as the sine waves. The sine
ave has peak (5 N) and valley (0.5 N), and the output signals of

oad-cell and the target taxel were acquired at the sampling rate
f 10 kHz. Each peak and valley signal of both the load-cell and
he taxel were measured during 106 loading cycles. Fig. 12 shows
atigue test results of the ‘taxel 4d’. An average of the output voltage
as 0.056 V at the minimum load 0.5 N, and was 0.34 V at the 5 N.

ensor output voltages increased by 0.005 V during after 106 cycles.
he fatigue test presents that the fabricated sensor is durable and
obust.

. Fabrication and evaluation of robot fingertip module

.1. Fabrication of fingertip structure using molding technique

In general, it is important to cut down the manufacture cost of
obot components in order to commercialize a robot product. Thus
e adopted the molding technique known as an effective method

or mass production. Especially, in case of mass production of a 3D-

urved structure, it is not easy to cut down the cost using a general
anufacture technique. Fig. 13(a) shows the aluminum molds for

ngertip structures: the left is for the inside part and the right is for
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ig. 12. Output signals of ‘taxel 4d’ obtained from a fatigue test with sine wave of
0  Hz, and the range of force is from 0.5 N to 5 N.
Fig. 13. Photographs of molds and the molded fingertip structures: (a) aluminum
molds for the elastic inside parts and the outer cover, (b) the manufactured outer
cover products and elastic inside part products.

the outer cover. We  used a vinyl-poly-siloxane (HANDAE Chemical
Co., Ltd.) as an inserting material of the inside part and the outer
cover because of its low curing temperature (about 10–40 ◦C) and
short curing time (5–20 min). Fig. 13(b) presents the molded finger-
tip structures. The manufactured elastic inside part and the outer
cover have a human-like soft texture and a curved surface. Fig. 14(a)
presents that the sensor and the signal processing circuits are neatly
inserted into the fingertip structure. Only four signal lines are used
to communicate with PC. Fig. 14(b) shows the assembled module of
the fabricated fingertip structures and the distributed force sensor.
The module is 16.3 mm in depth, 16.6 mm in length, and 38 mm  in
height. On the other hand, Fig. 14(c) represents the fabricated mod-
ule integrated with a dummy  hand. It also shows that the fingertip
tactile sensing module can be replaceable easily when the fingertip
module breaks down.

4.2. Static and dynamic evaluation of assembled module and its
result

We  also used the evaluation setup shown in Fig. 7 to evaluate the
force response of the assembled fingertip tactile sensing module.
Two types of swing-jig were fabricated to roll and pitch the fingertip
module. It is important to apply exactly a normal load to the target
taxel of 3D-curved fingertip structure. Fig. 15 shows the evaluation
setup and two types of swing-jig. The force response was performed

under static load condition. The module was  evaluated from the
vertical movements of the z-axis linear stage. The force response
of the module was  measured at one point, taxel 4c. The load range
is from 0 N to 5 N under loading and unloading conditions. Five

Fig. 14. Photographs of the assembled robot fingertip tactile sensing module: (a)
built-in sensor and signal processing system with four signal lines; (b) fingertip
module; (c) module assembled with dummy hand.
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Fig. 15. Evaluation setup to evaluate the assembled robot fingertip tactile sensing
module with two types of swing-jig: (a) three-axis load-cell, (b) z-axis linear stage,
(c)  x- and y-axes positioning stage, (d) �2 probe, (e) robot fingertip tactile sensing
m
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Fig. 17. Output signal of each fifth cycle obtained from loading and unloading: (a)
odule, (f) swing jig for vertical rotation, and (g) swing jig for horizontal rotation.

epetitive cycles were carried out to check repeatability. Fig. 16
resents the force response of the ‘taxel 4c’ during five repetitive
ycles. The hysteresis error and the repeatability error are about
.3% and 5% with respect to the full scale (5 N), respectively. The
epeatability error of the module is almost the same as that of the
istributed force sensor. The hysteresis error is about 0.5% higher
nd the repeatability error is about 0.9% higher than that of the
istributed force sensor.

On the other hand, it is very useful to obtain the contact informa-
ion and force response at tip and side-edge areas of the fingertip
n case of the grasping task. Thus, we selected and evaluated all
axels on ‘column 4’. The module was loaded on each swing-jig,
nd the target taxel was aligned by the x- and y-axes positioning
tages. Then, we had the z-axis linear stage moves at a speed of
.5 mm/min  until the load reaches 5 N. We  removed the load at the

ame speed. Each taxel was evaluated five times under the same
onditions. Fig. 17(a) shows each fifth cycle of the seven taxels on
he ‘column 4’. The taxel to taxel maximum error is about ±10.3%

ig. 16. Output signal of ‘taxel 4c’ obtained from loading and unloading during five
epetitive cycles.
force response graphs of seven taxels on the ‘column 4’, and (b) force response graphs
of  twelve taxels on the ‘column 1, 4, and 6’.

with respect to the full scale. The average output voltage of the dis-
tributed force sensor at the maximum load (5 N) was  about 0.4 V,
whereas that of the module is about 0.3 V. When the elastic outer
cover was  inserted into the slot of the elastic inside parts, the fric-
tion between two structures was  occurred due to the inaccurate
size of the molded structures compared to its design size. Thus the
normal load was  not fully applied to the distributed force sensor.
Threshold sensitivity of the assembled tactile sensing module is
about 0.2 N, which was  larger than 0.1 N of the distributed force
sensor. It was  also caused by the geometry of the molded two struc-
tures. Fig. 17(b) shows each fifth cycle of the twelve taxels on the
‘columns 1, 4, and 6’. The taxel to taxel maximum error was  ±10%
similar to that of the Fig. 17(a). Meanwhile, the dynamic response
test was  performed to know the temporal behavior of the assem-
bled fingertip module with its signal processing part. Fig. 18 shows
that an impulse loading of 0.5 N was  applied to the ‘taxel 1c’ through
the impulse loading setup. Output signal was measured by a sig-
nal processing part with MCU, and the data were transmitted to
the computer via USART serial communication interface. Fig. 18
also shows the impulse response during 40 ms  after the impulse

loading. Sampling rate of the module was  measured as about 2 ms.
The dynamic response has similar behavior compared to the force
sensor.
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ig. 18. Dynamic response of ‘taxel 1c’ of the robotic fingertip module after an
mpulse loading test with 50 g dead weight.

. Conclusions and future work

In this paper, we have proposed a compact and replaceable robot
ngertip tactile sensing module and its simple production method.
he fabricated module has a human fingertip-like 3D-curved shape
nd its radius of curvature is about 7 mm.  A spatial resolution of
he module is about 4 mm.  The module can detect both contact
orce and location simultaneously. The force threshold sensitivity of
n assembled module is about 0.2 N. We  suggested the fabrication
echnique that apply 2D-type distributed force sensor to 3D-curved
ngertip structure. The distributed force sensor has a strip-type
tructure. The fingertip structure was fabricated easily by molding
echnique. The assemble method can be employed not only to the
obot fingertip but also to various curved structure of robot such as
ead, arm, shoulder, etc. The developed sensing module is compact
nd replaceable. Its fabrication process is also simple and low-cost,
hich can be applicable to mass production.

In our follow-up study, we will collaborate with Korea Institute
f Science and Technology (KIST) to integrate our tactile sensing
odule into a home service robot platform, CIROS [38], for the

rasping and manipulation tasks. We  also have a plan to apply
ur fabrication technique to the curved body of an English teach-
ng robot platform, ENGKEY [39], for the purpose of human–robot
nteraction.
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