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Abstract The power consumption, capacity, speed of rotation, separation precision
and the centrifugation time are essential technical parameters of the centrifuge
device, and hence their reliability may affect the system reliability and productivity.
The modified period of velocity profile model (spinning period) which leads to
decreasing the power consumption of laboratory centrifuge devices is derived.
Based on the centrifugation time model, a fuzzy controller is proposed for the
laboratory centrifuge device. The proposed controller design will produce high
reliability by selecting various separation efficiencies, evaluating the separation
efficiency period precisely, and reduction of separation power consumption. Based
on the derived model, a low-cost controller modification leads to a shorter blood
test time and lower power consumption while improving the separation efficiency to
greater than 95 %.

1 Introduction

The centrifugal devices can use in a variety of medical and industrial applications.
Typically, the power consumption, capacity, speed of rotation, separation precision
and the centrifugation time are essential technical parameters of the centrifuge
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device, and hence their reliability may affect the system reliability and productivity.
For this reason, centrifugation process is often obeying to developments and
improvements continuously.

Continuing from our previous research [1], we derived a modified period of
velocity profile model (spinning period) which leads to decreasing the power
consumption of laboratory centrifuge devices. The new model has ability to esti-
mate the power consumed for pre-defined separation efficiency.

Laboratory diagnosis of blood depends on separation efficiency which is done by
means of centrifugal force and the spinning time for the blood sample. The current
method of separating contents of a blood sample is not accurate in terms of cen-
trifugation force and time. These variables are evaluated based on sedimentation
theory, which calculates the sedimentation time based on higher particle density
(red blood cells) and depth of sedimentation [2]. Therefore, about 0.5 ml volume of
a 1 ml blood sample, the current centrifugation time is 5 min (also as recommended
by the centrifuge device recommended manufacturer). To minimize or eliminate
such uncertainties (due to damage of some red blood cells) from the process, we
have developed a new technique that accurately predicts the required time for the
separation then control the velocity profile period of centrifuge device. This tech-
nique is based on measuring the attenuation of the wave propagated through liquid
its density varies with time of spinning [3, 4]. Separation efficiency of blood and
plasma is evaluated empirically by percentage count for the red blood cells, white
blood cells, HCT, and platelets in a sample using blood analyzer device (cell-dyne
1800). Experimental data was used to calculate the power consumption during the
time taken for accurate separation. The schematic diagram of experimental atten-
uation measurements is shown in Fig. 1. Human blood was drawn from 84 healthy
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Fig. 1 Schematic diagram of experimental apparatus
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Fig. 2 Schematic diagram of proposed intelligent centrifugation fuzzy logic controller

volunteers, 23 women and 61 men; their HCT values ranged from 21 to 53.7 %; age
range, 21-50 years. Samples of plasma were prepared using a serum separator tube
(EDTA (K2); Demophorius Ltd, Cyprus, EU, UK). This method can also be applied
to other purpose of centrifugal device, such as measurements of solid contents in
liquid and sedimentation measurements [5]. Since the installation of additional
measurement sensors may be costly and the sensors can also reduce the device
reliability, they are not always the most cost-effective solution for the separation
percentage monitoring of a centrifuge device. For this reason, the centrifuge
velocity profile controller must be modified according to new mathematical model.

Based on the centrifugation time model, a fuzzy controller is proposed for the
laboratory centrifuge device, Fig. 2. The proposed controller design is based on the
separation efficiency and maximum spinning speed, which will produce high reli-
ability by selecting various separation efficiencies, evaluating the separation effi-
ciency period precisely, and reduction of separation power consumption. The
design of the proposed fuzzy controller is divided into two parts, the linear velocity
profile generator and the fuzzy logic controller, as illustrated in greater detail in the
following sections.

2 Separation Efficiency

The various organs, tissues and cells throughout the body require oxygen from the
blood. Other bodily elements also require carbon dioxide, which also depends on the
cycling of blood effective techniques for separating; concentrating and accumulating
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one or more of the components of blood will improve our ability to understand the
properties of blood ascertain the state of an individual’s health and treat bodily
diseases. Therefore, accuracy in separating blood-plasma has advantages in various
fields of scientific research, diagnostic testing and therapeutic treatment [6].

The separation efficiency S, is a key factor for evaluating the performance of
blood-plasma separation. It can be defined as

s, = =S 100y (1)
Cs

where Cp is the cell concentration in the blood sample, and Cp is the cell con-
centration in the plasma, which is generated by the centrifugation process. For
Cp = 0, the optimum separation process for plasma is present (S, = 100 %). In next
sections, a relationship between power consumption of centrifuge device, separa-
tion period and separation efficiency are derived.

3 Linear Velocity Profile Generator

The proposed centrifugation velocity profile controller was designed based on the
optimisation spinning time model. This model calculates the spinning time as a
function of the separation efficiency. The mathematical model for the optimisation
of the centrifugation time includes the acceleration and deceleration period because
the blood sample is subjected to accelerated centrifugal force during the accelera-
tion period and vice versa for the deceleration period [7].

These forces contribute the main centrifugal force (at 3,000 rpm) to separate the
blood cells from the plasma. The need for a long acceleration and deceleration
period (approximately 13 s) is observed because the blood cells encounter a high
centrifugal force, which may cause damage. Therefore, to prevent this problem, the
centrifugation speed gradually increases until it reaches a maximum (long settling
time). The current periods of acceleration and deceleration are identical and equal to
13.6 s as a rapid mode operation. For this reason, as shown in Fig. 2, the FLC
design begins with a ramp (linear) velocity profile generator, which is fed by the
required spinning speed and separation efficiency percentage value. This generator
consists of a Separation Efficiency (S,) to Separation Period converter, a timer, an
initial condition function and a speed limiter [8—10].

4 Experimental Setup

The Mathematical Model of the shorter separation process time and the separation
efficiency greater than 95 % of 0.35 ml plasma, evaluated based on the mathematical
model of ultrasound attenuation measurements in our previous research [1]. Utilize of
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Fig. 3 Centrifugation power consumption model derivative sequence

attenuation measurements of wave propagate through a sample of blood during
centrifugation process, is to calculate the separation efficiency of blood-plasma. In
this research we divided the mathematical model into two models, first is the time
duration of centrifugation as a function of separation efficiency model, while the
second model is device power consumption as a function of time duration centri-
fugation technique, Fig. 3 summarize the derivative power consumption model.

The tools used in the experimental setup, as shown schematically in Fig. 1,
consisted of a blood tube, the ultrasound pulser, Gampt—Echo Scan as a receiver,
switch, and software analysis, while Fig. 4 shows the experimental procedure steps
for evaluate the mathematical model. The transducer with center frequencies of
2 MHz was attached to the outside of the vessel. In the attenuation measurements
reported here, data was obtained for the 2 MHz transducer, which gave the required
detection depth and sufficient level of clarity of the separation efficiency mea-
surements of the blood plasma. Table 1 was filled follow same procedure men-
tioned in our previous research for evaluating the optimization time for
centrifugation process. Therefore the two part of mathematical model can be
derived.

5 Centrifugation Period Model

The Separation Efficiency to Separation Period block is programmed with a Matlab
package based on the optimisation centrifugation time model, which evaluates the
time period required to achieve the predefined separation efficiency. The rest time in
the velocity profile is determined by the time optimisation model (2) as a constant
speed period. Figure 5 shows the velocity profile for 20 % separation efficiency,
where the total period (7) of 20 % separation is approximately 55 s, calculated
using (2) [11].

T = tc + tacc + tpec

2
T = (0.0324S, — 0.194) + tacc + Ipec @
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Fig. 4 Experimental procedure sequence for one blood sample test (a), Before centrifugation

process, and after spinning operation (b)

6 Centrifugation Power Consumption Model

Power consumption is one of the most important measurement parameters for the
design of a successful controller. The power consumption of the proposed con-
troller can be evaluated based on the operation period of the centrifuge device.
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Table 1 Evaluation of the attenuation, separation efficiency and power consumption for a discrete
5-min interval using a 180 W centrifuge device

Number of Constant Total Attenuation Plasma Power
operation speed spinning (dB/cm) separation consumption
period period efficiency (%) (kW h)
(min) (min)
1 0.5 0.953 —-0.0257 20 0.002859
1 1 1.453 —0.0662 35 0.004359
1 1.5 1.953 -0.1202 55 0.005859
1 2 2.453 -0.1607 70 0.007359
1 2.5 2.953 -0.2012 85 0.008859
1 3 3.453 —0.2282 95 0.010359
- 20% Separation Efficiency Linear Speed Profile

(rpm)

tc=(0.0324 5, +0.194)

S NG

Speed

§ §

Time x10 Sec

Fig. 5 Time period of linear velocity profile for 20 % separation efficiency

As mentioned in the previous section, the constant speed period (z,) is limited by
the separation efficiency value in (1). In addition, using rapid mode, the acceleration
and deceleration periods are equal to 13.6 s. Therefore, the total spinning time
changes based on predefined separation efficiency (z.). Figure 6 shows the spinning
period for various separation efficiencies. According to the experimental results, to
obtain a volume of 0.35 ml with greater than 95 % plasma concentration, the
appropriate time is 3 min. Therefore, the total centrifugation time is a 3.45 min. The
electrical power consumption can be easily calculated using the following formula:

Tpc(kWh) = Dpc(kW) X Ot(h) (3)
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Fig. 6 Linear velocity profile period based on 20, 35, 55 and 95 % separation efficiency (S,) using
the proposed and classical methods

where Tpc is the total power consumption, Dp¢ is the device power consumption
and O; is the operation time period which can be formulate as:

0, = T = (0.0324S, — 0.194) + tscc + tpec (4)

Thus, the power consumption can be rearranged as function of separation
efficiency;

Tpc(kWh) = Dpc(kWh) X (00324Se—0194) + face T+ Dec (5)

The power of the laboratory centrifuge device (Kubota corporation model 2420)
used is 180 W. An evaluation of the separation efficiency and power consumption
over a 5-min interval using a 180-W centrifuge device is shown in Table 1. The
classical spinning time required to separate 0.35 ml of plasma from 1 ml blood with
a separation efficiency greater than 95 % is 5 min according to the manufacturer’s
recommendations, while for proposed method, the time is 3.453 min, as shown in
Fig. 6 [12].
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Fig. 7 Power consumption
versus 1 ml blood sample
centrifugation time for 180 W
centrifuge device

Fig. 8 The 180-W centrifuge
device power consumption
measurements for (20-100) %
blood—plasma concentration
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Table 2 Monthly electrical power consumption for a 180 W centrifuge device

Method Plasma separa- Total spinning Pc* for 100 time operat- Monthly
type tion efficiency time #, + 2T scc ing device daily (kW h) PC*
(%) (kW h)
Classical 100 5+2x0.226 1.6359 49.077
Proposed | 95-100 3+2x0.226 1.0359 31.077

PC* is power consumption
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Fig. 9 Comparison between power consumption measurements results for daily operation device
using classical method (5 min) and proposed method (3.453 min) for 300 W and 180-W laboratory
centrifuge devices

7 Conclusions

Based on the mathematical model of the optimisation time for the centrifugation
process, a mathematical of centrifugation process power consumption is derived.
The centrifugation speed profile is linear, and it consists of the acceleration and
deceleration period because the blood sample is subjected to an accelerated cen-
trifugal force during the acceleration and deceleration period. These forces con-
tribute the primary centrifugal force (at 3,000 rpm) for the precipitation of blood
cells from plasma. Based on the derived model, a low-cost controller modification
leads to a shorter blood test time and lower power consumption while improving
the separation efficiency to greater than 95 %. In addition, increases the reliability of
the centrifuge device for estimating the centrifugation period for predefined sepa-
ration efficiency.

The relationships between the power consumption of the device and the cen-
trifugation time and the plasma separation efficiency are linear, as shown in Figs. 7
and 8, respectively. As a result, the power consumption relative to the specific
separation efficiency for any centrifuge device wattage can be estimated. The
mathematical model of the centrifugation time derived based on attenuation mea-
surements successfully conserved 18 kWh monthly when the device is used 100
times daily, Table 2. Figure 9 shows that the difference in the power consumption
of the classical and proposed controller increases with the time of operation of the
device per day in addition to the wattage of the device itself.

Additionally, the power consumption of a 180-W centrifuge device using the
proposed controller is approximately equal to that of a 300-W centrifuge device
using a classical controller.
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