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Abstract
The mechanical properties identification of soft biological tissues is one of the important objectives of the contact mechanics in the area of bioresearch. An indentation
technique is widely used method for definition of elastic characteristics which is based
on information about contact geometry, indenter shape and applied load. From the
other hand, palpation of human organs through skin was a prototype for development
of an innovation device that will be discussed further. During palpation characteristics
that can be analyzed by tactile and muscular sense of surgeon are stress and deformation under his fingertips. But sometimes it is not possible to palpate tissues directly by
hands. In such situation like laparoscopic surgery operation there are different devices
that are made for estimating the elastic properties of internal tissues. One of them
is a tactile sensor for detection lumps in liver tissue using pressure distribution map
in the area of contact [1]. The other is aspiration device that can determine Young’s
modulus of tissue at the contact point [2]. Making “elasticity map” of internal organ
at different stages of the disease progression allows doing earlier and more precise diagnostics (e.g. liver fibrosis). Moreover knowing Young’s modulus in a certain area of
points permits to improve detection of tumors and to define its size and location. In
this paper described another method of estimating the elastic properties of internal
organs, which is based on indentation technique.
The procedure of elastic modulus evaluation relies firstly at the experimental measurements of contact characteristics and secondly at a theoretical model calculating
stress-strain state of interacting bodies. A miniature pneumatic video tactile sensor
with semi sphere pneumatic shell (as a sensor head) was designed for contact tests
with soft biological tissue.
This paper presents experimental results for series of indentation tests for different
contact pairs: silicone sensor head and hard plastic or silicone sample. A comparison
of experimental and calculation results are shown as well.

The experimental technique
To determine the characteristics of the contact interaction, a miniature video tactile pneumatic sensor was designed. Photo of the device is shown in Fig. 1.
Video tactile pneumatic sensor mounted in the tribometer UMT-3M consists of a sealed
metal cylinder (3) fixed by one of its endings to the load cell (1). Another side of cylinder
ends with a soft silicone membrane (5) which has semispherical shape of 5 mm radius. Video
camera, an optical proximity sensor and a LED are located under this membrane. The
proximity sensor allows to measure displacement of the central point on the membrane and
the LED permits regulating the illumination in the chamber to provide better visualization
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Figure 1: Photo of video tactile pneumatic sensor mounted in the tribometer UMT-3M:
load cell (1), wires of built-in camcorder, LED and optical proximity sensor (2), cylindrical
tube of the sensor (3), the sample (4), silicone membrane of the sensor head (5), compressed
air supply (6).
of contact area by the video camera. It is necessary to use a “reflector” for correct work of
the proximity sensor, so there is a miniature mirror of 1.5 mm diameter in the center of
the soft membrane (5).
It was observed in experiments and confirmed in calculations that central part of the
silicon head bends inwardly during indentation. So the contact area becomes a ring instead
of a circle. To avoid this bending and to ensure a convex contact area an additional air
pressure inside the cylinder can be applied in the range from 6 to 15 kPa. The pressure
in the system is measured by a sensitive air-gauge and can be adjusted by a pressure
regulator. Furthermore, it allows to vary stiffness of the sensor and to investigate various
materials with significantly different elastic modulus.
During penetration of the transparent membrane into the investigated material video
camera captures the images of the contact area, and after that the contact radius can
be measured. The boundary of the contact area is well determined on the image by
the reflected light on the bended membrane surface. The dependencies of the contact
area radius v.s. the displacement of the central point of the membrane were obtained by
applying the developed experimental method to different contact pairs, contact surface
conditions and values of the internal pressure.
Diagram of the contact interaction is shown in Fig. 2. To calibrate the optical proximity
sensor an indentation tests were made for a rigid sample thus data received from the sensor
us had to be equal to the displacement h of the moving cylinder in stationary reference
system. Calibration procedures for different values of air pressure inside the sensor head
were carried out.
The sensitivity of the developed method is illustrated in Fig. 3 which shows dependencies of the applied normal load P vs. displacement of the central point of the membrane of
the silicone head. The graph indicates that changing of the air pressure inside the sensor
(that is changing its stiffness) adjusts the sensitivity of the device.
For measurement of the contact area radius a built-in the sensor camcorder is used.
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Figure 2: Contact interaction of silicone membrane of the sensor with the sample surface,
where R is a radius of the semispherical membrane; h — vertical displacement of the cylinder; us — normal displacement of the central point of the membrane, uo — displacement of
the sample surface, a — radius of the contact area. Dotted lines indicate the undeformed
state at the initial moment of contact.

Figure 3: Dependence of applied normal load vs. displacement for testing samples with
different stiffness (1, 3 — for rigid plastic sample, 2, 4 — for soft silicon) and different values
of the pressure inside the membrane (black markers for 15 kPa, grey ones for 6 kPa).
The camera captures image of the visible area during the process of loading the sample
surface by the transparent membrane. The area of contact between membrane and the
sample is fixed by the well distinguishable glare on the bending of the silicone membrane
surface. Fig. 4b shows quarter of the contact area for different values of the applied load.
To measure contact radius at the image captured from a built-in camera the calibration procedure was performed using an external reference camera (Fig. 4a) working
synchronously with the first one. Contact area is shown at the images captured from both
cameras (Fig. 4b). For better identification of the contact area the fluid was added into
the contact. The boundary of the liquid meniscus is visible through both of cameras.
A mechanical model of contact between the sensor head and a soft tissue is proposed.
The sensor head is modelled as a linear elastic hollow semisphere with specified mechanical
characteristics. To solve the contact problem the finite element method was applied. Geometrical and mechanical characteristics of proposed tactile sensor were taken into account
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Figure 4: On the left — photo of loading by the sensor the glass mounted on a reference
camcorder. On the right — images of the contact area: 1, 2 — captured from built-in
camera, 3, 4 — captured from the reference camcorder.
during calculations. For the start linear elastic cylindrical samples with plane surface were
considered as a counter body.
The model was quite simple; it is axisymmetric problem for linear elastic bodies. The
problem was solved with geometrically nonlinear formulation, as the large strains were
expected. Specified mesh consisted of higher order 2-D elements 8-node or 6-node. Representative mesh size for the sensor head was about 0,06 mm. The amount of elements
did not exceed fifteen thousand for all the models. Contact interaction was modeled using
asymmetric augmented Lagrange method with sample as a target surface and sensor head
as a contact surface.
The boundary conditions reproduced the experimental conditions as close as it’s possible. The base of the investigating sample was fixed in normal direction, symmetry boundary
conditions were set on the axis of symmetry. Loading conditions could be defined as normal displacements or as vertical force at the top of semisphere. Contact friction coefficient
and sample’s material properties were varied from problem to problem (for hard plastic,
silicone or tissue).
By applying the developed experimental method of the contact characteristics determination the dependencies of a vs. us were obtained during tests of samples with different
stiffness values. Comparison of the theoretical calculation and experimental data is shown
in Fig. 5. As it can be seen from the graph, the developed model is in good agreement
with experiments.

Conclusion
As a result a new method and a device are proposed to define the contact characteristics
during indentation of soft biological materials by video tactile pneumatic sensor which can
be applicable in laparoscopy. Measured parameters are contact area and deformation of
the silicon sensor head. Presented results, obtained during series of tests with rigid plastic
and silicone samples, were used for calibration the sensor. An elastic modulus of testing
material can be obtained from the experimental data by using the mathematical modeling.
A comparison of experiments and theory model is made and it shows a good agreement of
test results with rigid sample. Studying elasticity of the soft tissue (for example porcine
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Figure 5: Dependence of the contact area radius a vs. us Comparison of the theoretical
calculation and experimental data obtained during indentation of hard plastic sample with
pressure inside the sensor of 6 kPa.
liver) and making “Young’s modulus map” is the subject of the further research.
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