American Journal of Applied Sciences 6 (3): 512-517, 2009
ISSN 1546-9239
© 2009 Science Publications

A Novel Tactile Force Probe for Tissue Stiffness Classification
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Abstract: In this study, we have proposed a new type of tactile sensor that is capable of detecting the
stiffness of soft objects. The sensor consists of a brass cylinder with an axial bore. An iron core can
easily move inside the bore. Three peripheral bobbins were machined in the cylinder around which
three coils have been wound. One of the coils was excited with an alternating current which caused a
voltage to be induced in two other coils. A return spring was used to return the core to its initial
position after it has been moved. The sensor was pressed against the surface of the object whose
stiffness was going to be measured. The position of the core in this state was depended on the stiffness
of the given object and the spring constant and was measured by measuring the change in the induced
voltage in secondary coils. The proposed sensor was capable of measuring two contact parameters
namely the applied force and the stiffness of the object. Using the data of this sensor, three different
objects, made of polyurethane, silicon rubber and paraffin gel were discriminated. Thus, this sensor
could be used in robot hands and minimally invasive surgery tools to improve their operation.
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any inhibitions on the surgeon's sensory abilities might
lead to undesirable results[13]. MIS has many
advantages, including reducing trauma, alleviating pain,
requiring smaller incisions, faster recovery time and
reducing post-operation complications[14].
However, MIS decreases the tactile sensory
perception of the surgeon. This effect is more
pronounced during grasping or manipulation of
biological tissues (i.e., veins, arteries, bones, etc.). In
this regard, measuring the magnitude of the applied
forces applied by the surgeon through the endoscopic
graspers results in safer handling of biological tissues.
The need to detect various tactile properties (such as
stiffness, temperature and surface texture) justifies the
key role of tactile sensing which is currently missing in
MIS[9,15]. Present-day commercial endoscopic graspers
do not have any built-in sensors, thus, the surgeon does
not have the necessary tactile feedback to manipulate
the tissue safely.
Stiffness is an important parameter in determining
the physical properties of living tissue. Considerable
biomedical attention has centered on the mechanical
properties of living tissues at the single cell level. The
Young's modulus of zona pellucida of bovine ovum
was calculated using micro-tactile sensor fabricated and
PZT material[16]. The stiffness of the cartilage of the

INTRODUCTION
Tactile sensing is the detection and measurement of
the spatial distribution of forces perpendicular to a
predetermined sensory area and the subsequent
interpretation of spatial information. It has the potential
to have an impact on a large number of industries and
disciplines. Key among these is the application to
robotics in medicine and industrial automation[1].
Several types of tactile sensors have already been
proposed for handling objects in robotics and
automation systems. They can handle soft and fragile
materials only with great difficulty[2]. In different
biomedical engineering and medical robotics
applications, tactile sensors can be used to sense a wide
range of stimuli. This includes detecting the presence or
absence of a grasped tissue/object or even mapping a
complete tactile image[3-5].
Defining the state of manipulating or gripping of a
biological tissue or an object requires the determination
of two important physical parameters, i.e., force and
position signatures[6-8]. Additionally, tactile and visual
sensing is of great importance in different types of
surgeries[9]. Minimally Invasive Surgery (MIS) is now
being widely used as one of the most preferred
choices for various types of operations[10-12]. In MIS,
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human femoral condyles was measured via an
ultrasonic tactile sensor under arthroscopic control[17].
The tactile sensor was useful for determining the
intraoperative stiffness of healthy and diseased human
cartilage in all grades. A new tactile sensor system has
been developed for accurate measurement of
myocardial stiffness in situ[18]. The design, fabrication,
testing and mathematical modeling of a semiconductor
microstrain gauge endoscopic tactile sensor have been
investigated[13]. The sensor can measure, with
reasonable accuracy, the magnitude and the position of
an applied load on the grasper. Design and fabrication
of piezoelectric-based tactile sensor for detecting
compliance has been studied[19]. The sensor is capable
of measuring the total applied force on the sensed
object, as well as the compliance of the tissue/sensed
object. Detecting the sensed objects compliance is
based on the relative deformation of contact
object/tissue on the rigid and compliant elements.
There has also been research on estimating the
mechanical properties of the tissue through highfrequency shear deformations of the tissue sample and
elastography techniques. A variety of other techniques
also exist in the literature for estimating the viscoelastic
characterization of tissues[20, 21].
Appearance of the
stress contours of an embedded object in soft tissue on
its surface as a result of difference between stiffness of
tissue and the embedded object has been studied[22]. In
this paper, we propose a new type of tactile sensor that
can measure the applied force on its tip. When it is
pressed against an object, the stress contours on the
surface of the object change according to its stiffness
and as a result, for different objects, different forces are
measured by the sensor. Thus, the proposed sensor
could be used to classify the objects using their
stiffness. Flexibility and robustness along with the
simplicity of design are the main advantages of this
sensor over the previous ones.

Fig. 1: Devices required for acquiring, processing and
visualizing the output of the sensor
Secondary coil A

Secondary coil B
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Fig. 2: A schematic of tactile sensor structure
in a stress distribution on object's surface which is
proportional to the stiffness of the object. Therefore, the
force that is measured with the sensor would be
different for different objects.
Sensor design
Sensor structure: The tactile sensor operation is based
upon the Faraday’s induction law. According to this
law, if a coil is placed in the varying magnetic field
produced by another coil, a voltage will be induced in it
which is proportional to the number of its turns and the
rate of change of magnetic flux in it. This is given by:
ε = −N

MATERIALS AND METHODS

∂ϕ
∂t

(1)

In the above equation, N is the number of turns of the
coil, ∂φ is the rate of change of magnetic flux and ε is

The tactile sensor system consists of a tactile
sensor, a data acquisition device and a personal
computer for data analysis (Fig. 1). Since the output
voltage of the sensor is small, it must be amplified
before it can be sent to a computer for data processing.
The data acquisition unit (Advantech PCI-1712) has
been used for amplification and conversion of the
analog signals to digital.
The sensor is pressed against the surface of the
unknown object with the aid of a robot. According to
the research performed by Hosseini et al.[22], this results

∂t

the induced voltage. The amount of flux passing the
coil is related to the core material and the position of
the core with respect to coil.
The tactile sensor is made up of one primary coil
and two secondary coils which are shown by letters A
and B in (Fig. 2). The primary coil is excited by a
sinusoidal voltage that generates a varying magnetic
field which causes a voltage to be induced in each
secondary coil. These voltages are in phase but their
513
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Fig. 4: Flux leakage in the sensor

Fig. 3: Force measurement with the tactile sensor
magnitude is not equal and is calculated from Eq. 1.
Since the numbers of turns of the secondary coils are
equal, the induced voltage is solely proportional to the
position of the core. At the center (where an equal
length of core is inside each coil), the induced voltages
are equal. When the core moves to the left, the voltage
of the secondary coil A (Va) will become greater than
the voltage of the secondary coil B (Vb) and the
difference of these voltages (Va-Vb) is positive in sign.
When the core moves to the right, the sign of the
voltage difference becomes negative. Thus, the
magnitude of potential difference indicates the amount
of motion and its sign indicates the direction of motion.
For measuring the force exerted by the object when
the sensor tip is brought into contact with it, a spring is
added to the sensor as shown in Fig. 3. The
displacement of the core due to exerted force is
obtained from the change in output voltage of the
secondary coils as discussed above and if the spring
constant is known, the value of the exerted force could
be calculated from:
F= k×x

Fig. 5: Finite element model of the sensor
Function generator

Oscilloscope

Voltage of
Secondary coil A

Voltage of
Secondary coil B

Secondary
coil A

Secondary
coil B

(2)
Fig. 6: Experiment setup

Sensor modeling: For a particular design, the geometry
of the sensor such as core length, core diameter and
number of turns of the primary and the secondary coil
determines its performance which is characterized by
several parameters like output function, sensitivity,
resolution and nonlinearity. It is desired to know these
parameters before manufacturing in order to obtain a
design that best fits our requirements. Unfortunately,
the electromagnetic relations are valid only for certain
simple geometries. As shown in Fig. 4, there is a lot of
flux leakage because the flux produced in the
primary coil passes through the core and enters the
surrounding air. Since the resistance to magnetic flux is
high in the air, there is a considerable amount of
decrease in the flux.

The best solution to account for the flux leakage is
the use of finite element method. Finite element
package Quickfield Ver. 5.5 has been used for
modeling the sensor. This software is user-friendly and
has a good accuracy. The geometry of the sensor is
axisymmetric and thus only half of it has been modeled.
Figure 5 shows the finite element model of the sensor.
The output voltage of the secondary coils when the
core is at the origin is calculated. To validate the finite
element results, this experiment is repeated with the
manufactured sensor. The setup of this experiment is
shown in Fig. 6. The primary coil is excited with a
sinusoidal voltage that is generated with a function
generator.
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Table 1: Comparing finite element analysis and the experimental
results
Excitation
Output voltage (V)
Resistance
voltage
--------------------------Error
(Ω)
(V)
Experiment
FEM
(%)
6.2
10
11
11.7
6.3
12.4
14
8
8.4
5
18.6
16
6
6.8
13

Fig.). The spring was fixed between two jaws of the
machine. The lower jaw is stationary but the upper jaw
moves with a controllable

Fixed jaw

Tensile test
apparatus

Fig. 8: Elongation test machine used to calibrate the
spring

Fig. 7: Output voltage of the secondary coil A as a
function of core position from the origin
Table 1 compares the finite element analysis and
the experimental results. The maximum error present is
13 percent.
To obtain the output function of the sensor, the
core is first placed at the position shown in Fig. 5 i.e., it
has passed all through the secondary coil A but is just
about to enter the secondary coil B. The core is then
moved to the right in steps of 0.2 mm and the finite
element model has been solved for the output voltages
of the secondary coils. The output voltage of the
secondary coil A as a function of core position relative
to origin is shown in Fig. 7. It can be seen that at the
beginning, because the core is fully inserted in the
secondary coil A, its voltage does not change with
moving the coil. When the core reaches the edge of the
coil and starts to leave it, its voltage starts to decrease.
As seen, this decrease is linear. The slope of this curve
is the sensitivity of the sensor and is calculated to be
0.1 mV/mm.

Fig. 9: Force-elongation curve of the spring
rate. The force exerted by the spring is measured with
the aid of force transducers in the machine. Fig. 9
shows the force-elongation curve of the spring. A
straight line is fitted to the curve. The slope of this line
is the desired spring constant which is calculated to be
1.3 N mm−1.

Spring calibration: In order to measure the applied
force to the tip of the sensor, it is necessary to add a
spring to it as shown in
Fig.Fig. 3. The spring constant should be determined
with high accuracy. An elongation test machine
(Zwick/Roell) was used to calibrate the spring (Fig. 8

RESULTS AND DISCUSSION
To test the accuracy of the sensor in measuring the
applied force, different forces were applied to it and the
results of which are shown in Table 2. The maximum
error present is 4.4%.
Three different materials were selected for
classification test which are shown in Table 3. The
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Using an array of the sensor can help determining
the point of application of the force. Reducing the size
of the sensor and using better signal processing
algorithms are our future plans.
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Applied force (N)
Calculated force (N)
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Error (%)
3.9
4.4
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Table 3: Materials selected for classification test
Material
Young's modulus (MPa)
Paraffin gel
0.77
Silicon rubber
1.07
Polyurethane
548
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