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Abstract—The Control software developed in LabVIEW was
realized for an instrument for the measurement of viscoelastic
parameters of the articular cartilage in a humid environment,
in particular, for the measurement of the complex modulus G
and the loss coefficient tand, as a function of the frequency and
the applied pressure. The rheometer is capable of applying a
controlled displacement of between 10% and 30% of the height
of the same sample, and a rotation on the plane of the specimen
of 5 to 15 degree in a frequency range of 0.01 Hz and 2 Hz. The
tests were carried out initially on semifluid silicone specimens, to
test and calibrate the equipment; then, on specimens of cartilage
and sub-chondral bone immersed in saline solution. The tests
carried out have shown the module and phase values of G in
good agreement with those found in the literature, proving the
effectiveness of the software by reducing the measurement error
at the lowest possible.
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I. INTRODUCTION

The study of the viscoelastic properties arises from the
need to derive the dynamic behavior of certain materials; for
this purpose we use instruments named Rheometers. These
instruments were born to study viscous or non-Newtonian
fluids. Today, however, it also makes great use to characterize
the viscoelastic properties of synthetic and biological materials
[1]-[5]. Generally, a rheometric test consists in measuring a
dynamic variable (force, torque, pressure) and a kinematic
variable (velocity, displacement). There are various types of
rheometers that can be classified according to the motion
typology. These may be in rotational flow (closed trajectory)
or in a non- rotational flow (open trajectory). The motion
can occur by sliding between two surfaces, which can be in
parallel planes, coaxial cylinders, cone-plate, parallel plates.
The easiest way to study a material with a rheometer is to
allow the fluid to move according to trajectories closed, ie
repeated indefinitely in time. This principle is realized in the
rotational rheometers. These can be stress-controlled, where
the torque it imposed and the rotation is measured, or strain-
controlled, where the rotation it imposed and the torque is
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measured. The functional principle of rotational rheometers
consists in rotating a plate at a given speed, by a motor, to
apply the rotational movement to specimen among the two
plates. From the measurement of the torque can be gained the
tension of the specimen and the speed of the applied shear
gradient. In parallel- plates rheometers the shear gradient
. Qr

T
varies with the radius. The torque can be written in terms of
the shear stress integral:
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For the simplicity of use, the parallel-plates rheometers are
widely used to do measurement of viscoelastic properties. Aim
of this work is to realize a low cost parallel-plates strain-
controlled rheometer to measure the parameters of articular
cartilage [6]—[8]. The cartilage is a particular type of connec-
tive tissue characterized by resistance and elasticity. It plays
a role of structural support within the body and its composed
of cells dispersed in an abundant extracellular matrix, rich in
fiber and amorphous substance of protein origin. The articular
cartilage is a layer of low friction bearing soft tissue that
overlaps the articular bone ends in the junctions [9]-[12].
The ability of articular cartilage to withstand high compressive
loads without being damaged is due to the multiphase nature of
the tissue. The particular composition of the articular cartilage
(AC) gives to it the viscoelastic properties, in fact the we can
distinguish three phases: a ”Solid phase” composed mainly of
collagen fibers and macromolecules of PG tied to chains of
hyaluronic acid; a “Fluid phase” mainly composed of water;
an “lonic phase” composed of electrolytes dissolved in water
with both negative and positive charge. These three phases act



together to create a tissue capable of bearing huge compression
stress and the associated shear. The interstitial fluids of the
AC are composed from the fluid and ionic phase. The AC is
presented as a layered structure with three layer [5], [13]:

e Superficial Layer: with the major quantities of water and
collagen’s fibrils;

e Middle Layer: with quantities of water and collagen’s
fibrils less than the superficial layer;

e Deep layer: divided in two zones (Deep zone and Calci-
fied zone) where quantities of water and collagen’s fibrils
are constant and the PG have the maximum concentration.

II. DESIGN AND CREATION OF THE RHEOMETER

To determine the dynamic viscoelastic response must submit
the specimen to a condition of deformation that does not
involve a change in volume nor a shift of interstitial fluid
[10]. By applying a sinusoidal torque M;(t), the specimen
will respond with a sinusoidal angular deformation v but with
a delay 0,

{

where 7 is the shear stress. The dynamic shear modulus or
complex modulus G* is defined by:

70) (cos(8) —isin(d))  (5)
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with the elastic modulus G’ and the viscous modulus G”.

To achieve the goal of measuring the viscoelastic properties,
the measurement was made at different frequencies with a
rotational rheometer made in lab. The design of the rheometer
was done with the software SolidW orks'™ (Fig. la). This
rheometer is divided in two parts: an Upper part with the
actuator and the load cell and a Bottom part with the stepper
motor and the test chamber.

The rheometer was built following the design (Fig. 1b),
and to keep the correct operation of the machine it was
necessary to create the joints with bearings specifically for
that purpose. The equipment is constituted of a metal frame
with two crossbars. The upper part is connected the specimen
compression system, in series to the load cell and to the
upper compression plate. The lower crossbar supports, instead,
the system of rotation, connected to the lower plate. The
plates, together with the simple, are immersed in a plastic
can, which contains a physiological solution, to performing
the tests on the cartilage in a humid environment. A Robot-
Italy 39BYGL bipolar stepper motor, equipped with endless
screw to convert the rotary motion in a linear one, provides the
vertical compression. For applying the torque has been used
a bipolar stepper motor Phidgets 3321-0-28STH32 NEMA-
11 with integrated planetary gearbox (Gearbox 27:1). It has
a maximum speed of 120 rpm and a nominal torque of 1.4
Nm [14], [15]. The stepper motor is connected to a controller

M, (t) = My sin(wt) = 7 = 79 sin(wt)
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1067-0 Phidgets Stepper Bipolar Phidget-HC, which allows
you to control its position, velocity and acceleration. For
measuring of the force, a load cell Laumas 150 N was used,
with a NI DAQ 6008 acquisition card as a signal amplifier
and a further signal amplifier (Transducer Techniques BMT-
01). The stepper motor and the actuator are connected to
the controller and this, through the USB port, to the control
and processing system. The rheometer is made of a frame of
metal sections, anchored to a base on which have been fixed
the motor control board, the acquisition card and the signal
amplifier. A custom-made threaded joint transmits the rotate
motion to the cartilage. A vessel contains the cork lower disc,
the cartilage and the saline solution for moist tests. On the
upper crossbar was made a guide (with steel laminations and
a bearing SKF [16]) for the load cell, in order to translate it
vertically. An upper compression plate was installed under the
load cell. This consist of an assembly of screw- bearing-cork’s
plate. The last has truncated cone shape. This system has two
functions: to transmit the vertical load of the linear actuator
for compressing, and sending the response of the simple to the
torsion measurement system. The upper cork’s plate, in fact,
was vertically carved on one side to accommodate a very thin
(0.5 mm) and flexible plate of plastic material (Plasticard).
This is made with strain gauge (Fig. 2). The stepper motor
and the actuator used, both have a step- by-step technology
and have the same electrical characteristics, therefore, it was
chosen a single controller with a sensitivity of 1/16 step, which
activates one or other by means of a switch. A computer, with
a software developed in NI LabVIEW, has allowed operating
the machine and elaborating its measurements. A simulation
software was created for laying the foundations to what later
will be the final software. In this was considered the lower
disc in the form of sine wave generator and the sample as a
simple band pass filter, since the viscoelastic behavior has a
frequency response similar.

III. SOFTWARE IMPLEMENTATION

The rheometer is controlled from a notebook with the
control software (CS) created in the development environment
NI LabVIEW?'" The CS enables to make the measures
totally automated. The peripherals needed to execute this task
are: the NI DAQ 6009 used to read data from the load cell;
a NI SCXI Chassis with NI SCXI 1520 plug-in to read the
strain gauge data. At first, the CS applies compression to the
specimen with the actuator and, after reaching a given force,
the stepper start to impose the sinusoidal angular deformation.
The shear stress was measured by a custom-made load cell
with a strain gauge mounted on the Plasticard lamina [14],
[17], [18]. Moreover, the software processes the measured
data, calculates complex modulus and loss coefficient and ends
with the construction of graphs and charts and exporting them
in .xlsx file (Ezcel'™). The front panel of the CS is divided in
sheets; the first one is active at the beginning of the measure
process until the compression applied to the specimen ends
(Fig. 3). In this sheet is written the description of the measure.
The second sheet, active in the oscillation phase of the measure



(a) Design

(b) Realization

Fig. 1. Design and realization of the Rheometer.
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Fig. 2. Plastic lamina in the instrument

Fig. 3. Starting phase sheet
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Fig. 4. Oscillation phase sheet

process, monitors the oscillations applied to the sample and
its step-by-step response (Fig. 4). The others sheets contain
the graphs of the viscoelastic properties of the sample, and
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the error indicators. The first step of the measure process
consists to apply compression of the specimen until reaching
the desired force. The actuator moves quickly and, when
reaches the sample, the speed is reduced to avoid their over-
compression. The compression is a function of the percentage
of the height of the simple, which is to be compressed. In
practice, in the instant in which it touches the specimen is
applied the percentage of displacement defined. When the
compression is finished, the CS stand by for the equilibrium
time of the simple, usually 300 600 s . At the same time, the
software evaluates the error due to interferences in the strain
measurement system. A flip-flop custom-made in LabVIEW
is used to record the instant of time that the actuator touches
the simple, connecting the stepper driver to the load cell in
closed loop with a feedback control (Fig. 5).

The second step of the measure process is the heart of the CS,
this one imposes the oscillations to the specimen. The number
of oscillation per frequency are usually 5 or 10 because is
needed have the necessary raw data to be processed. In the
last step the acquired Raw data are processed to extract the
necessary information to our purpose. This process is needed
to calculate the complex modulus and the loss coefficient
of the tested material (Fig. 6) . The complex modulus is
calculated with the equation 6 using labVIEW’s blocks (Fig.
7) and the Loss coefficient is calculated with an algorithm
that uses the Hilbert transform and other LabVIEW’s blocks
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to extract the phase delay 0 (Fig. 8).

In the CS is present the function that allows to record the
numeric data of the complex modulus and the loss coefficient,
and their plots in the same file with the fitting’s informations,
such as fitting curve and polynomial equations (Fig. 9). The
final data are plotted and recorded, in file .xIsx building a
report file in the CS (Fig. 10).
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IV. DISCUSSIONS AND TEST’S RESULTS

Specimens of silicone were used to verify the functionality
of the instrument and during its testing. Figure 11 shows the
graph of the silicone module —G *—; the variation of the
module is of the order of centimes of MPa, the resulting curve
fitting has as equation:

f(z) = 0.425 — 0.185x + 3.2332>

7
—8.382° +9.412* — 52° + 12° ™



Fig. 13. Articular Cartilage in the test chamber
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Fig. 14. Frequency-Loss coefficient graph

The loss coefficient determined by tan(d) has a negative
variation (Fig. 12); the fitting has as equation:

f(z) = 0.63 — 4.839x + 15.164z>

_ 244550% 4 21.2450" — 0.4650° + 169520

Despite the silicone samples had different curing times
and small physical differences, tests produced similar results,
highlighting the reliability of the rheometer in the predeter-
mined range. Having been checked for good reliability of
the device, the dynamic characteristics of hyaline or joint
cartilage samples were evaluated. The specimens used in tests
were extracted from a cow’s knee joint, in particular from the
bottom part of the femur. The specimens were fresh when
were used and had characteristics:

e | mm of cartilage attached to 5 mm of subchondral bone;
e | mm of cartilage attached to 1 mm of subchondral bone.

To begin the test, the specimen is inserted into the test chamber
full of saline solution (Fig. 13), needed to simulate the real
condition into the knee joint. The range of frequencies used
in tests was 0.01 =+ 2 Hz. The cartilage was compressed with
a force of about 0.7N and left to relax for about 300 s
prior to imposing the  angular deformation. The results were
satisfactory as comparable with those of the literature. The
graphs of complex module (Fig. 15) and loss coefficient (Fig.
14) as a result of a test. The graphs founded in literature (Fig.
16) are similar to the graphs that the CS made, so this confirm
that the Software do his job very well. The complex modulus
is measured in MPa and the frequency in Hz. A sixth order
equations of the complex modulus and of the loss coefficient
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Fig. 16. Literature plots

were extracted from the data processed by software:
y=—1E —132° + 8E — 112° — 2F — 082"
+3E — 062° — 0,0002z2 + 0, 0055z + 0, 8096
y =2E — 142° — 2E — 112° + 6 E — 09z*
+9E — 072 + 6E — 0522 — 0,0024z + 0, 2518

the 9 is the equation that rappresents the fitting curve of
the complex modulus, the 10 is the fitting’s equation of
the loss coefficient. This test aims to demonstrate that the
energy applied to the AC gives a response that changes,
from a prevalently viscous behaviour to a prevalently elastic
behaviour with the increase of frequency of application of the
oscillations.

©)

(10)

V. CONCLUSION

The predetermined objective in this work was the design
and realization of a software able to control an instrument, the
rheometer, for evaluate the viscoelastic properties of cartilage
or more generally of two-phase materials. The instrument
made has proved able to meet the expectations, providing
results consistent with those reported in the literature. The
developed software allows complete control with regard to
the action on the specimen and the analysis of its reactions,



thus making it completely self-sufficient machine. In fact
the use of advanced soft computing techniques has became
progressively an effective option in many contexts [?], [19]—
[24]. It was created a campaign of tests, both of elastomers that
of biological tissues, which allowed to calibrate the machine
both from a hardware and software point of view and to verify
the results which, as mentioned, are consistent with those
found in the literature.
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