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A piezoelectric tactile sensor with three sensing elements for robotic,
endoscopic and prosthetic applications
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Abstract

This paper reports on a prototype tactile sensing system with only three sensing elements. The magnitude and position of the applied
force is obtained by utilising triangulation approach combined with membrane stress. Some information about the shape of the contacted

Ž .object is obtained. The polyvinylidene fluoride PVDF sensor is designed to overcome the problems of cross talk between sensing
elements and to reduce the complexity associated with some PVDF tactile sensors arranged in matrix form. A theoretical analysis of the
sensor is made and compared with experimental results. The limitation of the sensor is also reported. The sensor in miniaturised form can
also be integrated into an endoscopic grasper and a prosthetic finger. q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

The fundamental requirements of future competent
robotic tactile sensors are the capability of determining the
magnitude of the applied force and identifying its position

w xon the surface of the tactile sensor 1,26 . To achieve these
requirements, most investigators have attempted to design
tactile sensors with a number of discrete sensing elements

w xarranged in matrix form 2,3,5–11,18 . When a force is
applied to a sensing element of a matrix tactile sensor, an
undesirable response from the nearest neighbour sensing

Ž .elements cross talk often occurs leading to error in
Ž .measurements. Where polyvinylidene fluoride PVDF film

is used to design a matrix of high spacial resolution tactile
w xsensors, these problems are often reported 1,3,5,12–14 .

In addition to the problem of cross talk, complexity and
fragility is also reported. In many designs of tactile sen-
sors, the PVDF is often supported by a rigid substrate
w x2–4,6 . These sensors, however, require a compliant layer
to avoid damage to the object in contact. The problem with
this approach is that the effect of the applied force spreads
over the adjacent sensing elements, thus increasing the

w xcross talk 6 . However, some design approaches are re-
w xported to reduce this problem 1 . As there is very little

deformation of the PVDF film under compressive stress on
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a rigid substrate, the sensing element produces only a
small electric charge when it is compressed. One solution
is to increase the sensitivity by backing the PVDF film
with an elastomer sheet. As a result, the applied contact
force induces membrane stress in the PVDF film and
substantially increases the output electrical signal. This is
done, however, at the expense of the sensor’s spacial
resolution, because in a matrix array of PVDF sensing
elements, an applied force on a single sensing element
would produce large strains and correspondingly large

w xsignals in the contiguous sensing elements 12 . In addi-
tion, due to the capacitative nature of PVDF sensing
elements, electrical interference may occur due to inter-
electrode capacitance between the adjacent sensing ele-
ments; however, this is likely to be insignificant. A further
problem with the matrix array of PVDF sensing elements
is that, it requires one coaxial cable for each sensing
element. The microminiature coaxial cables, of outer diam-
eter between 0.6 and 2 mm, form a bundle whose size and

w xpoor flexibility represent an additional limitation 1 . The
increase in the number of sensing elements also increases
the number of connection points, leading to sensor fragility.

In this paper, a membrane tactile sensing system with
only three sensing elements is designed. By utilising the
membrane stress combined with a triangulation method, it
is shown that tactile sensing can be achieved in a system
where the above problems are not manifested.
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Section 1.1 describes the fundamentals of PVDF film in
relation to tactile sensing. Section 2 reports on the triangu-
lation approach used on the membrane PVDF sensor. The
experimental measurements presented are for a three-ele-
ment membrane tactile sensing system and this is pre-
sented in Section 3. Section 4 is devoted to theoretical
analysis of the membrane system, and the overall discus-
sion is conducted in Section 5.

1.1. Fundamentals of PVDF film

PVDF is a semicrystalline polymer of approximately
50%–65% crystallinity. The polymer consists of long chain
molecules with repeated unit CF –CH . The reason for the2 2

strong piezo-pyroelectric activity is related to the large
electronegativity of fluoride atoms in comparison to the
carbon atoms, thus accommodating a large dipole moment.

The beta phase of PVDF forms a crystal symmetry of
w xC 15,20 . The piezoelectric coefficient for this form is2 Õ

shown as:

0 0 0 0 d 015

0 0 0 d 0 0d s 24i j

d d d 0 0 031 32 33

The axes used are defined in terms of the draw direction
Ž .direction 1 , normal to the draw direction in the plane of

Ž .the film direction 2 and normal to the plane of the film
Ž .direction 3 . This is shown in Fig. 1. For the biaxially
oriented beta form of PVDF, the crystal symmetry is c ,`Õ

which implies a similar d coefficient matrix to that ofi j

uniaxially oriented PVDF, except that d sd and d s31 32 15

d .24

The sensitivity of uniaxially oriented PVDF film is
dependent on the direction of measurement, that is, drawn,
transverse or thickness. When a tensile force is applied in

Ž . Ž .the drawn direction 1–1 see Fig. 1 , the output charge is
expressed by:

Q F
sd sd s . 1Ž .31 31 1A A3 1

Similarly, the output charge due to stress in the transverse
Ž .direction 2–2 is expressed by:

Q F
sd sd s , 2Ž .32 32 2A A3 2

where Q is the output charge, A is the electroded area of3

the PVDF film, A and A are the cross-sectional areas of1 2

the film perpendicular to the direction of the applied force,
d is the piezoelectric strain coefficient in the drawn31

direction, d is the piezoelectric strain coefficient in the32

transverse direction, F is the applied force, s is the1

applied tensile stress in the drawn direction and s is the2

applied tensile stress in the transverse direction.
When a PVDF film is compressed by a probe on a rigid

flat surface, assuming, that both the flat surface and the

Fig. 1. Schematic picture of a PVDF film showing the conventional
identification of the axes. The 1, 2, 3 directions represent the drawn,
transverse and thickness direction of the film, respectively.

probe are friction-free, the film is free to expand laterally,
that is, in the 1–1 and 2–2 directions; since then QrA s3

Ž .d FrA , the output charge can be expressed as:33 3

Qsd F , 3Ž .33

where d is the piezoelectric strain coefficient in the 3–333

direction.
Normally, friction does exist and, moreover, in tactile

sensing, the PVDF film is frequently glued to a rigid
substrate. In this condition, the output charge is due to a
combination of d , d and d . It is interesting to note31 32 33

that, for a given applied force, the output charge from the
film in the lateral direction is much higher than that of
thickness direction. This is because of the extreme thinness
of the PVDF film, which results in much higher stresses

Ž Ž . Ž ..being applied to the film see Eqs. 1 and 2 . For PVDF
film, d and d )0, d -0 and yd Gd )d )0.31 32 33 33 31 32

For the commercially available uniaxially oriented PVDF
film, the values of d and d are normally of the order31 32

of 20 and 2 pCrN, respectively.

2. Triangulation approach on membrane PVDF sensor

The identification of a point on a 2-D plane requires the
value of its coordinates to be known. The position of a
point on the plane can be found from knowledge of its
distance from three reference points whose coordinates are
known. The need for the distances from three reference
points whose coordinates are known can easily be seen by
considering the case where the distances from only two
reference points are known. These distances define a circle
about each of the reference points, and their intersection
gives the position of the unknown point. There are, how-
ever, two intersections so that these distances do not
unambiguously define the position of the unknown point.
This is shown in Fig. 2 and demonstrated below, where it
is shown that for a two-reference point system, the coordi-
nate of the unknown point is determined by the solution of
a quadratic equation.

2 22r s x yx q y yy , 4aŽ . Ž . Ž .a a p a p
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Fig. 2. The three circles with radii r , r and r , showing that the location of any point, on the 2-D plane, can be obtained from a knowledge of thea b c

distance from three points whose positions are known.

similarly
2 22r s x yx q y yy 4bŽ . Ž . Ž .b b p b p

2 22r s x yx q y yy . 4cŽ . Ž . Ž .c c p c p

Ž . Ž .Solving Eqs. 4a and 4b for x and y gives ap p

quadratic equation. When a third reference point is added,
the position of the known point can be unambiguously
determined by linear equations, as it will eliminate one of
the possible positions.

When PVDF is used in a membrane mode and a point
force is applied, the membrane stresses can be used to
define the distance from a number of sensing elements in
the surface of the membrane. When three sensing elements
Ž .reference points are used, the applied force can be ob-
tained. Some information about the shape of the object
applying the force can also be obtained, but this is limited.
One aspect, which complicates the analysis considerably,
is the difference between d and d , as the output from31 32

the sensing element will vary according to the angle
between the sensing element and the point force as well as
the distance between them. These variations have been
examined experimentally and are reported in Section 3.

3. Experimental measurements and results

Tests were conducted with a circular probe of 2-mm
diameter and in addition with probes of various shapes and
orientation. A signal generator drove the vibration unit, so
that the probe applied a sinusoidal force to the sensor. The

Žcharge generated on the surface of the PVDF film Good

.Fellow, England was monitored by a charge amplifier
Ž .D.J. Birchal model o4, England and displayed on a chart
recorder. The magnitude of the applied force was deter-
mined by a force transducer located between the probe and
the vibrator. The experimental setup is shown schemati-
cally in Fig. 3. The errors in measurement come firstly
from the position of the centre of the probe on the intended
points on the membrane. Considering the diameter of the
probe, a possible mispositioning of 0.5 mm is estimated.
This introduced a maximum error of 12%. Secondly, a
possible 1-mm variation in extracting the peak values of
the sinusoidal trace from the chart recorder was estimated;
this introduced a further error of 5%. Non-uniform stretch-
ing of the membrane film was also possible, but the
induced error is difficult to estimate.

3.1. Three-element membrane sensor

Ž .A circular 25-mm thick, uniaxially drawn 4:1 ratio
and unpoled film of PVDF was cut to a diameter of 100

Fig. 3. Schematic diagram of the apparatus for experiments on the
membrane system. Dynamic load is applied by the vibrator and the output
charge from the PVDF sensing elements is measured by a charge
amplifier and recorded on a chart recorder.
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mm. Using masking plates on either side of the film, three
rectangular-shaped aluminium electrodes of 2-mm width
were deposited using the vacuum deposition method. The
electrodes were arranged so that the intersection of two
electrodes one on either side of the film formed a square
sensor element. With this arrangement, the three elements
formed a triangle in the centre of the PVDF Film. The film
was then poled and tested for piezoelectric coefficients.
Poling was carried out at 1008C with an applied voltage of
2 kV. With the voltage applied, the film was placed on a
wooden substrate without any mechanical constrain and
held at 1008C for 1 h, then allowed to cool to room
temperature before the applied voltage was removed. The
poling conditions, temperature and voltage, were not opti-
mised. After the poling, the film was wrinkled slightly.
Pinholing was also apparent in the specimen. This occurs
when the film breaks down and the current though the film
is sufficient to vapourise. Pinholing is attributable to im-
perfections in the film reducing the breakdown strength of
the film. Current-limiting resistors were used in series with
the film during poling. The angles of the triangle were
divided into subdivisions of 108 and straight lines were
drawn passing though the centre of each sensor element.
Each line was marked at 4-mm intervals. The film was
held between two 12-mm thick flat perspex plates, each
with a 90-mm diameter centre hole. The plates were
manufactured for precision fitting of the cup and cone-type
arrangement, which helped to firmly hold and uniformly
stretch the film, thus allowing the film to be replaced
easily. The detailed construction of the sensor is shown in
Fig. 4. An oscillatory force was applied at the marked

Fig. 4. The detailed construction of the three sensing-element membrane
system. The area of overlap of the two electrodes, one on either side of
the PVDF film, forms a sensing element.

Fig. 5. The experimental results from one of the PVDF sensing elements
Ž .B , on the three-element sensor system with no rubber support. The
response of the sensor decreases as the distance of the probe from the
center of the sensing element increases andror the angle between the line
joining the center of the probe and sensing element and drawn direction
of the film increases. Error for these experiments was estimated to be
17%.

points on the membrane, via a 2-mm diameter probe, away
from the sensing elements. The stresses were transmitted
to the sensing elements only by the membrane. This
experiment was repeated for three different rubber sup-
ports of 12-mm thickness and elastic moduli of 2.4=104

Nmy2 , 3.3=104 Nmy2 and 1.05=105 Nmy2 .
In order to measure the angle of deflection of the

membrane due to the application of the probe, a clock
gauge was positioned below the membrane at the probe
site. The average angle of deflection was calculated and
found to be approximately 68. This angle was used in the
calculation of the theoretical output charge.

The results obtained showed that the output from each
sensing element dropped rapidly with the distance of the
applied force from the centre of the sensing element. This
was particularly marked for one of the sensing elements
for the unsupported membrane, where the output charge
dropped off inversely proportional to the 0.8th power of
distance from the sensing element. These results for the

Ž .sensing element B are shown in Fig. 5. The results of all
the other sensing elements with or without elastomer sup-
port indicated that the output charge varied inversely pro-
portional to between 0.6 and 1 power of distance from the

Ž .sensing elements. These results not shown here , com-
bined with the triangulation approach, are used to obtain
the position of the applied force. Then the contours of the
output charge versus distance away from the sensing ele-
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Fig. 6. Data extracted from all three sensing elements showing that the
position of the three lines of output charge from the sensing elements
represents the position of the probe on the plane of the PVDF membrane
sensor. It also shows the 17% error bands associated with each contour.

ments for various positions of the probe for all three
sensing elements are drawn. Utilising data from all three
elements, the results for the unsupported membrane, show-
ing the intersection of the output charge contours for the
position of the applied force along with the associated
error band, are shown in Fig. 6. The complete results for

Žthe unsupported membrane and the elastomer support E
4 y2 .s3.3=10 Nm are shown in Figs. 7 and 8, respec-

tively.
In addition to position and force sensing, a number of

experiments were conducted to determine whether or not
the three-element sensor can distinguish between flat ob-
jects of various shapes and size. Hence, a second circular
probe 14 mm in diameter was tested with the same experi-
mental procedures as described above. The results did not
show any significant difference in the output charge from

Fig. 7. Data extracted from all three sensing elements showing various
contours of equal charge output. The position of the probe at any point in
the plane of the membrane is obtained by the point of intersection of

Ž .contours from three sensing elements 1 . Within the triangle ABC, only
Ž .two contours are necessary for location of a point 2 . The charge

associated with each contour line is measured in pico-coulombs.

Ž 4 y2 .Fig. 8. Similar graph to that in Fig. 7 with rubber Es3.3=10 Nm
below membrane. The position of the probe at any point in the plane of
the membrane is obtained by the point of intersection of contours from

Ž .three sensing elements 1 . Within the triangle ABC, only two contours
Ž .are necessary for location of a point 2 . The charge associated with

contour line is measured in pico-coulombs.

each PVDF sensing element. This is because the experi-
ments were conducted within the elastic limit of the PVDF
film. Therefore, the stresses on the sensing elements are
the same regardless of the probe used; consequently, the
output charge also remains the same.

Further experiments included the use of an equilateral
triangle probe of 6.5-mm sides and rectangular probe of
7-mm length and 3 mm breadth, which were tested with
the same procedure as described above. The results pro-
duced are similar to those for the 2-mm circular probe and
show that the output charge reduces as the distance of the
probe from the sensing element increases. It has also been
observed that charge output increases as the angle between
the drawn direction and the line joining the centroid of the
probe and the centre of the sensing element increases.

In addition, these experiments show that when the
triangular or rectangular probe were oriented differently
Žwithout changing the position of the centroid of the

.object , the output charge from each sensing element var-
ied. Furthermore, when the vertex of the triangular probe
or the short side of the rectangular probe was pointed
directly towards the sensing element, at a given boundary
distance from the sensing element, it exhibited much higher
output charge than when either the base of the triangular
probe, or the long side of the rectangular probe, was thus
oriented.

4. Theoretical analysis

The 25-mm thick film used as a membrane sensor does
not exhibit any flexural rigidity. When a force is applied at
the centre of the PVDF membrane, the deflected shape will
be conical. However, in the present experimental work
with the three-point membrane sensing elements, the force
was not always applied at the centre, but it was close to
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centre. This means that the deflected conical shape can be
assumed to be axisymmetric about the point of the applied
force. The resultant radial force at any point of the mem-
brane can be obtained from a simple equilibrium. Strictly,
this will only be true for a membrane of infinite diameter;
but the probe in these experiments was applied to the
membrane within 12 mm of its centre so that deviations

Žfrom the simplified theory are likely to be small about
.10%–15% , comparable to other errors arising in the

measurements. The resultant radial force, Nw, is given by:

F
Nws , 6Ž .

2p r sin aŽ .
where a is the deflected angle of the membrane, F is the
applied force and r is the distance of the probe away from
sensing element.

The radial stress s can thus be expressed as:r

F
s s , 7Ž .r 2p rt sin aŽ .
where t is the thickness of the film.

The stress in the deformed conical membrane is in the
radial direction only, and the circumferential stress is
negligible; this is because there is little or no expansion in
the circumferential direction due to the applied force.

Fig. 9. The theoretical results for a PVDF sensing element on the
three-element sensor system. The output charge decreases as the distance
of the probe from the center of the sensing element increases andror the
angle between the line joining the center of the probe and the sensing
element and the drawn direction of the film increases. The graph is

Ž . Ž .obtained using Eq. 8 see Section 4 .

As the uniaxially drawn PVDF film is orthotropic, the
value of the output charge, contributed by the piezoelectric
constant d and d , is expressed as:31 32

Qs d cos bqd sin b s A , 8Ž . Ž .31 32 r 3

where b is the angle between the drawn direction and the
line connecting the position of the applied force with the
centre of a sensing element; d , d and A are defined at31 32 3

Ž .Eq. 2 .
The variation of the output charge with the distance, r,

of the probe away from the sensing element and the angle
b is shown in Fig. 9. The graph shows that as the distance
between the position of the applied force and the sensing
element increases, the output charge decreases. In addition
to that, as the angle b increases the output charge de-
creases. In these analyses, the value of a was 68, which
was experimentally obtained.

5. Discussion

The choice of the size of the diameter of each mem-
brane was limited by the size of the drawn and unpoled
PVDF film available in the market at the time of experi-
ment.

The results obtained from the theoretical analysis Fig. 9
resemble the experimental ones Fig. 5. In both cases
Ž .experimental and theoretical , the output charge reduced
as the distance, r, and the angle, b , increased. The experi-
mental output charge varies inversely with the 0.6–1 power
of distance away from the sensing element, while the
theoretical analysis indicates that the output charge is
proportional to the inverse of the distance from the sensing
element. The lack of agreement between the theoretical
and experimental results could be attributed both to the
experimental errors and the assumptions in the theoretical

Žanalysis. For any magnitude of applied force providing
the force does not cause the film to exceed its elastic

.limit , the position of the applied force on the membrane
can be uniquely determined. This means that with this
method, both position and the magnitude of the applied
force can be determined.

Using the membrane tactile sensing system demon-
strated here, it has been shown that by using a flexible
substrate, the entire polymer surface can be used to sense
the force and its position with only three sensing elements.
Because of the infinite number of contour lines which can
be drawn, the entire surface of the membrane can be
considered to be an active area. Here, the non-piezoelectri-
cally active regions are mechanically active in transmitting
stress to the sensing elements. This is in contrast to matrix
tactile sensors where the areas between adjacent sensing
elements are inactive. Another advantage of this sensor
over the rigid substrate PVDF tactile sensor is its high
sensitivity. Because the film is used as a membrane, the
output charge is the sum of the charge due to piezoelectric
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constants d and d , while in rigid substrate tactile31 32

sensors, it is effectively due to d . The output charge33

depends also on the applied force on the sensing element.
The value of d and d are 6.5 pCrN and 0.65 pCrN,31 32

respectively, for the PVDF film used in these experiments.
The value of d would normally be greater than or33

w xequal to d 15 . It is reasonable to assume that d s1031 33

pCrN; therefore, the output charge from a sensing element
due to application of say 0.25 N applied force for the rigid
substrate system can be calculated using Qsd =Fs2.533

pC. The same force on the membrane sensor, say 5 mm
away from the sensing element and for bs458 will

Ž Ž ..produce an output charge of 19 pC see Eq. 3 ; thus, the
sensitivity is increased almost eight times. The piezoelec-
tric constants determined for the sensing elements were
three times lower than the manufacturer quoted; however,

Žwith improved poling conditions i.e., by optimising poling
.conditions, higher temperature and voltage , much higher

sensitivity could be achieved.
The results of the experiments on various probe shapes

suggest that the membrane is distorted according to the
different shape or orientation of the object. This is because
differently shaped boundaries cause different output
charges from the sensing element. This may be explained
in that, as the boundary shape becomes narrow, for a given
applied force, it causes higher local distribution, thus
higher strain and consequently, higher output charge from
the sensing element. In order to obtain the position of

Ž .different flat-shaped probes i.e., triangular or rectangular ,
at least four sensing elements are required. The triangula-
tion of each set of three sensing elements would give a
different nominal centroid position. This is because of the
variation in the output charge with the difference in shape
of the boundary. The average value of the coordinates will
then give a more accurate position for the centroid of the
flat probe. Once the position of the centroid of the probe is
obtained, it is possible to find some information about the
shape of the objectrprobe. This is done by considering the
output charge from each individual sensing element. If,
however, the number of sensing elements is increased, that
is, 5, 6, etc., more information about the shape of the
boundary of the proberobject can be obtained. The limita-
tion of this approach is that it is based on boundary
recognition, and thus if the probe has say, a central hole,
this sensor cannot distinguish from a probe with a solid
centre.

In addition to robotic tactile sensing, the sensor can also
be used in both minimally invasive surgery using endo-

w x w xscopic tools 16,17,19,21 and in prosthetic hands 22–24
for grasping tissuesrobjects. In the former, the output
from the sensor is often fed back to the surgeon’s finger

w xvia various pins 25 . A reduction in the number of sensing
elements will reduce the resolution of the surgeon’s per-
ception, thus limiting the complexity of the operation. In
the latter, the signals from a sensor on the prosthetic finger
are often fed to that part of the body which has tactile

Ž .sensitivity such as the chest region ; again the reduction
in the number of sensing points will reduce the dexterity
with which a prosthetic hand can manipulate objects.
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