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Executive Summary
The Complete Blood Count (CBC) is considered one of the most commonly performed screening
tests in medical diagnostics. The CBC is performed using a hematological analyzer, which counts
the numbers and types of different cells within the blood. However, due to the high concentration
of cells in the blood samples to be counted, the dilution process is considered an essential factor
for obtaining accurate counting results. Below is an investigation for an invention of a unique
method and device for blood sample dilution in hematology analyzers. As mentioned, before
starting an analysis a hematology cell counter device must dilute a precise defined volume of a
whole blood sample with a diluent reagent (in this study 20l of a blood sample is diluted with
4,5ml of diluent reagent). This dilution process must be accurate and repeatable with a high
precision to produce the target dilution ratio (here 1:200). Exclusive to almost all hematology
analyzers today, shear values (SV) are used to obtain highly precise volumes. These SV
components are however very costly and add a higher complexity to the systems. This thesis was
therefore aimed as an experimental evaluation for a novel passive dilution tool called shearing
block (SB), which could possibly then replace the SV and be used in the coming Haematology
Analyzer Devices manufactured by Boule Medical AB. The SB has the advantages of being low
cost, having a simple mechanism, being much more flexible for integration with any microfluidic
system and also eliminates the need for complex control systems or equipment, thereby lowering
the need for calibration and maintenance. If a SB could replace the SV with an equally precise
accuracy on the 20l blood volume it would be highly beneficial.
The set hypothesis was that the dilution process via the SB, will only be affected by blood
viscosity. Through changing the blood’s viscosity, via changing the hematocrit concentration
(HCT) and blood sample temperature, this study aimed to conclude if this gave a significant
effect on the blood sample dilution via the SB. This was achieved through two performed
experiments both including the same control group (CG) along with a test group (TG). All tests
were performed using the same blood sample, the same reference measuring device (Medonic
M32) and experimental setup. The experimental setup included the control group, CG, (N=30)
consisting of 20µl blood samples aspirated through an electronic pipette in room temperature
condition being mixed with 4,5ml of diluent reagent that had been automatically dispensed by
the Medonic M32 instrument. The 20µl blood together with the 4,5ml diluent resulted in the
targeted 1:200 dilution ratio. The test group, TG, (where N=30 for each respective group) was
diluted through the SB through a fully automated process for the targeted 1:200 dilution. All
diluted blood samples were then analyzed on the Medonic M32 for all hematology parameters
and the hemoglobin (HGB) parameter was used as an indicator to quantify the blood volume in
the TG runs as compared to the CG reference runs. Two test groups (TG) were analyzed: the
first investigating the effect of the HCT and the second of the sample temperature on the blood
volume (before dilution) in the SB. The HCT concentration levels were tested at 15%, 27%,
33% and 58% with samples and test run and kept at a constant 25°C. The second test group
investigated the effect of 15°C, 25°C, 35°C and 39°C on a blood sample with a constant HCT
of 33%.
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The main aim of this experimental study was to validate the SB simulation. However, the
experiments results, showed that the diluted blood volume via SB was strongly influenced by
changes in hematocrit concentration and that the unwanted additional blood volume, was
increasing directly proportionally with hematocrit concentration. On the other hand, there
seemed to be no apparent change in the blood volume on the SB diluted samples for the various
temperature differences between 15-35°C. To conclude, the experiments results were not
consistent with predictions of SB simulation model and there are two reasons that could explain
that. Firstly, in the simulation the blood was approximated with a homogeneous fluid with a given
viscosity. The second reason is the mismatch between the dilution process via the SB and the
simulation (the simulation started with an idealized initial status, whereas the SB channel was
prefilled by blood). This means that the simulation excluded any effect that may occur as a
convection effect during blood flow inside the channel and whilst encountering diluent reagent.
These two reasons explain why the results of the simulation was not consistent with that of the
experiments, regarding the unwanted blood volume. Therefore, a new simulation is required.
Recommendations for future actions: undoubtedly there are several optimizations that may
increase the accuracy of the proposed SB design such as; removing the diluent's reservoir for
eliminating the effect of bubbles, changing the geometrical angles or use a smaller diameter for
the inlets and outlets of the microchannels to reduce the convection and diffusion effect, (which
in turn would reduce the unwanted blood volume). Therefore, determining the best SB's
microchannel structure to perform the dilution process with minimum unwanted blood volume
remains a near future next step follow-up project.
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Abstract (Swedish)
Föreliggande uppfinning avser en unik metod och anordning för blodprovspädning i
hematologiska analysatorer. Innan en analys startas, måste en hematologicellräknare utspäda
exakt definierad volym helblodsprov med ett utspädningsreagens. (i detta fall 20l av ett
blodprov med 4,5 ml utspädningsreagens). Denna spädnings process måste vara repeterbar
med en extremt hög prestanda och spädningsratio (i detta fallet 1:200). I de flesta fall används
så kallade vridventiler (”shear valves”) för att göra mycket exakta blod volymsbeskäringar.
Dessa komponenter är i hematologisystemen dock oftast extremt kostsamma och utger en
mycket högre komplexitet på systemet på många sätt. Denna avhandling var därmed en
utredningsstudie för att undersöka en ny passiv avskavnings mekanism och metod så kallad
”shear block”, (SB) som skulle kunna ersätta nuvarande vridventiler i Boules nuvarande
hematologisystem. Denna metod har många fördelar så som lägre kostnad, simplifierad
mekanism, flexibilitet inför integration med microfluidiska system samt att färre komplexa
kontrollsystem och utrustning vilket minskar kalibrering och underhållsbehov.
Hypotesen inför denna studie är därmed att Shear Block spädningsmetoden endast påverkas
av blodets viskositet. Genom förändringar av blodets viskositet, via hematokrit- och
temperaturändringar, försökt påvisa om det skapar en signifikant effekt på spädnings
processen i SB. Detta testades genom två experiment som vardera innehöll två testgrupper: en
kontrollgrupp (KG) och en testgrupp (TG). Alla tester genomfördes med samma blodprov,
mätdonsinstrument (Medonic M32) och test uppsättning. I testuppsättningen var KG (N=30)
20ul uppmätta blodprover som med hjälp av en elektronisk pipette aspirerats under
rumstemperatur innan det sedan blandats med 4,5ml spädningsreagens som automatiskt
dispenseras från Medonic M32 instrumentet. Denna 20ul blod med 4,5ml reagens skapar den
1:200 spädningsratio. TG (var N=30 för varje respektive testgrupp) var spätt genom SB med
en fullt automatiserad process för den 1:200 spädningen. Alla spädda prover var sedan
analyserade på Medonic M32 för alla hematologiparametrar och HGB värdet användes som
en indikator för att kvantifiera spädningsprovernas blodvolym i TG körningarna med KG
värden som referens.
TG bestod av två grupper: Den första undersökte påverkan av HCT och den andra
temperaturen på blodets volym, innan spädningen, i SB. HCT nivåer på 15, 27, 33 samt 58 %
testades först under en konstant 25°C. Andra testgruppen undersökte sedan effekten av 15, 25,
35 och 39°C på ett prov med HCT=33%.
Poängen med dessa TG var att validera SB funktionen. Utfallet visade dock att blodprover
spädda genom SB var högst påverkade av HCT koncentrationen och därmed den oönskade
extrablodvolymen var direkt proportionerlig med den ökade HCT koncentrationen. Däremot
var det ingen volympåverkan på prover spädda via SB med temperaturskillnader mellan 15
till 35°C. Sammanfattningsvis var tyvärr inte experimentets resultat konsekventa med våra
förutsägelser för SB simulatorn då SB inte innefattade och tog hänsyn till hela
spädningsprocessen.
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1. Introduction
Dilution process considered the most critical factor to achieve a good performance for a
haematology analyzer (HA), whereby the blood and dilution reagent are mixed and transformed
into a fixed predetermined mixture with a specific dilution ratio. Thus, this dilution process must
be performed in an accurate and repeatable way to ensure a guaranteed constant, dilution ratio
[5]. In these dilution processes, state of the art hematology analyzers usually utilize rotary shear
valves (SV) for aspirating a very specific volume to be diluted and analyzed. Another frequently
used method is via a micropipette that connects with a syringe sample. More information
regarding the two techniques are described later in section A.6.
Figure 1 shows the initial prototype of the Shear Block (SB), a novel tool designed and simulated
by the R&D Department at Boule Company to be evaluated as a potential blood dilution tool in
their haematological analyzers.

Figure 1. Initial prototype for Shearing Block (SB) tool

The aim behind the SB design was to provide a simple, reliable and inexpensive mechanism to
perform the blood dilution process but generating an equal precision and accuracy as the SV.
Due to it being a passive tool, the energy consumption and cost of the instrument would
significantly decrease.
The blood dilution process via the SB consists of two phases: The first phase as the blood is
aspirated from inlet B1 and is then released and ejected through outlet B2., The second phase is
then initiated and where a dilution reagent (4.5 ml) is allowed to flow through inlet D1 meanwhile
the shearing of the definite blood volume between the B1 and B2 also occurs. The blood volume
between those two vertical channels is assumed to be 20 ±1 μl. This results in the final product
acquired from the D2 outlet to be 1:200 ratio of diluted blood. The SB mechanistic principle is
shown in figure (2) below.
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Figure 2. A cross- section for the SB showing the internal design. The diameter of the all channels is 0.8 mm, the
blood volume between the inlet/outlet B1and B2 is assumed to be 20 ul of blood that will be used in the dilution
process. (SB concept).

The principle of the mechanism for the SB was first simulated by the FS Dynamics Company, to
show and ensure a correct blood volume of approximately 20 1 μl would be mixed up in the
dilution process via SB. Moreover, the FS Dynamics simulation was to depict how the blood
viscosity (through changing the blood HCT) could impact the dilution process. Nevertheless,
simulations show only the second phase of the process as described above and it can therefore
be said that the final results of the dilution process (volume of blood used) cannot be established
from the results of simulation alone. The Simulation results are shown in (Appendix E).
The SB simulation itself uses what is called the Carrera model, a type of generalized Newtonian
fluid model. The model has a particular characteristic in the laminar flow regions, allowing the
fluid to behave as some Newtonian fluids (as long as shear rate has no considerable impact on
viscosity) [43]. In this study, the SB simulation model will be validated experimentally, by
quantifying the blood volume inside SB that will be used in the dilution process under a
controlled flow rate conditions.
The main objective is to test and evaluate the SB performance as a blood dilution tool, by
determining the precision and accuracy of SB performance and estimating the blood volume used
in dilution processes via SB. Moreover, this project had a second objective to perform an
experimental validation of the SB simulation by comparing it with the empirical results to
determine the degree of compatibility between the simulation model and the physical form of the
SB.
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1.1 Scope
Limitations to the scope:
1. Investigate how the blood viscosity can be affected with changes temperature and haematocrit
(HCT), which in turn may affect dilution process of SB by influenced through altering the desired
blood volume inside the SB that will be used in dilution process.
2. Other studies indicated that a storage duration of blood samples more than three days will
affect the features of all haematology parameters except HGB. Therefore, Haemoglobin
concentration (HGB) is the only parameter to be considered for the study [44].
3. To determines if the SB simulation can be matched with physical reality through comparing
the experimental and simulation outcomes and making an assessment for the model accuracy.

1.2 Research hypotheses
Two hypotheses will be investigated experimentally:
1- Changes in blood viscosity, through variations in temperature, affect the dilution process via
SB.
2- The experiments and simulations are consistent in their predictions of the volume of blood
used in the dilution process through changes in the HCT.

1.3 Roadmap of the thesis report
The figure (3) show the roadmap of the study.

Figure 3. Roadmap of the thesis work

The below extended introductory text provides a more detailed and in depth information about
SB tool and its underlying theoretical base. Chapter 2 then moves onto descriptions of materials
and methodological setup of the experiments and the Test Station. Chapter 3 states the results
and findings of the experiments, followed by. Chapter 4 which discusses the results and statistical
analysis of the raw data. Thus, then leading to results being compared to numerical data obtained
from the simulation for validation. Chapter 5 then finally concludes the findings and presents the
possible future works to be done.
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1.4 Design of shearing block
The shear block (SB) was designed using a microchannel structure of 0.8mm in diameter
and with a distance between the vertical channels of 40mm. It was also designed with
vertical “dead-ends” of 3.6mm, as well as horizontal “dead-ends” of 2.0mm. The SB
prototype consists of two sections as shown in figure 4 below. It was manufactured using
conventional processing methods (such as drilling and cutting) due to a quicker and lower
production cost. The SB microchannel was manufactured as two identical parts in both
sections where the diluent reservoir was integrated within the SB to ensure all liquid
(blood and diluent) would be exposed to a constant temperature. Moreover, to prevent
leakage and ensure proper sealing between the two surfaces, a rubber O-ring was placed
in a groove between the two sections. The two sections were then clamped together using
ten bolts (see figure 5).

Figure 4. Cross-sectional views show the two sections for the blood dilution device "SB" with the inner
microchannel structure and reagent diluent reservoir.
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Figure 5. Show The final form and mechanism of SB

1.5 Theoretical base for SB
The work mechanism of SB is based on two methods - The Multiphase Flows and the Laminar
Fluid Diffusion Interface (LFDI). The first one uses Multiphase Flows for Controlling Fluid Path
such as, liquid-liquid flow, and gas-liquid flow [45]. It is a passive means of altering fluid
pathways that depends on the relative flow rates of two fluids as well as the resulting interaction
between interfacial, gravitational, inertia and viscous forces and the wetting behaviour of the
channel walls. Thus, it is considered a passive means of altering fluid pathways, relying solely
on the dominance of interfacial forces in microscale, in additional to the difference in density
between the fluids that flow in the microchannel [46]. The second method, Laminar Fluid
Diffusion Interface (LFDI), is a unique feature for the microfluidics regimes [47]. Where the
fluid flow is passively controlled. This method is based on a diffusion process within laminar
flows (low Reynolds number). LFDI method is aimed to control the interface position and the
diffusion region width of two co-flowing liquids in a microchannel. Fluids in the microchannel
are usually flowing in a highly predictable laminar manner that allows miscible fluids (e.g. whole
blood and diluents) to flow next to each other without any turbulent mixing. The method is
therefore mainly relying on the difference of the concentrations and viscosities in the (liquidliquid) interface area of the fluids that flow in the microchannel [48].
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1.5.1 Fluid Transport Phenomena
Fluid transporting is a combination of convection and diffusion mechanisms. Convection is the
process in which the flow takes place due to the mean motion of the carrier fluid. Whilst the
Diffusion is the process in which the flow is resulting from the random motion of the molecules
within the fluids, occurring even in the absence of any mean flow. Thus, if there is a variation in
concentration across the surface between two liquids, then there is a net transport of molecules
in the direction in which the concentration is decreasing (where the concentration is low) [49]
[50]. The diffusion coefficient can be estimated by using the Stokes-Einstein equation for the
diffusivity:
𝑘𝑇

D= 3𝜋𝜇𝑑

(1)

Where T is the absolute temperature, k is the Boltzmann constant, d is the diameter of the
molecule that is diffusing, and μ is the viscosity of the fluid [51].
1.5.2 Fick's first laws of diffusion
Flux is directly proportional to the difference in particle concentration between two areas. Where
flux is defined as the number of molecules passing through the surface per unit area per unit of
time. This concept known as diffusion Fick's first law [46], which is mathematically defined as:
J= −𝐷

𝐶
𝑋

(2)

Where J is referring to the flux, D is the diffusion coefficient, C is the concentration of particles
and x is the distance. Negative sign in front of D indicates that the diffusion always occurs in
direction opposite to the concentration gradient [51].

1.6 Dimensionless Numbers
Dimensionless numbers are utilized to make the interpretation of basic physical phenomena
easier, as well as to help understand the role of the characteristic length that appears in each
dimensionless number. The SB system may be described in terms of three dimensionless groups:
The Sherwood number, the Reynolds number and the bond number. See the below explanations
for each of the three [52].
1.6.1 Sherwood number (Sh)
The Sherwood number, is a dimensionless number, representing the ratio between the convective
mass transfer and diffusive mass transfer in a system, defined as:
𝑆ℎ =

𝐾𝐿
𝐷

(3)
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Where K is referring to the mass transfer coefficient, L is the characteristic length for the system
(for instance channel diameter), and D is the diffusion coefficient. Due to the presence of the
characteristic length scale in the numerator the Sherwood number for microfluidic systems is
very low. Therefore, the diffusion mechanism is predominant and has a greater significant effect
[53].
1.6.2 Reynolds number (Re)
The Reynolds number (Re) is a dimensionless parameter that used to determines the transition of
regimes from laminar to turbulent. It is the ratio between inertial and viscous forces. The viscosity
is the internal friction of a fluid layers that produces a resistance to shear, thus a tendency for the
fluid to flow in parallel layers that known as laminar flow. Whilst the inertial force is the tendency
of matter to continue in its existing state of motion, is inversing the laminar flow and can
ultimately result in a turbulent flow. Quantitatively, the Reynolds number is calculated as:
𝑅𝑒 =

𝑢𝑑
𝑣

(4)

Where u refers to the flow velocity, v is the viscosity, and d is the channel diameter. So, as long
as the viscous force is adequately high, the laminar flow prevails in flow channels. Since
Re ∝ d, the small dimensions of the microchannel are responsible for a very low Re, which results
in the laminar flows. Indeed, for most microchannel applications the Re < 1, which ensures that
the mixing between two streams, in contact with each other in the microchannel, occurs only
through diffusion and no convective mixing of fluids occurs.
Therefore, the interface between the miscible liquids that come in contact during a short time,
with a low flow rate will be kinetically steady and remain clearly defined. However, the region
of diffusion interface will become broader if the contact time increased [53].
1.6.3 Bond number (Bo)
The Bond Number (Bo) is another dimensionless number. It represents the ratio between the
inertia forces and the surface tension forces between two fluids that differs in their density and
flow through the microchannel. The Bo is defined as:
𝐵𝑜 =

∆𝜌𝑎𝐿2
𝛾12

(5)

Where Δρ is the density difference for the fluids across the interface, a is indicate to the
acceleration associated with the inertia force, (which in most cases is represent the gravity), L
the length scale (typically the diameter of a channel), and ϒ12 is denote the interfacial tension
between the fluids 1 and 2. As the length scale is reduced (microchannel), the magnitude of the
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inertia forces proportion to the surface tension forces rapidly decreases, thereby reducing the
Bond number. Thus, the interfacial force will become dominant [52] [53].
Table 1.1 Important dimensionless numbers in microfluidic systems used to characterize the
state or behaviour of a fluid in a specific geometry and used to determine dominant forces
in a microfluidic regime.
Dimensionless
Mathematical
Definition
Microfluidic advantage
number
expressions
Reynolds number
(Re)

Ratio of inertial

𝑢𝑑
𝑅𝑒 =
𝑣

forces to
viscous forces

Typically, Re is small:
Results in laminar flow for
most microfluidic
applications.

Ratio of
Sherwood number
(Sh)

Bond number
(Bo)

𝑆ℎ =

𝐾𝐿
𝐷

∆𝜌𝑎𝐿2
𝐵𝑜 =
𝛾12

convective to
diffusive mass

Typically, Sh is small:
Diffusion is more important
with smaller dimensions.

transfer
Ratio of inertia

Typically, Bo is small:

forces to surface

Meaning, the interfacial force

tension forces

will become dominant.
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2. Materials and Methods
Below is outlined the experimental setups and designs through accurate descriptions of the
method procedures, the equipment and materials used, allowing for a possible replication of the
study if desired.

2.1 Materials
The materials (and any equipment) used in the experiments, are described in the material section.
2.1.1 Blood sample
A blood bag was purchased from Karolinska University Hospital and was used throughout the
experiments. The blood bag was placed at room temperature for 30 minutes and after on a
mechanical mixing rocker for roughly 10 minutes, until an evenly distributed blood colour
appeared. The blood was then poured into 40 EDTA tubes, approximately 10 ml per tube. All
blood when not being analyzed was stored in a refrigerator. The blood concentration (HCT) was
adjusted to the four tests groups 18%, 27%, 33%, 58%, with each group consisting of 5 tubes.
To obtain these desired concentrations, the blood sample were centrifuged at 3000 rpm for 10
minutes to separate the RBCs from the other blood constituents. The collected blood plasma was
then removed to obtain a high concentration of blood. Through the addition of blood plasma, the
blood concentration is reduced. Manipulation of whole blood samples via centrifugation to obtain
the specific desired concentration limits is a normal and standard procedure.
2.1.2 Diluent Reagent
Diluent reagents are isotonic solutions used in haematological analyzers to allow for analysis
of blood samples. It is critical to dilute the blood with diluent reagent for several reasons:
1- Dilute the blood for analysis WBC, RBC, PLT, and HGB;
2- In order to maintain the cellular form (size) during the analysis process;
3- Used to provide appropriate background values for the system;
4- used for cleaning WBC, RBC measuring chambers and fluid directions (tube).
2.1.3 Electronic Micropipette
To ensure the minimum added systematic and random errors of manual pipettes affecting the
results at these small volumes, the electronic pipette shown in figure 6, was used throughout
the experiment. Allowing for more control over the human influence on the results
measurement. For each HCT blood concentration tested (18%, 31%, 33%, and 58%) the
calibration of electronic micropipette was checked to determine the difference between the
actual pipetting volume and the selected volume. Refer to (Appendix D) for more information.
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Figure 6. Electronic pipette1

2.1.4 The Medonic Series M32
Medonic Series M32 is a 3-part differential automated haematology analyzer system for in vitro
diagnostics. All measured parameters, except HGB, are based on the principle of impedance,
which instead is based on photometry. For more information regarding the Medonic M32, refer
to section A.5. The system contains two probes, the first one is the whole blood sample probe,
which only aspirates whole blood for analysis. The second is the Pre-dilute probe with two
functions:
1. Aspirates the pre-diluted samples (diluted outside the device)
2. Automatic dispensing of diluent (4.5 ml diluent reagent).
The main reason for using the Medonic M-series M32 was due to its pre- dilution analysis mode,
allowing for the analysis of samples that have been diluted outside the device (i.e. SB).
The Medonic M32 allows for dilution ratios in the span of 1:200 - 1:300 to be analyzed. The
1:200 dilution ratio is equal to 20 μl of blood mixed with 4.5 ml of diluent.
The system has been tested according to the instructions in the user manual and through using
the recommended reagents, controls and calibrators. For more information about the Quality
control report that has been followed for evaluating the devices precision and accuracy, refer to
the (Appendix G). Thereafter, CV=1% was calculated for HBG parameter by analysed a normal
control sample (N=80) with CI= 95% and  = 5%.
2.1.5 Test Station
To test and evaluate SB performance as a blood dilution tool, a fully automated test station (TS)
was built. TS consists of three main parts: Mechanical Components, Electronic Components and
Software. Each part will be explained briefly.

1

https://www.thermofisher.com/order/catalog/product/46200400
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(A) Mechanicals components (front side)
All mechanical parts of the TS system can be shown in figure (7). This system has the possibility
of complete automation control. This automated TS system was constructed to be used for
performing dilution process via the SB, through mixing a metered volume of a blood sample and
a diluent reagent.

Figure 7. Photo illustrating the mechanical parts that assembled at the front of the TS.

Table 2.1 The mechanical parts for the Test Station
No

Items

1

Shearing Block

2&3

Rotary shearing valves

4&5

Syringes pump (sample and diluent)

6&7

Slider valves

8

Solenoid valve

9

Inlet whole blood, where the whole blood sample be aspirated

10

Outlet for dilution sample, where the diluted blood comes out

11

Waste pump

12

heatsink/fan combination

13

Peltier Element and temperature sensor between heatsink and
SB
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(i) Rotary shearing valve & Slider valves
The SB working principle is based on a valveless microchannel structure where the blood and
diluted reagent come into contact. Therefore, any disturbance in the flow regime due to the action
of outside valves (open and close) in any of SB inlets, might have a significant effect to inducing
mixing between the two miscible liquids (blood and diluent). The slider valve is a solenoid-driven
linearly-actuating valve that performs the same functions as a motor-driven rotary valve. The
only difference besides its compact size, is that it is more easily controlled in comparison to a
motor-driven rotary shear valve type. It is simply driven by the ON-OFF operation and no special
driver is required. However, both type is beneficial, as there is no structural change in the internal
volume during the valve operation, meaning there is no pumping volume. Moreover, the dead
volume (small amount of blood that may stay in the valve) has also been reduced to nearly zero,
in order to reduce the carry over effect.
(ii) Syringes pump (sample & diluent)
Two syringe pump models (NE-1000) for infusion and withdrawal of blood sample and diluent
reagent were used in TS. It has many features such as:
● programmable
● controlled via a microcontroller-based system that drives a stepper motor which is allowing
large ranges of pumping rates
● RS-232 bi-directional control
(iii) Peltier Element
Figure (8) shows the Peltier element (Thermoelectric) used for heating and cooling the SB below
or above the ambient temperature. With this Peltier element and its control unit, the blood sample
inside the SB are brought to the desired temperature extremely fast and with utmost accuracy.
Unlike other conventional cooling systems, the Peltier element is a compact, cheap and solidstate unit. It is also extremely reliable and maintenance free.

Figure 8. Typical 40x40mm Peltier element

As shown in the fig (9) below, the accuracy of Peltier and its electrical controller device was
checked to ensure that the desired temperature was compatible with the set temperatures using
another accurately calibrated thermometer. Results can be found in (Appendix B).
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Figure 9. Checking of the temperature accuracy of the Peltier element and its controller unit
via a calibrated thermometer with two thermal sensors (one in contact with the SB where the
Peltier is assembled, and the other sensor in contact with the heat sink).

(B) Electronical components (back side)
In figure (10) and table (4) the electronic components that have been used to control TS are
depicted. Each electronic part with its specific function, will briefly be described below.
Figure (11) then further shows the connections between the electronic components in the TS.

Figure 10. Depicting the backside of the test station containing the electronic parts
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Table 2.2 The electronic components used for the test station
No
Items
1

AC/DC converter

2

DC/DC converter

3

Power supply board (BM850)

4

Valve board driver (BM850)

5

USB power board

6

Power and control box of shearing valves

7

Peltier-Controller TC0806-RS232

8

Raspberry Pi 3 Model B

(i) AC/DC converter
Main power adapter AC/DC converter used to supply 24V DC output from a power supply of
220V AC.
(ii) DC/DC converter
The DC/DC converter is used to convert 24V DC to 12V DC to deliver the correct voltage to the
mechanical components of TS (such as the syringe pump and the Peltier Controller).
(iii) Power supply board (Same board in Medonic Series M32)
The board is used to generate and regulate the main 24V DC voltages required for the valves of
the board and the waste pump. It also supplies the Raspberry Pi with 5V DC via the USB power
board.
(iv) Valves board driver (Same board in Medonic Series M32)
The valve driver board is mainly used for controlling the status of the valves (ON/OFF) in the
TS. This board is controlled via the Raspberry Pi through the serial port RS232.
(v) USB power board
This board was used to perform two functions: provide the 5V DC that Raspberry Pi needs to
work. And to connect the Power supply board with (GPIO Number 11) (in the Raspberry Pi), for
controlling the function of the waste pump.
(vi) Power and control box of shearing valves
This small black box has two functions: providing the correct voltage for both rotary shear valves
(24V DC). And to connect them to the Raspberry Pi via the serial port RS485 for controlling its
work.
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(vii) Peltier-Controller model TC0806-RS232
This component was used to control the thermoelectric elements (Peltier) to keep it in a fixed
specific temperature by automatically switching of the voltage polarity, and also to switch the
Peltier's two sides from heating to cooling or vice versa.
(viii) Raspberry Pi 3 Model B
Raspberry Pi is a small computer that can be considered a good platform of choice for various
projects including this one. It is considered as a full-size computer on a board - a motherboard
that has the processor, RAM, graphics processor, network controller, and USB (Universal Serial
Bus) controller etc. built onto it. It was here used to control the TS via computer.

Figure 11. Schematic diagram illustrating how the electronic components in the TS are connected

(C) Software
In order to run the TS hardware parts, two programs were used - PyGring and GrindRunner, both
developed by Boules R&D department. The “PyGrind”, is an embedded Python-based program
that runs on a Linux operation system run on a Raspberry Pi. This program embodies all drive
routines of the TS hardware. Figure (12) shows the GUI of the second program called
“GrindRunner”, a Windows based program used to facilitate the automatic control of the
hardware in the TS. The program used a (.lqp) file that contains script data for complete TS
automated cycle run. Refer to (Appendix C) to see the full cycle script for TS used in this project.
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Figure 12. GUI of second program called “GrindRunner” used to control the TS

Network sockets with TCP/IP (Transmission Control Protocol/Internet protocol) were used to
handle the communication between GrindRunner and PyGrind. The details of the program and
the network protocols are not necessary to be discussed in the scope of this study.

2.2 Methods
The remaining part of this chapter will explain the experiments and measurements performed.
along with explanations of the calculations and statistical techniques applied on the raw data.
2.2.1 Experimental Work
The main purpose of this work is to test and evaluate SB performance as a dilution tool under
varying temperatures and haematocrit concentrations. The assumption is that these two
parameters effect blood viscosity, which in turn affects the dilution process. Figure (13) shows
the variation levels the blood dilution process via SB will be tested. The dilution process is
assumed to be repeatable and to have a fixed dilution ratio 1: 200: equal to 20µl of blood mixing
with 4.5 ml of diluent. The mean value for HGB concentration parameter will be used as an
indicator for assessing the blood volume used in the dilution process via SB.
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Figure 13. Shows the combination of, temperature and HCT variations for the two experiments. Firstly, the
effect of temperature on the SB dilution process will be tested, with a fixed blood’s HCT at 33%. While in the
second experiment the effect of a varying concentration of HCT, with a fixed temperature 25°C.

The study consisted of two groups, with the same blood sample used for both of them. The first
group called Test Group (TG) had the blood sample diluted via SB by means of TS. The blood
diluted was analysed on the Medonic M-series System, providing the results of the HGB
concentration (Cs). The results of the HGB is expressed in units of mass per volume of solution
(e.g., g/dl). The blood amount (Ms) that must be diluted through SB is considered as the unknown
value. The diluent volume (Vs) which is equal to 4.5 ml, was used to produce the desired dilution
ratio 1:200. Note that Vs, is considered the final or total volume of dilution after the addition of
the blood to the diluent.
The second group Control Group (CG), is diluted by the use of an Electronic Pipettes for
aspirating a known blood amount (Mc) that will be mixed with diluent volume (Vc) equal to 4.5
ml, obtained from the dispense function in Medonic M-series System. Finally, the dilution blood
will be analysed in Medonic M-series System to measure the HGB concentration (Cc).
For all parameters mentioned above, Ms is the only unknown parameter. This as it is difficult to
find a direct method for measuring the exact blood amount that will be used with SB dilution
process. Therefore, to estimate the Ms, the results of the HGB concentration of both TG and CG
will be compared.
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Cs=

𝑀𝑠
𝑉𝑠

(6)

Cc=

𝑀𝑐
𝑉𝑐

(7)

Since:
● The same blood has been used for both groups
● Vs is equivalent to the Vc, which is equal to 4.5ml
● The mean concentration of the measured HGB of both test group (Cs) and control group (Cc)
was analysed on the same system (Medonic M-series).
● Mc is a known value, aspirated by means of an Electronic Pipettes
The two above equations can therefore be combined to give:
𝑀𝑠
𝐶𝑠

=

𝑀𝑐
𝐶𝑐

(8)

This can then be further rearranged to solve for Ms (the unknown blood amount that will be
diluted via SB):
𝑀𝑠 =

𝑀𝑐∗𝐶𝑠
𝐶𝑐

(9)

2.2.2 Estimating Sample Size
The below formula will be used to estimate the sample size used in this work

𝑁=

2(𝑍1−𝛼 +𝑍1− 𝛽 )2
2

(10)

𝜇 −𝜇
( 0 1 )2
𝜎

Where:
 is The Type I Error, which is the Probability of rejection the null hypothesis when it is true, and is also
denoted as a significance level of the test
 is The Type II Error, which is the Probability of not rejecting the null hypothesis when it is false
1 –  represents the power of the Probability of rejection of the null hypothesis when it is real false
0-1 The Means under the null and alternative hypotheses

For above, it can be seen that the formula of the Sample size is influenced by three factors – the
power, significance level, and magnitude of the difference (effect size). Therefore, a total sample
size of N = 30 is required with  = 0.05, confidence interval (CI) 95% and with an estimating
effect size equal to 0.75.
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2.2.3 T- Test and Effect Size
T-Test: Paired Two Sample from the data analysis were built-in as a function in
the Microsoft ® Excel for Mac version 15.36 (2017), to enable the hypothesis of the study to be
examined. According to t-test, in order to reject the null hypothesis (H0) in favour to the
alternative hypothesis (HA), the condition |t-critical|  |t-obtained| must be achieved. The effect
of size indicates whether or not the difference between the two group’s average is large enough
to have practical significance, whether it is statistically significant or not. A low effect of size
(< 0.2) means that there is not much difference between the two groups. In contrast, a high effect
of size (> 0.8) means that there is a meaningful difference between the two groups. Values found
between, in the “middle” can instead be noted as being “observable” or “noticeable".
Cohen's d = (M2 - M1) ⁄ SD pooled
Where:
SD pooled = √ ((SD12 + SD22) ⁄ 2

2.2.4 Test procedure
The study was performed at Boule Diagnostics AB. With all experiments and blood samples
performed at room temperature (21-24ºC). A comparative study was conducted between the new
dilution tool where the TG would be diluted, and sophisticated electronic micropipette where the
CG would be diluted. To assess the accuracy and precision of SB performance, the mean value
of HGB for both two groups were statistically compared. A Blood sample from one normal
healthy adult was used for all the experiments. The HCT concentration was adjusted to the four
tests groups 18%, 27%, 33%, and 58%. The temperature was maintained as constant at 25±1C
except for those experiments in which the effect of temperature change was studied and tested at
15±1C, 25±1C, 35±1C, and 39±1C.
A - Preparation of the TS
The figure (14) shows the experimental setup of the Test Station that was used throughout the
study. The below points are critical considerations prior to executing the experiments with TS.
1. At the beginning of each test, depending on the conditions of the experiment, the SB
temperature should be set by the Peltier controller and wait until the desired temperature is
reached
2. It should be ensured that the whole systems including the SB, are free from air bubbles.
Because even a very small amount of air, known as microbubbles, have the potential to influence
the results
3. It should be ensured that the reagent bottles are filled with the same dilution reagent that is
used in the Medonic M Series device.
4. Grind Runner program in the computer should be opened and the (. lqp) file should be
uploaded. This file is used for all experiments. Refer to (Appendix G) for more information about
(.lqp) file.
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Figure 14. Schematic diagram of experimental setup of the Test Station

B - Preparation of the instrument (Medonic M-series)
1. The system performance according to the Operator's Manual for the instrument must be
checked.
2. The appropriate start up and maintenance procedures must be performed.
3. The background counts and the control results should be acceptable and within recommended
limits.
4. The instrument precision must be checked by running of a normal whole blood sample at
least three times, followed by calculated statistical parameters such as the coefficient of variation
to ensure acceptable limits.
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5. If the instrument is not operating properly, the malfunction must be identified and the
appropriate troubleshooting procedures should be performed before proceeding further.
6. The instrument should be examined if calibration is acceptable before proceeding.
C - Test 1 - Temperature effect on the SB dilution process
The experiment was performed to test the first hypothesis of this thesis, split into the null (H 0)
and alternative hypothesis (HA).
H0: Temperature changes have no effect on the blood diluted via SB.
HA: Temperature changes have an effect on the blood diluted via SB.
These hypotheses were tested through the experiments conducted as follows:
1. The same whole blood sample with HCT=38%, used in both TG & CG.
2. Dilution process should be run for the TG (N= 30) at each temperature 15°C, 25°C, 35°C,
and 39±1°C via the TS. This gives a total number of sample runs equal to 120.
3. All the TG samples N=120 are analysed on the Medonic M32, in order to obtain the HGB
values.
4. The dilution process for CG (N=30) should be run using the Electronic Micropipette for
aspirating the blood before it is then mixed with 4.5ml of diluent reagent obtained from the
Medonic M32’s dispensing function, (to get a desired dilution ratio 1:200).
5. The Final blood dilution N= 30 must be Analysed on the same Medonic M32 system to obtain
comparable HGB results.
6. The instrumental results from the Medonic M32 are to be exported from the analyzer to a
USB into an Excel Sheet.
7. The blood volume used in the dilution process via SB should be assessed by applying the
equation (9) above.
8. The T-test effect size is then performed to check the hypothesis below
H0: μ1 = μ2
Ha: μ1 ≠ μ2

Where:
µ1: the mean value of the HGB for the TG at 25±1C
µ2: the mean value of the HGB for the TG at 15°C, 35°C, and 39±1°C

D - Test 2 - Effect of HCT on the dilution process via SB
To test the second hypothesis of this thesis, two new null (H0) and alternative hypothesis (HA)
were set up.
H0: The Experiment and simulation results are consistent in their predictions of the magnitude of
blood used in the dilution process.
HA: The Experiment and simulation results are not consistent in their predictions of the
magnitude of blood used in the dilution process.
To test these hypothesis, the following experiments were conducted:
1. The same blood sample was used in both TG & CG
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2. The whole blood sample with different HCT 18%, 31%, 38% and 58% was tested.
3. The temperature of the SB was at a fixed temperature of 251 C
4. The dilution process was run for the TG (N= 30) at each of the varying HCT concentrations
of 18%, 31%, 38% and 58% by means of the TS. Resulting in a total number of runs equal to
120.
5. For each run, the HGB concentration was obtained by analysing the blood dilution on the
Medonic M32 system.
6. The dilution process was performed at room temperature (23.6±1 °C) for the CG (N=30) at
each of the HCT concentration levels 18, 31, 38 and 58% by using the Electronic Micropipette
for aspirating the blood sample and mixing it with 4.5ml of diluent obtained from the Medonic
M32 dispensing function, (to get the desired dilution ratio 1:200).
7. The final blood dilution on the same Medonic M32 system should be analysed to obtain HGB
results.
8. The instrumental results from the Medonic M32 are to be exported from the analyzer to a
USB into an Excel Sheet.
9. The blood volume used in the dilution process via SB should be assessed by applying equation
(9).
10. The T-test effect size is then performed to check the hypothesis below
H0: μ1 = μ2
Ha: μ1 ≠ μ2

Where:
µ1: the mean value of the HGB for the TG
µ2: the mean value of the HGB for the CG
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3. Results
The raw data collected is exported automatically into an Excel sheet from the Medonic M series,
(see Appendix F). This chapter will depict the obtained results in tabular and graphical form. The
tables provide structured numerical statistical information, while the graphs illustrate the
relationship between the variables and the group’s results to more easily view and compare.
In order to identify significant differences in between the TG and CG group, a t-test statistical
analysis was conducted. The t-test was chosen for the comparison of mean HGB of TG versus
the mean HGB of CG and to investigate whether the median difference between the pairs of
results within one group or between the two groups respectively is equal to zero. The t- test was
also used to find the probability value (p-value), where a value of p < 0.05 was considered
statistically significant.
The mean and standard deviation (SD) of HGB for each group was calculated and then used to
calculate the variation coefficient (CV %, The standard deviation divided by the mean value of
30 measured for a single sample by 100%). The TG blood volume (Ms) and the unwanted blood
volume has been also calculated.

3.1 Temperature effect on SB dilution process
Table 3.1 Contains statistical summaries of results of mean HGB g/dl for control (CG) and test
(TG) groups, with blood sample HCT =33% at different temperature (15C, 25C, 35C ,39 C).
N=30 for each test group. The group’s variable name, along with the HGB mean SD, 95% Cl,
and CV% is represented.
Table 3.1 The result of mean HGB g/dl for control (CG) and test (TG) groups, with blood
sample HCT =33% at different temperature. N=30 for each group.
Groups Name

HGB(g/dl) Mean  SD

95% CI

CG at 23.6 °C

*Cc= 12.54 0.17

12.47

12.60

1.32

TG at 15 °C

*Cs= 14.36 0.19

14.29

14.43

1.32

TG at 25 °C

Cs= 14.37 0.19

14.30

14.44

1.31

TG at 35 °C

Cs= 14.37 0.22

14.29

14.45

1.51

TG at 39 °C

Cs= 14.61 0.23

14.52

14.70

1.69

CV%

*The Cc & Cs represented the HGB mean concentration for Control & Test group respectively

Table 3.2 shows the mean volume, SD and CV% for the electronic micropipette that has been
used for aspiration and dispensing blood in the dilution process for the CG. The table shows the
blood volume at each HCT 18, 27, 33 and 58% tested. (Refer to Appendix D).
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Fig (15) box plots showing statistical distribution of mean HGB (g/dl) for CG & TG at different
temperature evaluated for N= 30 at = 5% and 95% Cl.
Table [3.2] The blood volume of the CG that aspirated by means of the electronic
micropipette.

HCT %

18%

27%

33%

58%

Mean blood volume
(N=20)

21.04 l

21.05 l

21.05 l

21.15 l

SD

0.079

0.066

0.079

0.074

CV%

0.379

0.313

0.375

0.353

3.1.1 Estimating Blood volume used in the SB dilution process
For the assessing the influence of temperature changes upon the blood volume that was used in
dilution process via SB, Equation (9) will be used.

𝑀𝑠 =

𝑀𝑐∗𝐶𝑠
𝐶𝑐

(9)

Where:
Ms represented the blood volume for the TG (that will be calculated)
Mc is the blood volume of the CG
Cs & Cs the mean HGB value for the TG and CG

Table 3.3 The Ms (blood volume of the TG) as an output from equation (9)
Unwanted blood volume
Groups Name
Blood Volume
Ms-Mc
TG at 15 °C

Ms= 24.10  0.14 l

3.05 l

TG at 25 °C

Ms= 24.12  0.09 l

3.07 l

TG at 35 °C

Ms= 24.12  0.09 l

3.07 l

TG at 39 °C

Ms= 24.52  0.15 l

3.47 l

Table 3.3 shown the blood volume Ms for the TG that has been calculated from equation (9).
Both the Cc and Cs that referring to the mean HGB of CG and TG can be found in table (3.1),
while the Mc, (the blood volume of the electronic micropipette for the same blood sample at
HCT=33%) can be found in table (3.2).
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Figure 15. Box Plots showing statistical distribution of HGB g/dl for CG & TG at different temperature
evaluated for N= 30, at = 5% and 95% Cl. For each box plot, the bold line in the centre indicates the median,
and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The whiskers
extend to extreme data points that are not considered as outliers. (+ Symbol indicates outliers).

The Box plots in figure (15) has been used to show the overall response of TG & CG groups at
different temperatures. It provides a useful way to visualize the variation range among the groups.
However, many of the details about the data distribution was not revealed in the box plots.
Therefore, these details are examined in the table (3.4) to provide basic information regarding
data distribution for each box plots.
Table 3.4 Summary of the data that display in the box plot dl for CG & TG at different
temperature.
Inter1st
Media
3rd
Test Gropes
Min
95% CI
Max
quartile
Quartile
n
Quartile
range
CG at 23.6
12.1
12.50
12.50
12.50 12.60
12.60
12.8
0.10
°C
TG at 15 °C

14.0

14.20

14.40

14.30

14.40

14.50

14.8

0.30

TG at 25 °C

14.0

14.29

14.40

14.30

14.50

14.50

14.8

0.21

TG at 35 °C

14.0

14.20

14.35

14.30

14.50

14.50

15.0

0.30

TG at 39 °C

14.2

14.40

14.60

14.50

14.80

14.80

15.0

0.40
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3.1.2 Statistical data analysis
A- T-test for TG at different temperatures (15°C, 25°C, 35°C and 39°C)
The t-test was performed between TG results (HGB mean). The temperature at 25 C was used
as the reference temperature to compare the other TG at 15°C, 35°C and 39 C. Tables (3.3),
(3.4), (3.5) shows the outcomes from the Excel data analysis software, (Excel calls this test
“t-Test: Paired Two Sample for Means”). The output of data analysis in the tables below are
pretty straightforward. The values of t and p appear at the bottom of the tables. And a blue text
indicates a significant result whereas a red indicates it is not significant. Effect size has only been
calculated if the effect is statistically significant, therefore only calculated if an assumed effect
is considered.
For all the tables below, t-Critical = 2.05, the evaluation of the t-obtained value was based on
alpha (α) = 0.05 and a two-tailed hypothesis with confidence interval of (CI) 95%. However, we
should recall that, to reject the null hypothesis, the absolute value of t-obtained must be equal to,
or more than, the t-critical value.
|t-critical|  |t-obtained|
Table (3.5) T-Test: Paired Two Sample for Means Blood
sample with HCT = 33%

Mean
Variance
Sample size
Hypothesized Mean
Difference
df
t Stat
P(T<=t) two-tail
t Critical two-tail
Cohen's d

TG

TG

at 25 C

at 15 C

14.370
0.036
30.00

14.360
0.036
30.00

0.00
29
0.204
0.840
2.05
-

For tables (3.5) There was no significant difference in the HGB mean values between the
paired TG at 25C and 15C, t (29) = 0.204, p > .05.
|0.204| > |2.05| meaning we do not reject the null hypothesis.
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Table (3.6) T-Test: Paired Two Sample for Means Blood
sample with HCT = 33%

Mean
Variance
Sample size
Hypothesized Mean
Difference
df
t Stat
P(T<=t) two-tail
t Critical two-tail
Cohen's d

TG

TG

at 25 C

at 35 C

14.37
0.036
30.00

14.37
0.047
30.00

0.00
29.00
0.06
0.95
2.05
-

For tables (3.6) There was no significant difference in the HGB mean values between the
paired TG at 25C and 35C, t (29) = 0.06, p > .05.
|0.06| > |2.05| meaning we do not reject the null hypothesis.

Table (3.7) T-Test: Paired Two Sample for Means
Blood sample with HCT = 33%

Mean
Variance
Sample size
Hypothesized Mean
Difference
df
t Stat
P(T<=t) two-tail
t Critical two-tail
Cohen's d

TG

TG

at 25 C

at 39 C

14.37
0.036
30.00

14.61
0.052
30.00

0.00
29.00
5.34
1 < 0.00
2.04
1.30

For tables (3.7) There was significant difference in the HGB mean values between the paired
TG at 25C and 39C, t (29) = 5.34, p < .05.
|5.34| > |2.05| meaning we reject the null hypothesis
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B- T-test between the TS and CG at different temperatures (15, 25 ,35 ,39 °C)

Table (3.9) T-Test: Paired Two Sample for
Means, same blood sample with HCT = 33%

Table (3.8) T-Test: Paired Two Sample for
Means, same blood sample with HCT = 33%

CG

TG

CG

TG

at 23.6C

at 39 C

at 23.6 C

at 35 C

Mean
Variance
Sample size
Hypothesized
Mean Difference
df
t Stat
P(T<=t) two-tail

12.54
0.03
30.00

14.61
0.05
30.00

12.54
0.03
30.00

14.37
0.05
30.00

t Critical two-tail

2.05

Cohen's d

10.48

Mean
Variance
Sample size
Hypothesized
Mean
Difference
df
t Stat
P(T<=t) two-tail
t Critical twotail
Cohen's d

0.00
29.00
-36.30
1 < 0.000

at 23.6C

TG
at 25 C

Mean

12.53

14.37

Variance
Sample size
Hypothesized
Mean Difference
df

0.03
30.00

0.04
30.00

t Stat

-39.57

P(T<=t) two-tail

1 < 0.000

t Critical two-tail

2.05

Cohen's d

10.50

29.00
-36.37
1 < 0.000
2.05
9.57

Table (3.11) T-Test: Paired Two Sample for
Means, same blood sample with HCT =33%

Table (3.10) T-Test: Paired Two Sample for
Means, same blood sample with HCT = 33%

CG

0.00

Mean
Variance
Sample size
Hypothesized
Mean
Difference
df
t Stat
P(T<=t) two-tail
t Critical twotail
Cohen's d

0.00
29.00
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CG

TG

at 23.6C

at 15 C

12.54
0.03
30.00

14.36
0.04
30.00

0.00
29.00
-36.48
1 < 0.000
2.05
10.15

•

For table (3.8) There was significant difference in the HGB mean values between the
TG at 39C and CG at 23.6 C, t (29) = -36.30, p < .05.
|-36.30| > |2.05| meaning we reject the null hypothesis.

•

For table (3.9) There was significant difference in the HGB mean values between the
TG at 35C and CG at 23.6 C, t (29) = -36.37, p < .05.
|-36.37| > |2.05| meaning we reject the null hypothesis.

•

For table (3.9) There was significant difference in the HGB mean values between the
TG at 25C and CG at 23.6 C, t (29) = -39.57, p < .05.
|-39.57| > |2.05| meaning we reject the null hypothesis.

•

For table (3.9) There was significant difference in the HGB mean values between the
TG at 15C and CG at 23.6 C, t (29) = -36.48, p < .05.
|-36.48| > |2.05| meaning we reject the null hypothesis.

3.2 HCT effect on SB dilution process
Table 3.12 The result of mean HGB g/dl for control (CG) and test (TG) groups, with blood
sample at different HCT % in constant temperature 25C, N=30 for each group
HGB
Groups Name
95% CI
CV%
Mean SD
At HCT 18%: CG

Cc = 6.26 0.08

6.23

6.29

1.21

At HCT 18%: TG

Cs = 7.33 0.11

7.29

7.37

1.52

At HCT 27%: CG

Cc = 10.25 0.13

10.20

10.30

1.31

At HCT 27%: TG

Cs = 11.63 0.17

11.57

11.70

1.46

At HCT 33%: CG

Cc = 12.48 0.20

12.40

12.55

1.64

At HCT 33%: TG
At HCT 58%: CG

Cs = 14.14 0.19
Cc = 20.91 0.35

14.07
20.78

14.21
21.04

1.33
1.66

At HCT 58%: TG

Cs = 26.47 0.42

26.31

26.62

1.60

Table 3.12 Contains statistical summaries of results of the mean HGB g/dl values, for control
(CG) and test (TG) groups, with blood sample with a different HCT of 18, 27, 33 and 58% at a
constant temperature 25C. N=30 for each test group at each level. The rows represented the
group’s name, while the table columns show, the mean of HGB value  SD, 95% Cl, CV% for
each group.
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3.2.1 Estimating Blood volume used in the SB dilution process
Table 3.13 shown the blood volume (Ms) for the TG that has been calculated from equation (9).
Both the Cc and Cs that are referring to the mean HGB of CG and TG respectively can be found
in table (3.12), while the Mc, which is the blood volume of the CG (electronic micropipette) for
the same blood sample at different HCT) can be found in the table (3.2). In fig (16) the box plots
show the statistical distribution of the HGB (g/dl) for CG & TG, at a constant temperature
T=25C as well as different HCT evaluated for N= 30 at = 5% and 95% Cl.
Table 3.14 provides a summary of the data that is displayed in the box plot. The unwanted blood
volume is the difference between the blood volume Ms of the TG and the Mc from CG.
Table 3.13 The Ms (blood volume of the TG) as an output from applying
the equation (9)
Unwanted
Groups Name
Blood Volume
blood volume
Ms-Mc
HCT 18% CG

Mc=21.04 0.07 µl
3.5 µl

HCT 18% TG

Ms=24.63 0.08 µl

HCT 27% CG

Mc=21.05 0.06 µl

HCT 27% TG

Ms=23.88 0.04 µl

HCT 33% CG

Mc=21.05 0.07 µl

HCT 33% TG

Ms=23.85 0.05 µl

HCT 58% CG

Mc=21.15 0.07 µl

HCT 58% TG

Ms=27.16 0.19 µl

2.8 µl

2.8 µl

6 µl
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Figure 16. Box Plots showing statistical distribution of HGB g/dl for CG & TG at constant temperature T=25C
and at different HCT, evaluated for N= 30 at = 5% and 95% Cl. For each box, the bold line in the centre
indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles,
respectively. The whiskers extend to extreme data points that are not considered as outliers. (+ Symbol indicates
outliers).

Table 3.14 Summary of the data that display in the box plot for CG & TG at constant temperature
T=25C and at different HCT.

3rd
Quartile

Max

Interquartile
range

6.30

6.30

6.4

0.10

7.30

7.40

7.40

7.5

0.11

10.20

10.20

10.30

10.31

10.6

0.11

11.59

11.70

11.60

11.70

11.71

11.9

0.12

12.1

12.30

12.50

12.40

12.60

12.60

12.8

0.30

TG at HCT 33

13.8

14.00

14.10

14.00

14.20

14.30

14.5

0.30

CG at HCT 58%

20.2

20.70

20.85

20.80

21.10

21.20

21.8

0.50

TG at HCT 58%

25.9

26.10

26.45

26.20

26.70

26.71

27.3

0.61

Min

1st
Quartile

Media
n

CG at HCT 18%

6.1

6.20

6.30

6.20

TG at HCT 18%

7.1

7.29

7.30

CG at HCT 27%

10.0

10.20

TG at HCT 27%

11.2

CG at HCT 33%

Groups Name

95% CI
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3.2.2 Comparison between the TG versus vs. CG at different HCT
For all the tables below, t-Critical (two-tail) = 2.05. The evaluation of the t-obtained value was
based on alpha (α) = 0.05 and a two-tailed hypothesis with confidence interval (CI) 95%. We
should also recall that, to reject the null hypothesis, the absolute value of t obtained must be equal
to, or more than, the t-critical value.
|t-obtained| > |t-critical|

Table (3.15) T-Test: Paired Two Sample for
Means at 25 C and HCT = 18%

Table (3.18) T-Test: Paired Two Sample for
Means at 25 C and HCT = 58%
CG

Mean
Variance
Sample size
Hypothesized
Mean Difference
df
t Stat
P(T<=t) two-tail
t Critical two-tail
Cohen's d

20.907
0.078
30.000

TG

CG

Mean
Variance
Sample size
Hypothesized
Mean Difference
df
t Stat
P(T<=t) two-tail
t Critical two-tail
Cohen's d

26.438
0.155
30.000

0
29.000
-62.73
1 < 0.000
2.045
14.38

Table (3.17) T-Test: Paired Two Sample for
Means at 25 C and HCT = 33%
CG
TG

Mean
Variance
Sample size
Hypothesized
Mean Difference
df
t Stat
P(T<=t) two-tail
t Critical two-tail
Cohen's d

•

12.477
0.042
30

6.230
0.002
30

TG

7.320
0.012
30

0
29
-52.40
1 < 0.000
2.042
11.12

Table (3.16) T-Test: Paired Two Sample
for Means at 25 C and HCT = 27%
CG
TG

14.143
0.035
30

Mean
Variance
Sample size
Hypothesized
Mean Difference
df
t Stat
P(T<=t) two-tail
t Critical two-tail
Cohen's d

0
29
-34.19
1 < 0.000
2.045
8.51

10.207
0.01
30

11.667
0.008
30

0
29
-55.97
1 < 0.000
2.045
9.11

For table (3.15) There was significant difference in the HGB mean values between the
TG at 39C and CG at 23.6 C, t (29) = -52.40, p < .05.
|-52.40| > |2.05| meaning we reject the null hypothesis.
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•

For table (3.16) There was significant difference in the HGB mean values between the
TG at 35C and CG at 23.6 C, t (29) = -55.97, p < .05.
|-55.97| > |2.05| meaning we reject the null hypothesis.

•

For table (3.17) There was significant difference in the HGB mean values between the
TG at 25C and CG at 23.6 C, t (29) = -34.19, p < .05.
|-34.19| > |2.05| meaning we reject the null hypothesis.

•

For table (3.18) There was significant difference in the HGB mean values between the
TG at 15C and CG at 23.6 C, t (29) = -62.73, p < .05.
|-62.73| > |2.05| meaning we reject the null hypothesis.
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4. Discussion
The present thesis introduces a novel tool called “Shearing Block (SB)”, which is designed by
Boule Company. The shearing block is used as a blood dilution tool in hematological analyzers,
where diluting a predefined volume as precise as possible is critical. At present, shear valves
(SV) are almost the only tool used to confirm the precise volume in hematological analyzers.
However, the SV components are costly, add a higher complexity to the systems, requiring
calibration and regularly cleaning procedures. Thus, the novel tool SB, with its low cost, simple
mechanism, its flexibility for integration as well as being a passive tool, has been created for
potentially replacing the SV in hematological analyzers.
The hypothesis was that the blood viscosity is the only factor that may affect the dilution process
via SB. Although, there are many factors that affect blood viscosity refer to (section A6.1). In
the current study, we have only examined two of these factors: temperature and hematocrit
concentration (HCT).
In the experimental study performed, which consisted of two groups, the same blood sample was
used. The first group called the Test Group (TG) was where the blood sample was diluted via SB
by the means of the Test Station. The second Control Group (CG), was diluted using an
Electronic Pipette for aspirating a known blood volume of 20µl to then be mixed with a diluent
volume equal to 4.5 ml, obtained from the dispense function in Medonic M-series System. The
final diluted blood for both groups was then analysed on the Medonic M-series System to
measure the HGB concentration (used as an indicator in calculating the blood volume used in the
dilution process for the TG inside the SB).
There seem to be no obtainable previous studies investigating the methods used in the dilution
process of the hematological analyser in a similar manner. However, there are many literature
articles explaining the well-known relationship between blood viscosity and these two factors
(HCT and temperature) [55]. The experimental study [56-57], showed that a reduction of blood
viscosity as a result of lowering the HCT significantly increased the blood flow inside the
microchannel and vice versa. In general, the viscosity could be considered as an increasing
function of hematocrit. Another study showed the blood viscosity being directly proportional to
temperature [58].
In the current study, no statistically significant change occurred to the results of the HGB for
whole blood that has being diluted via SB when temperature remained at 15 ºC and 35 ºC
throughout the cycle of the dilution process, in comparing with 25 ºC. However, with low
temperature under 15 ºC, it is expected to increase the resistance to deformation of red blood
cells, which is considered the main factor that increases blood viscosity. Cell volume also
responded rapidly to a change in temperature, although this effect was much reduced in plasma
compared with whole blood. We conclude that, increased resistance to deformation of red cells
may impair blood flow at low temperature in the microchannel [59]. The results of the HGB for
the whole blood sample that was diluted via SB with different HCT levels showed a statistically
significant change.
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4.1 Temperature effect on dilution process via SB
This was to study the effect of temperature on the blood viscosity, which in turn affected the
dilution process of the SB. The dilution process for TG at different temperatures but with a
constant HCT (at 33%), was performed. The HGB results of the TG at 25 ºC, which was
considered as a reference temperature, was compared statistically with results taken at 15 ºC 35
ºC and 39 ºC. The results of these experiments indicated that the temperature between 15 ºC up
to 35 ºC had no statistically significant effect on the HGB results of TG, at α = 0.05 and
CI = 95%. Table (3.5) and (3.6) highlight these findings. However, results at 39 ºC showed a
statistically significant difference compared with results at 25 ºC (see table 3.7). Figure (15)
obviously illustrated the statistical distribution of HGB g/dl for CG and TG at different
temperatures evaluated for N = 30.
The reason that the results obtained at 39 °C showed a statistically significant difference
compared to the results at 25 ° C, was due to the diffusion effect. Because the SB unit consists
of a valve-free microchannel, blood flow is almost always laminar [60]. As a consequence of this
laminar flow, the two fluids (blood and dilution reagent) inside the microchannel do not mix
when they are in contact with each other except by diffusion. The Liquid-liquid diffusion effect
is dependent on difference in concentration (concentration gradient), however the diffusion rate
increases very rapidly with increasing temperature [61]. Moreover, the blood viscosity will be
decreased as the temperature increases [62]. So, when the temperature of the SB increased with
same blood concentration was used, this led to an increased diffusion effect, increasing the
unwanted blood volume that will be added to the desired volume of blood inside the
microchannel used in dilution process.
Important to note is that the Medonic M32 was placed in room temperature throughout the
experiments, however the exact temperature the analyser was run in has no effect on the counting
of the cells. Several technical investigations at Boule Medical show how these analyzers should
perform identically in different laboratory settings as long as the temperature is between 15 °C
and 37 °C. The important temperature is however that of the blood sample to be analysed and
that will go through the shear block.
Tables 3.1 and 3.3 showed that SB results represented by TG, (that were compared with other
dilution techniques of the CG in term of repeatability), showed an acceptable efficiency.

4.2 HCT effect on dilution process via SB
The results of all experiments that tested the effect of HCT on SB dilution process, (tables
(3.15) (3.16) (3.17) (3.18)), showed statistically significant differences between TG and CG.
The experimental results in table (3.13) also shows that the unwanted blood volume in SB
reaches a high level of 6 µl at HCT=58% compared to 3.2 µl at HCT= 18%. At a HCT of both
27% and 33% the volume was however constant at 2.8 µl. Figure (16) illustrated the statistical
distribution of HGB g / dl for CG and TG at different HCT evaluated for N = 30.
The unwanted blood volume was calculated by subtracting the Ms (the blood volume that has
been sheared inside the SB) from Mc (blood volume of CG obtained by using the electronical
pipette). According to the dimensions of the microchannel, the total blood volume inside the

47

SB used (sheared off) in the dilution process should be about 20 1µl. This in turn means that
any additional blood more than that is considered unwanted and could affect the accuracy of
the results.

4.3 Unwanted blood volume within the microchannel
To discuss the problem of unwanted blood volumes, it should be remembered that blood is not a
homogeneous fluid, and the blood flow behaviour in microchannel is strongly influenced by
RBC, (as they make up for almost half of the volume). However, reasons that may contribute in
producing unwanted blood volumes is further discussed below.
Diffusion and convection are the two forms of mass transport that can cause a blend between the
low flow of blood and the diluent reagent within the microchannel. Based on the equation (1) in
section 1.5.1, only higher diffusion coefficients with higher temperature and lower viscosity are
obtained. Therefore, at HCT = 18% (low viscosity), the unwanted blood was 3.2 μl, which was
thought to be due to the diffusion and advection effect if compared with the 2.8 μl obtained at
HCT = 33%. This was considered to not be a big statistical difference. Whilst at a HCT = 58%,
(higher viscosity), blood moves more slowly and therefore occupies a greater fraction of the
channel. This can be explained by a simple formulation where is blood flow = driving force /
resistance, where the resistance to the flow is a function of the microchannel geometry and the
viscosity of the blood. In other words, if the blood's viscosity doubles, blood flow will be half
slower, and so on.
So, when the hematocrit level is high, and hence the viscosity is high for the slow-moving blood,
the diluent creates a vortex inside the SB microchannel. The combination of diffusion and
convection then drains the blood from the vertical pipe. The unwanted blood volume that is
transported therefore becomes larger.
Moreover, we would assume that the vortices at a 90◦ turn was the key factor for increasing the
effect of diffusion and convection, in turn leading to an increased unwanted blood volume. As
depicted in Fig (17), at a flow velocity on the order of 50 μl/s (Re<1), blood enters the SB
microchannel with a constant flow and flows through the 90◦ curve before it is then rotated by
90◦ at the end of the SB microchannel section. In both cases, the blood is in direct contact with
reagent.
Another concept which could explain the unwanted blood volumes represented by the
dimensionless Bond Number (Bo), the ratio between gravitational forces compared to surface
tension forces. For miscible liquids that flow in the microchannel with differences in density, the
gravitational effect is much stronger than the interfacial effect. Therefore, this will gradually
drive the denser fluid to occupy the lower part of the microchannel. Consequently, this will give
rise to a tilted interface zone that represents the undesired blood volume
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Figure 17. Shows the size of vortices between the miscible liquids (blood and diluent) in these two points of
90◦ curve in the microchannel, where the blood at a flow velocity of 50 µl/s rotates by 90◦ in contact with
diluent, leading to advection inside the channel and consequently this mixing produces the unwanted blood
volume.

Therefore, it can be said that the blood with high viscosity, has a greater effect on the dilution
of the blood via SB, due to the viscosity being treated as an increasing function of the HCT.
These results demonstrate that larger differences in viscosity can have significant effects on the
relative distribution of two miscible fluids flowing inside the microchannel.
Another reason for the production of the unwanted volume could be due to various limitations
in the test station. Since the blood is a viscoelastic fluid [63] its flow did not reach zero at once
after the disappearance of a driving force from the syringe pump. This entails that if any valve
opens immediately after the syringe pumps stops, this could lead to a displacement of the blood
inside the channel (left and right), which could then lead to increasing the unwanted blood
volume. Therefore, as a solution to minimize this error probability, 3 second were added as a
delay after the aspiration process by the sample syringe pump to remove the overpressure that
results from the sample syringe pump. Refer to (Appendix C) regarding the sequences of the
run cycle. Nevertheless, these 3 seconds introduced an RBC sedimentation effect as another
factor potentially increasing the unwanted blood volume.

4.4 Model validation: simulation versus experiments
Comparisons between table (3.13) and fig (18) shows that there exists a remarkable deviation
between the experimental results and values predicted by simulation. 0.2µl at 60% in the
simulation compared with 6µl at 58% from the experiment results. The simulations show that a
smaller hematocrit level increases the amount of unwanted blood transport with 25 % (0.1 µl)
compared to 30 % hematocrit. A larger hematocrit level creates the opposite scenario with the
unwanted blood volume being reduced by 50 % (0.2 µl) compared to 30% hematocrit. However,
all the simulation results showed a opposite results in comparison to experimental results.
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Figure 18. Blood volume from the simulation

There are two reasons that could explain the incorrect SB simulation results. Firstly, in the
simulation, the blood was approximated with a homogeneous fluid with a given viscosity, which
gave the opposite relationship between hematocrit and unwanted blood volume. Also, a
generalized Newtonian model was used, since it is considered a relatively easy way to implement
non-Newtonian behaviour of the blood [64]. However, contrary to what was being simulated, the
blood is not a homogeneous fluid but consists of particles suspended in plasma. Thus, to prove
this as being the main source of error, one could use a homogeneous fluid with varying hematocrit
in a future study, perhaps giving better results than the current simulation.
The second possible reason explaining the incorrect SB simulation results, is due to the
incompatibility between the physical dilution process via the SB and the simulation. The dilution
process via the SB in the experiments consists of two phases: The first phase starting when the
blood is aspirated and filling the microchannel of the SB, with the second phase beginning when
the dilution reagent flows through the SB and the shearing of the definite volume of the blood
that will be diluted is performed. In contrast to the SB, the simulation started with an idealized
initial status, where the SB channel is already prefilled with blood. This means that the simulation
excluded any effect that may come from the convection effect during blood flow inside the
channel when it come in contact with diluent reagent. These two reasons explain why the results
of the simulation is not consistent with that in the experiments, regarding the unwanted blood
volume. Hence, a new simulation is required that taking into consideration the whole dilution
process.
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4.5 Limitations
Since the ultimate aim of the dilution step is to assist in the counters of blood cells by a
hematology analyser (section A.4), a further study targeting the impact of dilution via SB on all
blood parameters is required. This study should also specify the limits and value of blood
viscosity that may affect the results of the analysis. By using special devices for measuring blood
viscosity (viscometer), the study will illustrate for example how a lower or higher blood viscosity
value of blood affects the dilution process, which in turn affects the final results of the blood
analysis.
A notable limitation of this work lies in the limited number of the variables levels that has been
tested. So, there is need to verify the performance of SB over more HCT and temperature levels.
Also of interest is to attempt improvements in the existing SB tested methods and design, for
instance, use different flow rate for liquid regime, or a different diameter for the SB
microchannel. Nevertheless, the volume of the blood sample according to the microchannel
dimensions of SB should not exceed 20±1µl. However, this was difficult to prove because the
geometric dimensions of the microchannel structure have not been verified.
Finally, since SB was a novel technique, a major challenge was the unavailability of literature or
technical reports for comparing the results. Hence, it is worth mentioning that a novel method
was used for testing the SB performance as a blood dilution tool.

4.6 Source of errors in experimental data
All experiments contain a certain degree of error or uncertainty. In this section, the possible and
predicted sources of errors in the experiments are identified.
Generally, two types of errors occur in experimental measurements: random errors and
systematic errors. The indeterminate or random errors are caused through uncontrollable
fluctuations in variables that could affect the experimental results. These sources of errors are
difficult to eliminate. Thus, the estimated standard deviation which represents the error range for
a data set is often reported within the results of measurements. In contrast, determinate or
systematic errors, as the name implies, consists of errors that are usually more easily minimized
and that can be avoided. These may for instance be instrumental errors, methodological errors,
and operative errors, which is consistently deviating the results away in one direction from the
true value [54]. In relation to this project, systematic errors with the possible eliminations are
described below:
• Careful inspection for the experimental methods
• Instruments calibration
• Examination of techniques
However, it is important not to confuse the terms ‘error’ and ‘uncertainty’. Where Error is the
difference between the measured value and the ‘true value’ of the measured variable, while
uncertainty is the quantification of doubt about the measurement of a result. Therefore, whenever
it is possible to try to correct any known errors: for instance, by applying corrections with
calibration. Nevertheless, any error with unknown value is considered as a source of uncertainty
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[54]. Below is a list of some source of uncertainty that has a potential effect on the experimental
results:
1. The microchannel structure inside the SB prototype is not identical to the simulation model.
2. The geometrical dimensions of the microchannel structure were not verified.
3. Although the surface of the two parts may have appeared shiny and clean, any uneven and
wavy surface may have led to misalignment in the microchannel that could not have been
observed merely by the naked eye.
4. External fluctuations that are induced by for instance: syringe pump pressure fluctuations or
flexibility of the connection pipes possibly affecting the flow rates and may have led to a change
in the whole flow regime, also causing a change in the desired blood volume inside the
microchannel.
5. In the SB reservoir that contains the diluent reagent, any bubble formation and accumulation
is considered a critical obstacle. Unfortunately, when bubbles are formed, their removal is
extremely difficult and, the performance of the SB is impaired because of these bubbles.
6. Inadequate mixing of the blood sample prior to analysis or use can also added uncertainty to
the results.
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5. Conclusions and future work
The passive dilution process performed via SB has shown an acceptable efficiency as a
blood dilution tool in comparison to other state of art dilution methods used in
conventional hematology analyzers. On the other hand, this work also shows that the
experimental results were not consistent with predictions generated by the SB simulation
model. Therefore, a suggestion to remodel the SB regarding the simulation method is
advised for a future study. However, results obtained from these experiments can be
considered as an important first step to support the development process of SB technique
as a dilution tool. Thus, this collaboration between experimental and simulation methods
will not only help improve the modelling of SB but also provide a better understanding
of factors that may affect the dilution process via SB (i.e. convection, diffusion and blood
viscosity). In the near future, therefore expect to compare the experimental results of this
report with a new design for a simulation that takes into account the entire process for
blood dilution via SB.
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Appendix A
Background and Literature Review
The current invention of the SB is for an improved blood sampling and dilution process for the
hematology analyzers manufactured by Boule Diagnostics. Boule is a Swedish company that
develops, manufactures and sells hematology analyzers worldwide. The company currently
produces two hematology analyzers systems for the human market under the brands Medonic and
Swelab.
In hematology analyzers, it is critical to dilute a highly exact defined blood volume, typically in
the order of 20 microliters (μl), of the patient's blood which is then to be mixed and combined with
a diluent reagent prior to analysis. This dilution process must be performed in an accurate and
repeatable way for the precise dilution ratio to always be guaranteed [5].
This thesis aimed to test and verify a novel tool for sampling and diluting the whole blood sample
before analysis in the hematology analyzer: The Shearing Block (SB). The hypothesis was that the
SB would perform a precise dilution for the blood sample analysed with a high repeatable accuracy.
The SB has a simple design and inexpensive mechanism and was designed to be free from errors
derived from volume that need periodic calibration. Also, it does not contain any moving parts or
any motor for steering its work meaning the SB will not lose its accuracy over time.
The scope is limited to investigating how changes in temperature and/or hematocrit concentration
could affect blood viscosity, which is assumed to be the only factor that may influence the dilution
process with SB. In general, the investigation will observe how and if these two factors and their
change in blood viscosity can affect the blood flow in the microchannel.
As mentioned above, this study is concerned with the blood dilution process as an important phase
during blood analysis for hematology analyzers. Therefore, a basic background knowledge
regarding the physiological properties of blood is necessary together with information on the
Medonic M-Series M32 system used as the analyser for verification of the accuracy of the blood
dilution process. Another background understanding required is blood rheology and factors that
affected blood viscosity during flow in microchannel, as the simulation that has been performed
for the SB assumes that the only factor that affects the dilution process with SB is the blood
viscosity.

A.1 Blood constituents
The blood is an essential fluid making up roughly 7-8% of the human body weight. It performs the
critical functions of transporting oxygen and nutrients and getting rid of carbon dioxide and other
waste products in the body. It also plays an important role in the body’s immune system as well as
maintaining and regulating the body temperature and salt balances. The blood consists of 55-60%
plasma and 40-45% formed elements cells. Formed elements include three major categories of
blood cells that are suspended in the plasma: The White Blood cells (WBC), Red Blood cells
(RBC), and Platelets (PLT). The concentrations and shapes of the various types of blood cellar
quickly altered and changed in response to variations in medical conditions (different diseases) for
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humans [1]. Therefore, analytical data for blood is considered an important indicator for health [2].
The WBCs, also known as leukocytes, are the cells involved in protecting the human body against
infectious disease and foreign invaders. The WBCs can be divided into five main groups:
neutrophils, eosinophils, basophils, lymphocytes, and monocytes. The number of the various
WBCs in the blood is frequently an indicator of disease and thus knowing the number of WBCs in
an individual can be an important factor for diagnosis of a disease. In contrast, RBCs (erythrocytes)
are the most abundant blood cells in the plasma containing hemoglobin (HBG) necessary for
delivering oxygen to the tissues of the body. Therefore, any disruption of the RBCs or its quantity,
size, shape, structure or even its life cycle, can affect the process of oxygen-carrying capacity of
the blood. The third group of formed elements in the blood are the PLTs, considered the smallest
human blood cells. The main function for the PLT is clot formations. Therefore, any disorders in
platelet number may lead to blood clotting or thrombosis. (Table 1) below shows the blood cells
number, size, shape, and concentrations. From these 3 main groups of cells many other parameters
of blood can be calculated. Many of these parameters are also vital for certain diagnosis. One of
these which is used in this investigation is HCT. The Hematocrit (HCT) is calculated using the
RBC together with the Volume of RBCs and represents the percentage of red blood cells in the
total volume of blood [1].
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Table 1. Depiction of the blood cells of a healthy individual in respect to
numbers, sizes, shapes, and concentrations. [32]

A.2 Complete Blood Count (CBC)
The complete blood count (CBC) one of the most common laboratory tests worldwide which
measures several components and features of blood cells [2] [3]. It used for screening and diagnosis
of a wide range of blood diseases and disorders such as infection, anaemia, inflammation and
leukaemia, etc. [7]. During the past half century, CBC analysis has progressed from the manual
laboratory procedures to the use of highly automated equipment and analysers, and since the
innovation of the coulter counter was created by Wallace H. Coulter in 1953, the automated
electronic cell counter has revolutionized the way of blood cell counting [9][4]. The automated
cell counters have with CBC have become one of the most requested, quickly available and cheap
laboratory tests [10]. However, many techniques that have been used in earlier Hematology
analyzers are still in use at the present time [11] and the diversity of hematology instrumentation
has reached a staggering level [12] [13]. With the advances in electronical components,
miniaturization, computerization, and laser technology, many principles and methods are being
introduced into modern blood cell counting [5][6] Which has lead to the analysis time for
performing a CBC has been reduced to about one minute, without compromising the accuracy and
precision of the final results [14] [15].

A.3 Hematology analyzer techniques
Descriptions of the vast array of methods used in haematology analyzer to perform a CBC will not
be discussed. There are however a number of essential measurement principles and common
techniques to all hematology analyzers that needs to be clearly understood to understand the
principles and how the blood count process is performed.
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A 3.1 Electrical impedance method (Coulter principle)
Electrical impedance method is considered one of the most common basic counting techniques. It
has been used to determine the WBC, RBC, and PLT. The method is based on measuring changes
in electrical resistance produced by the poorly conducting cells that are first suspended in a
conductive diluent (diluted). After that, this diluent-blood mixture is passed through a small
opening (hole) possessing an electric field created between two electrodes. When the blood cells
pass through the opening it leads to an instantaneous increase in the impedance (resistance) in the
electrical path between the electrodes, and the increase in impedance as a pulse can then be
measured, as shown in (Fig 2) [17].

.
Figure 2: Diagram showing the Coulter principle: changes occurring in the impedance when blood cells pass
through the aperture separated by the two electrodes, which is then directly proportional to the size of the
blood cell [5].

Every single cell is measured as a voltage pulse and the number of pulses generated indicates the
number of particles that passed through the opening. Also, the amplitude of each pulse is directly
proportional to the volume of the blood cells [9].
A3.2 flow cytometry (laser scatter)
There are many references explaining the principles of flow cytometry in great detail [14–15–18–
19]. This report will only give a brief overview about the principle of work of the flow cytometry.
The basic principle of flow cytometry, as shown in (Fig 3) below, is represented by the passage of
blood cells in single file pattern in front of a laser source allowing them to be detected, sorted and
counted. When the blood cell pass in front of the laser light, this results in the laser light being
scattered in different angles. The quantity of laser scattered light is dependent on some physical
properties of the cell - size of cell, cytoplasmic granularity and nuclear complexity.
The scattered light at narrow angles with the laser beam is called the forward scattered light (FSC).
The amount of this (FSC) is directly proportional to the size or surface area of the cell. This forward
scattering laser light will be collected by a detector, which is placed in one line with the laser beam.
On the other hand, some laser light will be passed through the cell membrane and is reflected and
refracted due to collision with the cell nucleus or some cytoplasmic organelles of the cell.
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Figure 3: illustrates the laser scattering technique [19]

This scattered light will be collected by a photodiode detector, which is approximately positioned
at the angle 90 to the laser beam known as side scattered light (SSC). The quantity of SSC is
proportional to the granularity and internal complexity of the cell. Both FSC and SSC signals will
provide information about the physical properties of the blood cells. Due to this data generation
through FSC and SSC the laser scatters method is used in haematology analyzers for performing
the differentiation between the five types of white blood cells.
A3.3 Hemoglobinometry
The haemoglobin levels is considered another one of the most important core parameters reported
by blood cell counters. The method for measuring total blood hemoglobin concentration is the
most similar method between all different hematology analyzer manufacturers [20][3][6]. For
measuring the HGB parameter, the blood sample is added to a diluent as per normal procedures,
but is then further added to a lysing reagent causing the RBCs to lyse and the HGB to be released
into the solution. Thereafter, a colorimetric method (fig 4) can be used for determination HGB
concetration [21].
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Figure 4: the photometer system used by Boule Diagnostic’s hematology analyzers for measuring
HGB, consisting of a photodiode with a wavelength of 535 nm for measuring HGB (Boule, with
permission)

A.4 Medonic M-Series M32
Medonic M-Series M32 is fully automated hematology analyzer intended to be used for in vitrodiagnostic under laboratory conditions. The device has three sample analysis modes: Open Tube
(OT), Micro Pipette Adapter (MPA) and Pre-dilute (PD). Measuring principles in the Medonic Mseries M32 are based on the impedance method (coulter principle) and photometer method. Prior
to sample analysis in all of the different inlets, the whole blood is diluted into two parts, 1: 40,000
and 1:400. The first part that has a lower dilution factor at around 1:400 and is used for counting
the WBC pulses, (the absolute number and percentage concentration for granulocytes (GRAN),
lymphocytes (LYM), mid-sized white cells (MID) and HGB concentration). The other 1:40,000
dilution is part of counting the RBCs and PLTs. As mentioned earlier, all measured parameters
except HGB are based on the principle of impedance method, except for the HGB measurement
which is counted using the photometer method [41].
In addition to these above mentioned parameters, there are several other measurements that are
calculated and shown by the Medonic M-Series M32 analyzer: Hematocrit (HCT)-the percentage
of red blood cells in the total volume of blood; Mean platelet volume (MPV)-the average size of
platelets; Mean corpuscular hemoglobin (MCH) - the average amount of hemoglobin in a red blood
cell; Mean corpuscular hemoglobin concentration (MCHC)-the average concentration of
hemoglobin in a red blood cell; Mean corpuscular volume (MCV)- the average size of red blood
cells; and Red blood cell distribution width (RDW) - the amount of variation in the size of the red
blood cells [41].
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Figure 5: Medonic M-Series M32 Analyzer front view (Boule, with permission)

Table 2: Medonic M-Series M32 analyzer front view parts [41]

TFT-LCD Touch screen which displays patient
1

Display

and QC data, allows operator to enter setup and
testing instructions, and prompts operator on next step.

2

Blood tube mixer (optional) Uniformly mixes samples before analysis.

3

Whole blood sample probe

Aspirates whole blood for analysis (Open Tube, OT).

4

Start Plate, Open tube

Plate pressed to begin Open Tube aspiration.
Reservoir where fluid is removed after sample

5

Wash cup

probe is washed.
Micro Pipette Adapter enables analysis using

6

MPA

7

Start Plate, Pre-Diluted

8

Pre-dilute probe/Dispenser Aspirates pre-diluted samples and dispenses diluent.

9

USB port

only 20 μl of blood.
Plate pressed to begin Pre-dilute aspiration

Connects analyzer to USB devices.
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A4.1 Diluting and counting process of Medonic M-Series M32
The (Fig 6 & 7) below show the basic principle of the diluting and counting process for Medonic
M-Series M32.
A4.1.1 Open tube (whole blood aspirated)
The analyzed blood sample is aspirated via the shear valve through a vacuum created by the waste
pump. The shear valve is then turned to the diluting position and 4.5 ml of diluent presses 22.5 μl
of the blood into the mixing beaker which creates a dilution of 1:200. The vacuum created by the
waste pump forces the diluted sample into the mixing beaker via the shear valve and the precise
teflon tubing of 1.9 ml (V1-V2) towards the WBC/HGB measuring chamber. This flow is then
stopped by means of a sensor when only approximately 0.5 ml is left in the mixing beaker. Hence,
the (V1-V2) tube is now filled with the 1:200 diluted sample. and excessive sample dilution is
eliminated through the waste pump. Moreover, the shear valve now contains 22.5 μl of the diluted
1:200 sample. The shear valve turns to position ‘secondary dilution’ and yet another 4.5 ml of
diluent from the pipette creates the final dilution ratio of
1: 40,000 which is further used fir the
RBC counting in the measuring chamber. Simultaneously, 4.5 ml of lyse from the lyse pipette
presses the volume trapped in the (V1-V2) tube into the WBC/HGB measuring chamber giving its
final dilution of 1:400. On top of the two counting chambers (RBC and WBC), a pressure is
applied to press the sample through the orifices into the metering tubes. A start and stop detector
give precise counting volumes of 270 μl [42].

Figure 6: shows the complete fluidic diagram for Medonic M-Series M32 in its home (idle) position
(Boule, with permission)
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Figure 7: Diluting and counting process of Medonic M-Series M32 (Boule, with permission)

A4.1.2 Pre-Dilute mode (Aspiration of externally pre-diluted samples)
For the pre-diluted samples, the same scenarios that were used for Open tube are performed, except
for the sample being externally pre-diluted to a 1:200 dilution before being aspirated through the
pre-dilute aspiration probe to the mixing beaker [42].
The diluted sample with dilution ratio 1:200 will be obtained from the shearing block. Then,
the Medonic M-Series M32 will be used for verifying the results accuracy of the Shearing
block dilution.

A4.3 Theoretical Principle of Medonic M-Series M32
To better illustrate the theoretical principles behind blood count of the Medonic M-Series M32, an
example is that if a blood sample would contain five million RBCs per μl, the dilution factor of 1:
40,000 would give us a final concentration of five million cells divided by 40,000, equal to 125
cells per μl. So, each μl will containing 125 blood cells. When these RBCs would then pass through
the aperture, 125 pulses would be generated. The device is manufacturer's calibrated for measuring
volume of diluted blood that passes through the aperture to be 270 μl. Thus, based on the
assumptions made previously the device will count 270 × 125, equal to 33,750 pulses, equivalent
to 5.0 × 106 cells/μl in the whole blood concentrate. For the total count of WBCs, same principle
of calculation is used with the difference being in dilution factor for WBCs, 1:400 [42].
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A.5 the prior art for dilution tools used in conventional blood analyzers
Recently, haematology analyzer been evolved in a multiple phase to improve the performance and
the final results precision and accuracy, and also to reduce manufacturing costs [11]. The common
denominator in almost all the conventional haematology analyzer is that, before a started sample
analysis, the dilution process is conducted [20].
However, the accuracy and precision of the blood count results depends considerably on the proper
dilution of the whole blood sample. Due to the high blood cell concentration, the blood cells are
in close proximity to one another, which makes it impossible to identify or to count the blood cells
directly. Another important reason for performing a blood dilution is to provide the conductive
medium for the impedance method [16].
The dilution ratio required is also highly dependent on the cells to be analysed: red cell count needs
an extra dilution as compared to the white blood cellsdue to the much higher abundance of RBCs.
It is not only the dilution ratio which is cell dependent, but also the diluent reagents chemical
composition. The RBCs and PLTs requires an isotonic dilution whereas the WBCs require a
reagent capable of lysing the numerous RBC cells to enable its impedance counting [22].
As explained in section A4 bove, blood analyzers use one of two techniques to dilute blood. The
first one is the rotary shear valves (SV) [23] [24]. While the second method uses a micro-pipette,
probe connected with syringe pump enabling it to deliver a precise known volume of blood [25]
[26]. Both methods have their own advantages and disadvantages, though this is outside the scope
of this thesis and will not be further discussed. However, worth mentioning is that in spite of the
rotary shear valve being highly functional due to their complexity, it is considered very expensive
and complex. It has many drawbacks such as liquid leakages, required regular maintenance,
required calibration and the need for regularly manual cleaning procedures.

Figure 8: Illustration of the rotating shear valve (Boule, with permission)

On the other hand, the second technique using the micropipette unit, where blood is aspirated via
a sample probe by means of sample syringe, also tends to be expensive, complex and bulky. This
technique also has low efficiency and a need for regular maintenance along with a lower
throughput due to cleaning procedures being carried out to clean the inside and outside wall of the
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sample probe after sampling. The micropipette unit also required a much large space for moving
the sampling probe in both Horizontal and Vertical directions and has a space limitation.

Figure 9: Illustration of the micropipette unit (Boule, with permission)

However, neither the micropipette nor the rotary shear valve technique take into account the
change in blood viscosity due to changes in hematocrit concentration or change in temperature.
because they used instead integrated techniques such as sensor for detecting the blood.

A.6 Blood Viscosity
As described in section A.1 above, blood is a heterogeneous mixture of corpuscles (red blood
cell, white blood cell and platelets) suspended in plasma, the liquid solution containing proteins,
minerals and organic molecules. The blood rheological characteristics are determined through
the properties of these elements and their interaction with each other and with the surrounding
structures as well. Whilst the plasma is basically a Newtonian fluid, the whole blood behaves as
a non-Newtonian fluid, showing all signs of non-Newtonian rheology for properties of: viscosity,
deformation rate dependency, yield stress [34]. To understand blood rheological, certain
terminologies must be understood, such as viscosity.
Figure (10) shows an experiment used for determination of viscosity. When the shear force,
represented by (F), is divided on the contact zone (A), which is the area between the fluid and
the plate, it gives a shear stress. The difference in velocity that occurs in between the various
fluid layers represents the shear rate, which can be calculated as the velocity for the top plate
divided by the distance between the upper and lower plate. The shear rate unit is 1/s, while the
shear stress is defined with units Pa. However, the ratio of the shearing stress to the shearing rate
called the viscosity [28].
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Figure 10: viscosity definition [39]

Fluids can be divided into two categories from a rheological point of view: the Newtonian liquids
and then on-Newtonian liquids. As for the Newtonian fluids, the viscosity is independent of
variations of the shear rate or shear stress, and at a fixed temperature they have a constant viscosity
due to the ratio of shear stress to shear rate being a constant ratio. Therefore, if a certain change of
shear stress is applied to the fluid this will produce an exact change in the resulting shear rate. This
situation is illustrated in the diagram as a continuous line (Fig 11 b). In contrast, the non-Newtonian
liquids viscosity is not a constant but depends on the shear rate and shear stress and can be
calculated as a ratio between them. However, as shown in (Fig 9 a), at higher shear rates the blood
behaviour changes into the behaviour expected from Newtonian fluids and the viscosity reaches a
constant value (with shear rates that above 100 S-1).
Another feature for non-Newtonian blood behaviour that it is possesses a yield stress, referring to
the minimum shear stress necessary to produce the shear rate. Nevertheless, for both types of
liquids (Newtonian and non-Newtonian), the viscosity is temperature dependant, and for most
liquids the viscosity decreases with an increasing temperature.

Figure 11: Newtonian & Non-Newtonian blood viscosity: (a) Shear stress versus shear rate (b)
Viscosity versus shear rate [28]

In simple terms, blood viscosity is a measure of a bloods resistance to flow or “the stickiness and
thickness of blood” [29]. Blood viscosity can be determined through various methods such as
plasma viscosity, haematocrit concentration, and also the mechanical properties of RBC cells. As
we know, the RBC cells are the most abundant blood cells, and have the unique mechanical
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property enabling them to aggregate and deform. These physical properties cause the viscosity of
the blood to vary when the shear rate changes. At high shear rates, RBCs streamline and deform
within the flow, reducing the blood resistance to the flow. the blood then becomes less viscous
with increasing shear rates. On the contrary, when the blood moves slowly it becomes stickier and
thicker. meaning the RBCs interact with each other, possibly forming aggregates of cells known
as Rouleaux., These properties cause the blood to behave as a non-Newtonian liquid where the
relationship between shear rate and shear stress is nonlinear [30][31].
A6.1 Factors affecting blood viscosity
Generally, blood viscosity is not a constant quantity, and very sensitive to a number of factors in
addition to the shear rate discussed above. These factors include haematocrit concentration,
temperature, tube diameter, plasma viscosity, gender, disease states, and RBC age. The
aggregation and deformation of RBCs, also impact the viscosity of blood. As illustrated below (Fig
12) the RBCs tend to form aggregates of cells in low shear rates and as an outcome, the blood
resistance to flow or in other words the blood viscosity will increased. Increasing the shear rate
above a critical shear rate this will lead to a disruption of the RBCs aggregate structures, leading
to shear-thinning behaviour for the blood [32].

Figure 12: Variation in blood viscosity as a function of the shear rate in three types of RBC suspensions: (1)
normal RBCs in plasma (NP), (2) normal RBC in 11 % albumin Ringer solution (NA) where RBCs could not
form aggregates and (3) hardened RBCs in 11 % albumin Ringer solution (HA) where the RBCs could aggregate.
All solutions have been adjusted to a RBC volume of 45 % at 37 C [32]

The effect of the RBCs concentration (HCT) on the blood viscosity is very well known. Some
physiology Textbook [33] describe this relationship by means of a chart where blood viscosity is
plotted against the HCT (fig 13). The diagram shows the exponential relationship between the
hematocrit value and blood viscosity.
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Figure 13: The influence of hematocrit on blood viscosity [33]

That mean the viscosity of blood increases significantly as the hematocrit concentration increases,
in other words a higher hematocrit concentration implies higher blood viscosity. In a constant shear
rate and temperature. The HCT considered the most significant factors that influence blood
viscosity. It has been demonstrated that blood viscosity increase about 4% per unit increase in
hematocrit concentration for instance, the change from 45 to 46 % in hematocrit concentration will
increases blood viscosity by 4 % [34][35].
The minimum viscosity of the blood that has been observed at high shear rates would be increased
when the temperature is reduced. It has been found that the blood viscosity commonly increases
2-3% with each decreasing degree in temperature [36] [37].
Moving onto another factor influencing, blood viscosity, the diameter of the tube in which blood
flows through can have a large impact. In 1931 two Swedish haematologists Fahraeus and
Lindquist observed a considerable decrease of blood viscosity that flows in tubes with diameters
ranging from 500 and 50 micrometres (Fig14 A). This reduction in the blood viscosity has been
named the Fahraeus-Lindqvist effect [38].

(A)

(B)
Figure 14: (A) The Fahraeus-Lindqvist effect (B) and the Fahraeus effect [39]
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Other studies conducted in the early 20th century reported the RBCs to accumulate in the central
region, and not being distributed evenly throughout the cross-section of a cylindrical tube during
its flow, creating a thin plasma cell-free layer (CFL) (Fig 14 B), adjacent to the capillary wall. This
gives maximum hematocrit levels at the central area and minimum at the wall zone. The minimum
shear forces, and the highest velocity is then observed in the central layers; whereas the zones nears
the wall have the lowest velocity. The hematocrit concentration of blood contained in the tube is
then lower than the hematocrit of blood flowing out of the tube, so-called the Fahraeus effect [40].
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Appendix B
Appendix B is dedicated to answering the question formulated by my Boule supervisor if I used
the right heat sink with the Peltier element? In fact, this issue is very important, because heating
or cooling the Peltier element, required the use of some kind of heat sink and preferably with a
powerful fan to dissipate collected heat into another medium (exchanging heat with air). Without
such an action, the Peltier device will be susceptible to overheating which may cause the device to
be destroyed. It was a big challenge to find a heat sink / fan combination that would deliver the
desired performance. Several different ones with different thermal resistances were tried finally
leading to a modified optimal version to reach a good compromise. A performance test to see its
impacts upon the Peltier’s performance was also made.
Table 1 & 2, show the results from a very well calibrated thermometer, with two thermal sensors,
(one in contact to the SB, where the Peltier assembled, and the other sensor in contact with the heat
sink). Figure 1 shows the curve performance for the perlite and heat sink, for the cooling process,
while figure 2 shows the heating process. Each point is represented as a measuring result that has
been recorded at each minute from the thermometer.
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Table (1) Cooling at
Room temperature
RT = 22.3 C
Cold side
(SB)

Hot side
(heatsink)

40
38.4

21.1
26.2

37.1
35.8

28
30.2

34.4
33.3

31.6
32.2

32.1
31

32.1
32

29.9
29
27.9
27
26.1
25.2
24.3
23.4

32
31.9
32
31.5
31.4
31.3
31.2
31.1

22.6
22

31
31

21.3
20.5

30.8
30.4

19.9
19.2

30.3
30.2

18.6
18

29.9
29.5

17.5
16.9

29.2
29

16.4
15.9

28.8
28.7

15.3
14.9

28.6
28.4

14.4
13.9

28.1
27.9

Peltier Performance
Chart TitleCurve Cooling

T °C

50
40
30
20
10
0
1 3 5 7 9 1113151719212325272931333537394143
SB

Series1
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heatsink

Series2

Time

Table (2) Heating at
Room temperature
RT=22.3 C
Peltier
Peltier
Cold side
Hot side
(SB)
(heatsink)
10
23.8
13.4
22.5
15.1
21.2
17.1
21
19.2
20.9
21
20
22.8
19.1
23.1
18.5
24.6
18.2
26
18.2
27.5
18.1
28.5
18
29.5
18
30.8
18.5
32.3
18.8
33.6
19.1
34.8
19.2
35.9
19.2
37.3
19.3
38.4
19.4
38.8
19.6
38.9
20.1
39
20.5
39.1
20.8
39.5
20.9
39.8
20.9
40

Title Curve Heating
PeltierChart
Performance

T °C
50
40
30
20
10
0
1

3

21
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5

7

9

11 13 15 17 19 21 23 25 27
Time
heatsink
Series1
Series2
SB

Appendix C
The below script files are the files that were used to run the Test station, showing the
steps that were conducted by the Test station during the blood dilution cycle via SB.
Test Station _run _cycle _script. Lqp
Valve1 off
Valve3 off
Valve0 off

Send the commend to close the valves
and the two shear valve

Shv2_Diluent m i
Shv1_Sample m o

Click the button (3) or the start plate for stat the cycle

#button 3
Syr1_Sample move 120 +30

Aspirated the separation bubble to separated blood from diluent

#wait
#button3
Syr1_Sample move 250 +25

Apply blood and Click on start plate for Aspirated 250 µl blood with 25
µl/s flow rate separated blood from diluent

#wait
#delay 3000

Delay 3 second to remove the overpressure that results from the syringe pump

Shv1_Sample m i
#wait

Close / open the valves in correctly manner for prepare for the next stage

Shv2_Diluent m o
#wait
Valve1 on
Valve3 off
Valve0 on
Syr2_Diluent move 800 -50

Dispensed 800 µl of diluent with 50 µl/s flow rate from S2 to perform the first
dilution in ratio of 1:40

#wait
Valve1 off
Valve3 on
Valve0 on
Shv1_Sample m o

Close / open the valves for prepare for the next stage and start the waste pump

Shv2_Diluent m i
#wait
Waste on
Syr2_Diluent move 9000 -300
#delay 2000
Syr1_Sample move 2000 -200

Removing the residual blood and cleaning the SB, by dispensing 9 ml of
diluent with 300 50 µl/s flow rate from S1 and 2 ml with 200 µl/s flow rate
from S2

#wait
Valve3 off
Shv2_Diluent m o
#wait
Shv1_Sample m i

Close / open the valves in correctly manner for prepare for the next stage
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#wait
Valve1 on
Syr2_Diluent move 3700 -200

Dispensed 3700 µl of diluent with 200 µl/s flow rate from S2 to perform the
final dilution 1:200
1:40

#wait

Valve0 off
#restore Syr2_Diluent
Waste off
Valve1 off

Close / open the valves for prepare for the next stage, Restored the
default volumes for the S1 & S2

Valve3 off
Shv1_Sample m o
Shv2_Diluent m o
#restore Syr1_Sample
#wait
Valve1 off
Valve3 off

Close / open the valves for cleaning the entire system

Valve0 off
Shv2_Diluent m o
Shv1_Sample m i
#wait
Syr1_Sample move 5000 +300
Syr2_Diluent move 5000 +300
#wait
Shv2_Diluent m i
Shv1_Sample m o
#wait
Valve3 on
Valve1 off
Valve0 on
Waste on
Syr1_Sample move 5000 -300
Syr2_Diluent move 5000 -300
#wait
Shv2_Diluent m o
Shv1_Sample m i
#wait
Valve3 off
Valve1 off
Valve0 on
Waste off
#Grind
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Appendix D
This appendix explains the methods followed during the electronic pipette calibration.
1. Checking the Calibration of electronic pipette
In this study, the electronic pipette model Finn pipette has been used for aspirating and dispensing
blood accurately and with high precision. The speed was set to 6 for both aspiration and
dispensing, to ensure the blood was aspirated slowly and evenly. When aspirating the blood, the
tip was only be immersed a few millimetres into the blood. The waiting period was 1 to 3 seconds
to allow for the blood to rise in the tip.
2. Principle:
Under a constant temperature (room temperature 23ºC) the density of tap blood is constant. The
calibration of the pipette was carried out in lab conditions. The volume of blood can be
determined by weighting dispensed blood. However, when determining the volume of blood, the
accuracy of measurements may be affected by the accuracy of the analytical balance. By
calculating the average (Mean), accuracy, standard deviation (S.D.) and imprecision (C.V.) of
the blood volume for the 20 repetitions, the precision of the pipette was determined.

3. Material and equipment:
(1) Pipette and tips
(2) Plastic medicine cup
(3) Temperature meter (±0.1℃)
(4) Analytical balance (± 1.0 mg)
4. Procedure
(1) Record the room temperature.
(2) Place a beaker filled with blood in the board and wait for temperature equilibrium
(3) Place a plastic cup on the analytical balance and close the door of balance and wait for an
equilibrium to be reached.
(4) Put a tip onto the pipette and set the volume to be tested (20µl).
(5) Setup the desired settings for aspiration and dispensing (speeds of 5 and 6)
(6) Aspirate and dispense 20µl.
(7) Eject the tip.
(8) Close the door of the balance and record the value on the balance display after it has stabilized.
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(9) Repeat step (1) to (8) 20 times (the weight display of balance should be recorded for each
repetition)

5. Calculation:
(1) Convert the weight unit of measured value into the volume unit of measured value using the
following formula:
Volume (ml or µl) = Weight (mg or µg) x Z
Where Z value: blood density equal to (1060 kg/m3)
(2) Calculate the average (Mean), accuracy standard deviation (S.D.) and Imprecision (C.V.)
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Appendix E
This appendix shows the results of the SB simulation
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Appendix F
The raw data for all experiments obtained from Medonic M series hematology analyzer. The table
below Show the result of mean HGB g/dl for control (CG) and test (TG) groups, with blood sample
HCT =33% at different temperature. N=30 for each group.

M
SD
CV %

GC at 23.6 C

TG at 15 C

TG at 25 C

TG at 35 C

TG at 39 C

12.1
12.6
12.3
12.8
12.1
12.6
12.3
12.8
12.7
12.7
12.6
12.5
12.6
12.6
12.6
12.8
12.5
12.5
12.5
12.6
12.6
12.6
12.4
12.5
12.5
12.6
12.6
12.6
12.4

14.3
14.7
14.3
14.2
14.6
14.3
14.5
14.4
14.8
14.1
14.2
14.5
14.4
14.3
14
14.5
14.4
14.5
14.1
14.2
14.4
14.2
14.3
14.4
14.3
14
14.5
14.4
14.6

14.4
14.2
14.3
14.4
14.3
14
14.5
14.4
14.6
14.5
14.5
14.3
14.4
14
14.1
14.2
14.5
14.4
14.3
14.8
14.5
14.4
14.6
14.6
14.5
14.3
14.4
14.5
14.1

14.2
14.4
14.3
14.2
14
14.2
14.7
14.4
14.3
14
14.5
14.4
14.6
14.6
14.5
14.3
14.4
14.2
15
14.2
14.3
14.4
14.5
14.3
14.6
14
14.2
14.5
14.3

14.7
14.5
14.9
15
14.6
14.4
14.6
14.5
14.3
14.8
14.5
14.3
14.9
14.4
14.2
14.3
14.5
14.4
14.5
14.9
14.6
14.4
15
14.7
14.8
14.6
14.8
14.5
14.8

12.5

14.4

14.1

14.5

14.9

12.53
0.17
1.32

14.36
0.19
1.32

14.37
0.18
1.31

14.36
0.21
1.51

14.65
0.23
1.69
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The Table below show the result of mean HGB g/dl for control (CG) and test (TG) groups, with
blood sample at different HCT % in constant temperature 25C, N=30 for each group.

M
SD
CV%

HCT = 18%
CG
TG
6.3
7.5
6.4
7.3
6.2
7.5
6.3
7.5
6.4
7.4
6.3
7.5
6.2
7.4
6.3
7.4
6.2
7.4
6.2
7.3
6.3
7.2
6.2
7.3
6.3
7.3
6.2
7.2
6.4
7.3
6.2
7.3
6.3
7.2

HCT = 27%
CG
TG
10.2
11.7
10.4
11.5
10.5
11.8
10.3
11.7
10.4
11.3
10.3
11.7
10.2
11.6
10.1
11.4
10.2
11.6
10.3
11.7
10.4
11.5
10.2
11.6
10.2
11.8
10.3
11.6
10.2
11.6
10.3
11.7
10.1
11.9

HCT = 33%
CG
TG
12.1
14
12.6
14.3
12.3
14
12.8
14.3
12.7
14.2
12.7
14.1
12.6
14.1
12.5
14.2
12.6
14
12.6
13.8
12.6
14.1
12.8
13.9
12.5
13.9
12.5
14
12.5
14.5
12.6
14.2
12.6
14.3

HCT = 58%
CG
TG
21.3
26.7
21.8
26.5
21.3
26.8
21.2
26.7
20.9
26.3
21.1
26.5
21.5
26
21.2
26.4
21.3
26.2
20.9
26.8
21
26.2
20.9
26.5
21.3
26.1
20.9
25.9
21.1
26.6
20.7
26.1
20.8
25.9

6.2
6.2
6.3
6.2
6.2
6.4
6.3
6.2
6.3
6.1
6.3
6.3
6.2
6.30
0.08
1.21

10.4
10
10.1
10.4
10.1
10.2
10.3
10.2
10.2
10.1
10.2
10.6
10.2
10.20
0.13
1.31

12.6
12.4
12.5
12.5
12.1
12.2
12.7
12.1
12.4
12.5
12.3
12.2
12.2
12.50
0.20
1.64

20.7
20.6
20.8
20.5
20.8
20.4
20.8
20.2
20.7
20.6
20.8
20.5
20.8
20.85
0.35
1.66

7.4
7.4
7.4
7.3
7.2
7.3
7.2
7.1
7.1
7.4
7.4
7.3
7.3
7.30
0.11
1.52

11.5
11.8
11.3
11.8
11.7
11.6
11.2
11.7
11.8
11.7
11.6
11.9
11.7
11.70
0.17
1.46
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14.1
14.5
14.4
14.4
14.4
14.2
14.3
14.1
14.1
14
14
13.9
14
14.10
0.19
1.33

25.9
26.1
26.7
25.9
27.2
27.2
27.1
26.7
26.4
27
26.1
26.2
27.3
26.45
0.42
1.60

Appendix G
QC-Report
1. General data

1.1. Purpose and use
Control journal for all BM850 model instruments intended for use on humans.

1.2. Responsibility and updating
The development department is responsible for technical limits, the production
department is responsible for the process and the adherence to it.

Instrument type:
M-series M32
Alfa plus

2. Instrument data
Latex lot:
01112 -GL
Caibrator lot: 21701-34
M-series US
Con L lot:
21701-11
Con N lot:
21701-71
Con H lot:
21701-13

Serial number: 100017
Number of parameters:
(US)16
20

Diluent lot no: 1704-722
Lyse lot no:
1606-600
Cleaner lot no:
-

22

Features:
Mixer (MIX)
MPA

Program version: 2.1
S/N Shear valve: 20140909

3. Approval and release for packing
Approved
Instrument control. date: 2016/02/21
Sign: Mustafa
The instrument is released for packing (QA or other
selected personnel):
Approved
Date: 2016/02/24

Approved with
deviation
(see att. report)

Sign: Malko

Comments:
_____________________________________________________________________
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Instrument control

OK
1. Protective ground

Tested OK
2. Insulation test
Tested OK
3. Control of the unit
HPC Mounted
4. Connect network communication to the instrument.
5. Initiation of the instrument
Serial number corresponds
Customer configuration read
LED-light on
Date and time configured
Mixer / ABR / AS-wheel
6. Control of Software Version
7. Calibration of Shear Valve
Pos 1:
753
Pos 2 (fr 1): 360
Pos 2 (fr 3): 930
Pos 3:
_1075____
8. Control of valves
9. Control of pump suction
Lower powerhead suction*: - __680____ -600mbar or lower
Aspiration suction at the needle*: -70 < __-_61____< -50 mbar
Upper powerhead suction*: - ____690____ -600mbar or lower
Manometer MD-number: ____604_____
* Always negative
10. Control of air pump pressure
Pressure: 450 < ___530_____< 600 mbar at air pump
Manometer MD-number:___604______
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Note

11. Adjusting start/stop detectors for measuring units and pipettes
WBC measuring unit 270ul  5l
WBC pipette 4.5ml  0.1ml
RBC pipette 4.5ml  0.1ml
RBC measuring unit 270ul  5l
12. Volume control HGB/WBC
Volume 1.9ml  0,1ml
OK Note
13. Offset control and tuning
RBC 0.01 mV
WBC 0.01 mV
Multimeter MD-number: _____102_______
14. Control of reagent sensors
15. Filling the system and control of leakage
No visible leaks
Glass units liquid filled, no air bubbles
16. Clean Orifice [125-150V]
High voltage testing device MD-number: ______251_______
Multimeter MD-number: ______102________
17. Adjustment of the photometer
Photo Diod Voltage 3500100
18. Function control of the MPA unit (if applicable)
19. Function control of pre dilute aspiration
20. Configuration of Gran with cvp
Tune GRAN using RV3 to target value in assay sheet
Sum > 20.00
Human:
 2 units
SEQ: _4___- __6___
21. Background and calculation time
Blank run limits: 2 runs
PLT  10 x 109/l
RBC  0,02 x 1012/l
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HGB  0,1 g/dl
WBC  0,1 x 109/l
Calculation time RBC 12-16
Calculation time WBC 9-13
SEQ: BLANK__7__-__8__
22. MCV tuning
Tune MCV using RV4 to target value in assaysheet  1,0 fl
SEQ: __9__-__15__
23. Control of the orifices
Passing requirements:
Human low MCV offset 80µ-orifice

22.0 ≤ PMPW ≤ 29.0

SEQ:__13_-__15__
24. PMPW calibration
Calibrated value of PMPW:_____23________
25. Reproducibility test, whole blood, OT
Passing requirements:
CV limits for the test series:
Parameter
CV(%)
RBC
1,8
MCV
1,5
PLT
4,8
HGB
1,5
WBC
3,5
Open system SEQ:_16__-__25__
26. Calibration of Whole Blood
Calibration requirements:
The test series must not fall outside of the limits.
CV
Calibration interval
RBC
 2,0%
 20%
MCV
 1,7%
 2%
PLT
 5,3%
-35% → +30%
MPV
 2,4%
-40% → - 5%
HGB
 1,7%
-20% → 0%
WBC
 3,9%
-20% → + 5%
Calibration: SEQ: __21_-__25__
27. Calibration of RDW, Whole Blood Aspiration
Calibration RDW: SEQ: __26_
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28. Calibration Verification, Whole Blood Aspiration
SEQ: __27_-___27_
29. Analysis of Control Blood, Whole Blood Aspiration
Control blood LOW
SEQ: _28__-__28__
Control blood HIGH
SEQ: _29__-__29__
30. Analysis of Background, MPA Unit (if applicable)
PLT  10 x 109/l
RBC  0,02 x 1012/l
HGB  0,1 g/dl
WBC  0,1 x 109/l
SEQ:__-___-___-__
31. Calibration, MPA Unit (if applicable)
Calibration requirements:
The test series must not fall outside of the limits.
CV
Calibration interval
RBC
 3,0%
 20%
MCV
 1,7%
 2%
PLT
 5,8%
-40% → +25%
MPV
 2,4%
-40% → - 5%
HGB
 2,7%
-20% → 0%
WBC
 4,4%
-20% → + 5%
Calibration: SEQ: _-__-__-__
32. Calibration of RDW, MPA Unit (if applicable)
Calibration RDW: SEQ: _-__
33. Calibration Verification, MPA Unit (if applicable)
SEQ: _-__-_-___
34. Analysis of Background, Pre Dilute Aspiration
PLT  10 x 10 /l
RBC  0,02 x 1012/l
HGB  0,1 g/dl
WBC  0,1 x 109/l
SEQ:___30__-__30___
9

35. Calibration, Pre Dilute Aspiration
Calibration requirements:
The test series must not fall outside of the limits.
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CV
Calibration interval
RBC
 3,0%
 20%
MCV
 1,7%
 8%
PLT
 5,8%
-40% → +25%
MPV
 2,4%
-40% → -5%
HGB
 2,7%
-20% → 0%
WBC
 4,4%
-20% → + 5%
Calibration: SEQ: __31_-__35__
36. Calibration of RDW, Pre Dilute Aspiration (if applicable)
Calibration RDW: SEQ: __36_
37. Calibration Verification, Pre Dilute Aspiration
SEQ: _37__-_37___
OK Note
38. Background Analysis
2 runs, the last within the below limits:
PLT  10 x 109/l
RBC  0,02 x 1012/l
HGB  0,1 g/dl
WBC  0,1 x 109/l
SEQ: __38___ - __39____
39. Print and Send ”Instrument Log”
”Instrument log” exported to computer
Current date set
Print and instrument serial numbers correspond
Instrument firmware is current version
Make certain the Options are correct for the instrument type
as in the below table.
Note! Additional features may be shown under options
AS = Provväxlare, CPD = Cap piercer, MIX = Mixer, MPA = Micro pipette adapter
M-series
M-series
US
Alfa

MH
MH
SH

RS
R1

RS PCD
RS

Additional features as stated in page 1 of the control journal
Make certain the card serial numbers correspond to
those stated on the print
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40. Print and Send ”All Settings”
”All settings” exported to computer
Calibration OT
RBC
( 20%)

MPA
( 20%)

PD
( 20%)

MCV

( 2%)

( 2%)

( 8%)

PLT

(-35% → +30%) (-40% → +25%) (-40% → +25%)

MPV
HGB

(-40% → -5%) (-40% → -5%)
(-20% → 0%) (-20% → 0%)

(-40% → -5%)
(-20% → 0%)

WBC

(-20% → +5%) (-20% → +5%)

(-20% → +5%)

Number of parameters (compare page 1)
41. Cleaning the Liquid System
Clean the liquid system per the control manual instructions
Manually wash shear valve
42. Configure, New Instrument
43. Cleaning the Instrument
Clean the instrument of any blood stains
Remove any plastic micropipette from the MPA
OK Note
44. Lot number from reagent vats and control blood
45. Sign
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