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There are many tactile devices for indentation examinations to measure mechanical
properties of tissue. The purpose of this paper is to develop a portable indentation
robotic device to show its usability for measuring the mechanical properties of a
healthy abdominal tissue. These measurements will help to develop suitable
mathematical models representing abdominal tissue. A 1-DOF portable robotic
device has been designed to be placed on the patient’s body. The device presses
sensor plate on the abdomen. Force and position sensors measure the indentation
force and displacement, respectively. Due to tissue time-dependent behavior, linear
viscoelastic models with three, five and seven parameters have been selected for
mathematical modeling. Nonlinear Least Squares (NLS) method is adopted to fit
viscoelastic models with experimental data obtained from stress relaxation tests.
Using Finite Prediction Error (FPE) criterion, viscoelastic model with five
parameters has been selected as the optimal model. The results of the present paper
can be used in abdominal tissue simulators to facilitate teaching palpation

examinations.

1. Introduction

Palpation is a physical examination where organs or areas of
body are touched with fingers to determine their size, shape,
consistency, and location [1]. This method has been applied for
localization of abnormal tissue in prostate, breast and cervix [2].
Stiffness difference between the unhealthy and the surrounding
tissues help physicians to detect tumors in organs [3]. The
palpation procedure in which the mechanical properties of the soft
tissue is measured is referred to as “indentation” in the present

paper.

The idea of using robotic devices for soft tissue indentation has
been the subject of interest in many fields [4-6]. Several robotic
devices providing normal indentations have been developed to
characterize soft tissue properties [7-21]. Carter et al. [9]
developed a static compliant probe for ex-vivo experiments on pig
and sheep liver, and developed a hand-held compliant probe for
in-vivo experiments on human liver. Ottensmeyer et al. [10, 11]
used two different indentation devices to measure the mechanical
response of the tissue. The TeMpeST and VESPI devices were
developed to examine the small-strain frequency response and
large-strain time domain response of tissue, respectively. Samur et
al. [12] developed a robotic indenter for minimally invasive
measurement of soft tissue in abdominal region. The robotic

device includes a robotic arm for indentation, a long laparoscopic
indenter and a force sensor for insertion into the abdominal region.
Liu et al. used a force-sensitive wheeled probe for localization of
tissue abnormalities [13, 14]. The authors demonstrated that the
results can be used for identifying the approximate location, shape
and size of the nodules [15, 16]. Egorov et al. [8] developed a
vaginal tactile imager. The device consists of a tactile sensor array
and a tilt sensor. The authors used the device for detecting
abnormal tissues in vaginal walls. Tanaka et al. [18, 19] developed
an active palpation system for detecting tumors in human prostate.
The system consists of a sensor and a vibro-machine. The sensor
is attached to the physician’s finger-tip, and the vibro-machine is
attached to the root of the finger. In a few studies, automation of
palpation for finding inclusions has been the subject of interest.
Kato et al. [22] developed an automatic palpation robot, WAPRO-
4R, for clinical testing of breast cancer. The robot was able to
palpate the breast by pushing and dragging the skin laterally while
using the pressure sensors embedded in its fingers.

In particular, from measurement and tissue modeling point of
view, the material properties of various tissues have been
measured in-vitro/vivo for decades. In-vitro tests, a sample is
removed from the body and experimental tests are performed. In
contrast, in-vivo tests, the material properties of the tissues are
measured in live animals. By removing samples from body, the
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tissue’s mechanical properties may change drastically due to the
factors such as temperature, hydration and loss of blood pressure
[3]. Knowing these issues, it is more desirable to measure the
mechanical properties of the tissues in live animals within their
body. Experimental results reveal that elastic models provide only
a rough approximation of the tissue behavior, mainly due to tissue
time-dependent behavior [23, 24]. Viscoelastic models are time-
dependent, and considered as a suitable option for tissue modeling.
Many studies have focused on measuring and modeling the
mechanical properties of living tissues. Farshad et al. [25]
investigated the material properties of the pig kidney with a four-
parameter viscoelastic model based on uniaxial tension tests on in-
vitro samples. Davis et al. [26] developed a two-dimensional
mathematical model for the pig spleen tissue from uniform
compression tests by using a large-area indenter. The results
showed that the mechanical properties of the tissue could be
modeled as a nonlinear elastic membrane with an exponential
stress-strain law. Liu et al. [27] developed a nonlinear viscoelastic
model to represent the material properties based on a stress
relaxation test.

In these studies, only the mechanical properties of a single
tissue have been investigated. However, to the best of our
knowledge, none of the above mentioned studies have used
indenting devices to measure and model the mechanical properties
of the abdominal tissue. A combination of skin, fat, muscles and
internal organs makes the mechanical behavior of the abdominal
tissue an interesting topic for investigation. Therefore, the purpose
of this paper is to develop a portable indentation robotic device to
measure the mechanical properties of the healthy abdominal tissue.
These measurements help to develop suitable mathematical
models which best fit the measured data.

In this paper, the detailed design of the robotic indentation
device is presented. The proposed design has a set of specifications
which makes it suitable for abdominal indentation. The device has
one degree of freedom (DOF) where a cable mechanism is used to
move the sensor plate. Mechanical properties of tissue can be
calculated by measuring the contact force and the tissue deflection
while pressing the sensor plate against the abdominal tissue.
Mathematical models, experimental procedure, and the
identification algorithm for determining the mechanical properties
are described in the following sections. Finally, a suitable
viscoelastic model using model validation method has been
selected

2. Material and Methods
2.1. System Design

2.1.1. Design Requirements

The following factors are considered in the design of the robotic
device for abdominal indentation task.

1. The device should be portable that can be handled and
manipulated by an operator, Therefore, the weight of the device
should be lower than 1 kg.

2. The power train of the device should be back-drivable in
a way that patient’s involuntary motions such as breathing can
push back the device end-point.

3. The end-point of the device should have a linear stroke
as much as 35mm to perform shallow indentation tests.

4. The power train of the device should be backlash-free not
to deteroriate the relationship between the position of the end-point
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and the rotational motion of the actuator. This can adveresely
affect the force-displacement measurements.

5. The end-point of the device should be equipped with a
force sensor to directly measure the contact force between the
device end-point and the abdominal tissue.

2.1.2. Developing the Basic Structure of the Device

There are various mechanisms which convert the rotary motion
of an electric motor into a linear motion of an end-point. Rack-
and-pinion, ball-screw and cable mechanism are the candidates to
do this task. Both rack-and-pinion and ball-screw mechanisms are
heavier than cable mechanisms. Moreover, back-driveability of
the device end-point can be disrupted if ball-screw mechanism is
used. Additionally, the cable mechanism can be implemented to
provide a backlash-free power train.

2.1.3. Abdominal Indentation Device

A 1-DOF robotic device has been designed to be placed on the
patient’s body. The device presses the sensor plate on the abdomen
(Figure 1). The force and position sensors measure the indentation
force and the displacement of the abdominal tissue, respectively.
The device is portable and can be handled easily.

Figure 1. Basic design of tactile device: (a) sensor plate; (b) abdomen

The power train of the device includes a DC motor and a cable
drive system. The rotational motion of the motor is converted
into the sliding motion of the device end-point by the cable drive.
The cable drive system consists of a driver pulley, guiding
pulleys, tightening pulley, a miniature cable loop and a slider
(Figure 2). Figure 3 represents the detailed path of the cable. One
side of the cable is fixed to the slider and the other side moves
freely through the slider. In order to form a backlash-free friction
drive, the driver pulley is threaded and the cable is wrapped
around the pulley. The two other ends of the cable are terminated
on the tightening pulley.
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Figure 2. Power train of device: (a) gearbox; (b) guiding pulleys; (c) driver pulley; (d) DC motor; (e) cable drive system; (f) tightening pulleys; (g)
miniature cable loop; (h) slider, (k) encoder

Figure 4. Driver pulley assembly in spool housing: (a) driver pulley; (b) spool shaft; (c) miniature ball bearing; (d) DC motor; () spool housing

The driver pulley is fixed to the shaft of the gearbox and its loop. In order to form a backlash-free friction drive, the driver
rotational motion is decoupled from the spool housing by pulley is threaded and the cable is wrapped around the pulley
miniature ball bearings placed inside the housing (Figure 4). (Figure 4). Two or three wrap can prevent the cable from slippage

Therefore, the actuator can rotate the driver pulley and the cable
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on the pulley since the ratio of the high to low tension sides
increases exponentially with the cable wrap angle.

Figure 5. Inner parts of device: (a) pulley block; (b) linear ball
bearing; (c) nut and bolt mechanism; (d) tightening; (e) tightening pulley;
(f) sensor plate; (g) guiding rods; (h) pushing rods

In order to provide a low friction movement for the slider, linear
ball bearings are used (Figure 5). Guiding rods are connected to
the pulley block from one end and to the tightening plate from the
other end. The slider’s stroke is 50 mm which makes the device
appropriate for performing abdominal indentation. Slider’s linear
motion is transferred to the sensor plate by pushing rods to
generate the indentation motion of the device. The distance
between the driver and tightening pulleys adjusts the tension in the
cable by using the nut and bolt mechanism (Figure 5).

2.1.4. Force and Torque Relations

The relationship between torques and positions of the power
train is shown in (Figure 6). Motor torque and angular position, ,,
and 6, are converted into output force and sensor plate position,
F and r, respectively.

— dp
Tm = m 0
r=d, 7’" @)

where d,,, N and n are driver pulley diameter, gearbox ratio
and gearbox efficiency, respectively. In the present design, in
order to create a frictional connection between driver pulley and
the cable, the cable is wrapped a few times around the driver pulley
connected to the motor shaft. Friction increases exponentially with
the cable wrap angle according to the following equation.

— = eH¥r

@)

2

Where T; is the high tension side, T, is the low tension side, p
is the coefficient of friction and vy, is the cable wrap angle.
Whereas, the tangential frictional force is proportional to the
normal force multiplied by the coefficient of friction y. The Eq.
(3) holds for the case of impeding slip. To prevent one side of the
cable from slacking, cable pretention is required. To ensure that
the cable does not slip, two ends of the cable are terminated on the
driven pulley [28]. The motor torque and tension of the cable are
related as follows:

Tm = 0.5 dp(T1 - TZ) (4)
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Figure 6. Forces and torques in cable drive system

2.1.5. Device Prototype

Figure 7 shows the prototype of the device. A Maxon
permanent magnet DC motor (Maxon RE 25, 10 Watt) with a
planetary gearhead (GP26B, reduction ratio: 4.4:1) has been
selected as the device actuator. During the experiments, the
maximum force exerted on the tissue is recorded as 9 N [29]. In
the present design, driver pulley diameter, d,,, gearbox ratio, N,
gearbox efficiency, n and the maximum recorded force, F, are 22
mm, 4.4, 0.84, and 9 N, respectively. Using Eq. (1) and the
selected parameters, output motor torque, t,,, is 26.7 mN.m which
is lower than the continuous torque of the selected motor. The
motor is equipped with an encoder (HEDL 5540, 500 CPT). Eq.
(2) describes the relationship between the motor rotation/ encoder
data, 6,,, and the sensor plate position, r. In order to measure the
contact force between the sensor and the abdominal tissue during
the indentation, a peizoresistive-based force sensor (Honeywell
FS03) has been used. The maximum measurable force for the force
sensor is 15 N. The device weight and dimensions are 600 gr and
270x40 mm, respectively, which makes it suitable as a portable
indentation device.

Figure 7. Prototed device: (a) mechanism rototype; (b) device with
cover
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2.1.6. Device Calibration

For calibrating the encoder, the distance travelled by the tip of
the device was measured by a caliper, and was compared with the
number of output pulses of the encoder. For force sensor
calibration, the output voltage of the force sensor is measured
when 0.2, 0.5 and 1 kg standard loads are applied to the sensor.
The output voltage of the force sensor is amplified by an op-amp
where the offset voltage of the op-amp is eliminated by using a
potentiometer.

2.2. Tissue Modeling

In this section, the capability of the indentation device in
conducting experiments on human abdomen is demonstrated as a
proof-of-concept rather than a source for precise values of tissue
properties.

2.2.1. Viscoelastic Modelling

A viscoelastic material exhibits both elastic solid-like, and
viscous fluid-like behaviors, which are modeled by a spring and
dashpot, respectively. These materials continue to deform when
they are under a constant force (creep) and continue to relax when
they are under a constant displacement (stress relaxation). They
exhibit hysteresis when they are under cyclic load where the
loading phase is different from the unloading one [30].

The mechanical behavior of the biological soft tissue is time-
dependent and nonlinear. A full description of the mechanical
response of the soft tissue to loads requires a nonlinear viscoelastic
model, which is built on a firm theoretical and physical foundation.
Existing models require a large number of material constants [31].
Nonlinear springs and dashpots can be used for models
representing the nonlinear viscoelastic properties of the materials
such as soft tissues. However, nonlinear viscoelastic models are
used whenever stress/strain lies in the nonlinear region of
viscoelasticity. On the other hand, linear models can readily model
the material behavior when stress/strain lies in the linear
viscoelastic region. In this study, the level of stress or strain is low
and linear models can therefore be employed [32].

A model that predicts the time-dependent behavior of the soft
tissue from a simple experiment is needed; preferably, the terms in
the model should be few in number and should not be time-
dependent so that they can be easily obtained. Linear viscoelastic
models are presented in different order. Increasing the complexity
(order) of the model causes a better prediction of the behavior of
the soft tissue in cost of computational load [24]. The Standard
Linear Solid (SLS) model, as shown in Figure 8, is the simplest
model that has both creep and stress relaxation response which
resemble real materials. In this model, a linear spring, E;, and a
linear dashpot, p,, are connected in series and another linear
spring, E,, is connected in parallel [24]. In this paper, the SLS
model is called three-element model, where three unknown
parameters needed to be calculated.

E, My
2 el

4/\/\/\/\/7

Figure 8. Maxwell form of SLS model
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For consistency with the rest of other research papers [33-35],
higher order models are considered with addition of linear springs
and linear dashpots. A linear spring-dashpot, in series, should be
added to the lower order model, in parallel, which creates Double
Maxwell-arm Wichert (DMW) and Triple Maxwell-arm Wichert
(TMW) models (Figure 9) [24]. In this paper, the SLS, DMW and
TMW models are evaluated to find out which model represents the
abdominal behavior in indentation tests, properly.

E, My
v » i
i i
E, My \ [
. (- W
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(a) (b)

Figure 9. (a) Double Maxwell-arm Wichert (DMW) model; (b) Triple
Maxwell-arm Wichert (TMW) model

2.2.2. Mathematical Model of Indentation Test

Analytical equations for characterization of tissue under
indentation are desirable. The analytical equation describing the
total normal load needed to indent to a specific depth on a
viscoelastic sample test material, here is abdomen, is given as Eq.
(5) [24]. In this paper, the test materials are assumed to be
incompressible, since most living tissues can be considered as
incompressible material under indentation [24]. Therefore, the
Poisson’s ratio, v is considered as 0.5.

2QR RQd

d 8
FO) = T B () =——

— T Eu(®)

®)

where F(t) N denotes the compression force, and E,,(t) N/ m?
expresses the relaxation modulus and depends on the order of the
model. R = 0.002 m and d = 0.015 m are the radius of the
indentation tip, and the indentation depth, respectively. Q can be
written as [24]:

Q= (1+1.33p+ 1.283p? + 0.769p° + 0.0975p*) (©)

where p = VRd and h in meters denotes the thickness of the
material. For SL'S model, the equation for the relaxation modulus,
E, is:
-t

E,(t) = Ey + Eje™ (M

Where t in Eq.(7) is in seconds, and is called relaxation time
constant in seconds. In linear viscoelastic models, T can be related
to the decaying time of the mechanical response of the material.
Large relaxation times are related to slowly decaying responses or
small applied strain rates. Small relaxation times are related to fast
decaying responses or high applied strain rates. In a
phenomenological sense, this time constant may be thought of as
characteristic relaxation time of the material. The relaxation
modulus for the DMW and TMW models can be written as
follows. For the DMW model we have:

-t -t

E,(t) = Ey + E;e™1 + EyeT (8)
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And for the TMW model we have [32]:

-t -t -t
Eu(t) = EO + Ele‘[1 + Eze‘[z + E3eT3 (9)

2.3. Experimental Method

2.3.1. Indentation Test Setup and Procedure

The experimental setup is illustrated in Figure 10 which
includes the indentation device, interface board, a power supply,
and a laptop. Indentation test was done on the left lumbar region
of the abdomen using the proposed device (Figure 11). In order to
perform the indentation, the tactile device must be tangent to the
surface of the abdomen where h is selected as 0.025 m.
Immediately after the initial contact, the tip started to indent a
given depth, d = 1.5 cm, into the abdomen at a relatively high
velocity, V = 1 cm/s, to simulate the step input without causing
vibration in the test region. After reaching the desired depth, the
position of the indentation tip was fixed for a given amount of
time, t =350 s, necessary for the force relaxation data approaching
a final steady state value. In the current work, tissue viscoelastic
parameters are calculated using relaxation tests.

Figure 10. Experimental setup:() pwer supply; (b) palpation device; (c)
control board; (d) laptop

Figure 11. Human’s abdomen under indentation test using prototype
device

3. Results
3.1. Indentation Results

A total number of three trials were performed. Figure 12 shows
the load-time curve of a sample trial. Fluctuations caused by
human respiratory motions are observed in the output data. Due to
the dominant influence of respiration in load-time data, calculating
the mechanical properties of the test point is almost impossible.
Therefore, it is necessary to obtain the respiration load-time cycle
in order to remove the effect of this factor. With reference to
Figure 12, the downward slope of the data, clearly visible in the

early moments of the test, reaches a steady state condition, with
some fluctuations due to the respiration, after about 300 seconds.
Hence, another indentation test with the same condition was done
for extracting the full cycle of load-time curve of breathing. In this
test, after indenting to the desired depth, data collection starts after
seven minutes and lasts for twenty seconds (Figure 13). The seven
minutes delay in data collection is to ensure greater accuracy and
higher reliability in reaching the steady state condition.

::551 N |
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=
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Figure 12. Indentation results with breathing effect

The amount of force is influenced by two factors: i) the average
value that reaches to 1.8N following the first 5 minutes of the test
(Figure 12), and is due to the indentation effect; ii) respiration
which causes fluctuations in data. By subtracting the average value
of the indentation force from data points in the range of 420 to 440
seconds, the data of Figure 13 have been achieved. Figure 13,
therefore, clearly shows the full cycles of breathing in the range of
the study. These cycles are similar to sine waves with amplitude
of 0.3 N and time-period of 4 seconds. Next, an algorithm was
written in MATLAB where the corresponding upper and lower
values of cycle were averaged in order to remove the effect of
respiration. Figure 14 shows the new load-time curves of three
relaxation tests on left lumbar region with using the above
mentioned algorithm. Therefore, these sets of new data are used
for further analysis in the present study. Mechanical properties of
abdominal region under indentation are extracted with the
approach of the relaxation test for viscoelastic materials.
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Figure 13. Breathing cycle
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Figure 14. Indentation by removing the effect of breathing

3.2. ldentification Algorithm

A MATLAB program was developed to fit Eq. (5) to the stress
relaxation load-time, curve obtained from the experimental data,
using NLS curve fitting method. The values of the estimated
parameters in E, depend on the experimental data and the
viscoelastic model.

3.3. Model Estimation

Viscoelastic model, experimental data, and NLS curve-fitting
method are used to identify model parameters with different
orders. Estimated parameters of viscoelastic models are presented
in Table 1-3. Figure 15 shows the comparison of the mean value
of the three experimental data fitted with the three viscoelastic
models. Improvement of the fitting is observed from SLS model

to DMW and TMW models.

Table 1. Estimated parameters of SLS model

SLS Model E,(kPa) . Sum of
0 E,(kPa) 74(5) R-squared Squared Errors (SSE)
First test 8.25 2.97 59.9 0.8908 5.30e6
Second Test 8.20 3.00 57.8 0.8868 5.61e6
Third test 8.14 3.11 56.7 0.8927 5.33e6
Mean 8.19 3.02 58.1 0.8901 5.41e6
Table 2. Estimated parameters of DMW model
SLS Model Ey(kPa) i} Sum of
0 E(kPa) E,(kPa) 74(5) T,(5) R-squared Squared Errors (SSE)
First test 8.21 2.61 2.51 717 2.8 0.9330 1.20e6
Second Test 8.15 2.62 2.51 70.3 3.0 0.9324 1.29¢6
Third test 8.10 2.72 2.35 68.5 32 0.9333 1.26e6
Mean 8.15 2.65 2.46 70.16 3 0.9329 1.25¢6
Table 3. Estimated parameters of TMW model
SLS Model Ey(kPa) . Sum of
0 E(kPa) E4(kPa) E,(kPa) 74(5) T5(5) 75(5) R-squared Squared Errors (SSE)
First test 8.2 2.6 1.68 1.57 72 37 1 0.9542 1.18e6
Second Test 8.15 261 171 1.48 70.7 3.8 .95 0.9203 1.32e6
Third test 8.10 2.70 1.64 1.53 69.2 4 0.97 0.9431 1.22¢6
Mean 8.15 2.63 1.67 1.52 70.6 3.8 0.97 0.9392 1.24¢6
¥ . .
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Figure 15. Averaged of three indentation tests on left lumbar region of the abdomen fitted with the SLS, DMW and TMW models in normal and logarithmic
scales

_ » Vy = —Z €(i)? = = x RSS (10)
F!gure 15 shows the_ result o_f flttlng_ Eqg. (5) to the results = 2
obtal_ned from the first trial of the indentation tests. With reference e(t) = y(©) — () (11)
to Figure 15, the SLS model has already been shown to be
incapable of precisely capturing the properties of biological tissue. R . .
A comparison of R-squared values for the SLS, DMW and TMW where y(t) and $(t) are experimental data output, reaction load
models in Tables 1 to 3 show an increasing trend. The increase is ~ Of abdomen, and estimated output by viscoelastic model,
more pronounced when DMW and TMW models are used instead res_pectlvely. e(t)_ is the re5|du_al, and N is the nymt_)er_ of the data
of SLS model. The difference in R-squared values of DMW and points. Mathematical formulation for the FPE criteria is [36]:
TMW models is not significant. This limited improvement with 1+p/N
the TMW model was actually achieved at the cost of introducing WP =Vy T=p/N (12)
another two independent parameters, causing computational
difficulties in numerical modeling. In the next section, the
appropriate model selection for our experiments will be discussed where p, N, Vy are the number of the parameters, the number
with another approach. of data in each experiment and the minimum value of the cost
function, respectively. For instance, the value of p in the SLS
model is three.

3.4. Model Validation and Selection The result of the comparisons is summarized in Table 4.
Finally, the five-parameter model (TMW) with minimum WEPE is
selected which satisfactorily represents the experimental results.
This model has mathematical simplicity and fitting accuracy based
on FPE criteria.

To validate the estimated model, residual signal e(t) is used.
NLS curve fitting method selects best model parameters that
minimize sum of squared residuals. The minimized value depends
on the order of the model and the number of data in each
experiment. FPE criteria is used for model validation, and the best
model with mathematical simplicity and fitting accuracy has been
selected. Mathematical formulation for LSE cost function is [36]:

Table 4. Comparison between model orders using FPE criteria

Optimal value of LSE cost Number of . FPE - Variance of
Model Order function (V,y(8y)) parameters (p) Value of w in FPE test (W™ °) Mean of residual residuals
3(SLS) 2.7e6 3 5.50e6 6.21e-5 8.041e-4
5(DMW) 6.25e5 5 6.40e5 6.11e-7 1.8%e-4
7(TMW) 6.20e5 7 6.45e5 6.06e-7 1.84e-4
4. Discussion the long time limits of the step relaxation test [37]. The long time

limit of the relaxation time is chosen based on the response of the
The purpose of this paper is to show the practicality of the  abdominal region. For modeling with higher accuracy, the
indentation device for performing the experiments on the human  response should be reached to a steady state condition. To select
abdomen and representing a simple mechanical response model.  appropriate linear viscoelastic model, a procedure is used which
During the indentation test, the sensor plate touches the tissue and  starts from a basic viscoelastic model with three-parameters, and
the force sensor measures the interaction forces. The deflection of increases model order until the best model is achieved. Numerical
the tissue is measured by a position sensor. computations show that a five-order linear viscoelastic model is
the optimal one. Therefore, with model validation methods, such
as FPE criteria, the optimal model with mathematical simplicity
and accuracy can be achieved.

The response behavior of the abdominal tissue is modeled by
linear viscoelastic relationships based on relaxation tests. The
accurate region of the reported relaxation function is bounded by
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Finally, certain precautions have been adopted to minimize the
effect of nonlinearity in the testing configuration, such as limiting
the indentation depth to less than 10% of the sample thickness. The
extension of the current study to include non-linear viscoelastic
models with different loading conditions and larger stress/strain is
in progress in this research group.
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6. Appendix
6.1. R-squared

The coefficient of determination, R-squared, is the proportion
of the variance in the dependent variable that is predictable from
the independent variable. The R-squared for a linear regression
model with one independent variable is:

R-squared = i;—: 1)
where

SSR=) (5.~ ?
and:

SST =" (=70 ®)

Where y; and y, and y are the original data values, modeled
values and averaged values, respectively. SST is the total sum of
squares and SSR is the regression sum of squares. The range of R-
squared is from 0 to 1. An R-square of 0 shows that the dependent
variable cannot be predicted from the independent variable and an
R-square of 1 shows that the dependent variable can be predicted
without error from the independent variable [41].

6.2. Sum of Squared Residuals (SSE)

SSE quantifies how much the original data points, y;, vary
around the modeled data values, 3,. SSE can be defined as:

SST =) -9 @

It should be noted that SST = SSR+ SSE [41].
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