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Abstract: Most point-of-care (POC) and patient self-testing (PST) devices are based on the analysis of whole 
blood taken from a finger prick. Whole blood contains a bountiful of information about the donor’s health. We 
analyze here two particularities of microsystems for blood analysis: the blood non-Newtonian behavior, and the 
capillary flow in reagent-coated channels.  

Capillarity is the most commonly used method to move fluids in portable systems. It is shown first that the 
capillary flow of blood does not follow the Lucas-Washburn-Rideal law when the capillary flow velocity is 
small, due to its non-Newtonian rheology and to the formation of rouleaux of RBCs.  

In a second step, the capillary flow of blood on reagent-coated surfaces is investigated; first experimentally 
by observing the spreading of a droplet of blood on different reagent-coated substrates; second theoretically and 
numerically using the general law for spontaneous capillary flows and the Evolver numerical program. 
Copyright © 2016 IFSA Publishing, S. L. 
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1. Introduction 

 

Point-of-care (POC) and patient self-testing (PST) 
devices are interesting tools for the monitoring of 
people health, early detection of diseases, and 
adjustment of a treatment [1-3]. Most point-of-care 
(POC) and patient self-testing (PST) devices are 
based on the analysis of whole blood taken from a 
finger prick. Whole blood contains a bountiful of 
information about the donor’s health: some are 
contained in the blood plasma, others are carried by 
the red blood cells (RBC). Metabolites, such as 

glucose and cholesterol, are transported by the 
plasma; pathogens, parasites, viruses and bacteria are 
also found in the plasma [4-5]. On the other hand, 
RBCs count, circulating tumoral cells characterize 
the cellular phase [6]. 

Most of the time, portable systems use capillary 
forces to move the samples [1-3, 7]. We analyze here 
two fundamental characteristics of such systems for 
blood analysis: the blood non-Newtonian behavior 
[8], and the capillary flow in reagent-coated channels.  

It is shown here that the capillary flow of blood 
does not follow the Lucas-Washburn-Rideal law 
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(LWR) and its non-cylindrical extension [9-10] when 
the capillary flow velocity is small, due to its non-
Newtonian rheology and to the formation of rouleaux 
of RBCs [11].  

In a second step, the capillary flow of blood on 
reagent-coated surfaces is investigated; first 
experimentally by observing the spreading of a 
droplet of blood on different reagent-coated 
substrates (IgM, dye, enzymes, surfactants, SLS 
[12]), second theoretically and numerically using the 
general law for spontaneous capillary flows and the 
Evolver numerical program [13]. 
 
 
2. Whole Blood Non-Newtonian Behavior 

 
The dynamics of whole blood flow is related to its 

viscosity. Whole blood rheology is complicated. It 
depends on many parameters, such as hematocrit and 
fibrinogen levels. A law for viscosity as a function of 
the shear rate is the Casson law [8], or the more 
general Herschel-Bulkley law [14] (Fig. 1).  
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Fig. 1. Dynamic viscosity of whole blood as a function  
of the shear rate (top), showing a shear-thinning behavior; 
blow-up on the shear-thinning of whole blood (bottom):  

the dots correspond to experimental data found in the 
literature, the two curves are the Herschel-Bulkley  

and Casson formulas. 
 
 

When the shear rate is small, rouleaux of RBCs 
form, giving the blood a strong non-Newtonian, yield 
stress behavior (Fig. 2(a) and Fig. 2(b)) [11, 15].  

Whole blood capillary flow has been studied 
using a simple capillary tube of 100 µm diameter 
plugged to an open inlet port (Fig. 3). The velocity 
and penetration of the flow are monitored by 
following the position of the advancing interface 
using a millimetric paper. 

A
20 µm 20 µm

 
(a) 

 
(b) 

 
Fig. 2. (a) Dispersed whole blood; (b) Whole blood 

forming “rouleaux” (the yellow lines show  
some of the rouleaux). 

 
 

 
 

Fig. 3. View of the cylindrical tube plugged  
to the reservoir. 

 
 

At the beginning of the capillary flow, velocities 
are sufficiently high to produce shear rates larger 
than the threshold of approximately thγ ~ 100 s-1 

characterizing the Newtonian-viscoelastic transition 
(Fig. 1). The penetration distance obeys the LWR law 
for a tube of radius R: 
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where γ is the surface tension, μ is the viscosity 
(Newtonian) and θ is the contact angle. The flow 
being a laminar Poiseuillle flow upstream from the 
meniscus, the wall shear rate is 
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Upon substitution of (1), relation (2) becomes 
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After a distance zt characterized by  
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the flow becomes non-Newtonian and LWR law is no 
more verified (Fig. 4): The capillary flow of whole 
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blood departs from the Lucas-Washburn-Rideal law 
for large penetration distances. This viscoelastic 
behavior is associated to the formation of  
rouleaux [11, 16]. 
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Fig. 4. Penetration distance vs. elapsed time:  
(a) Penetration distance as a function of time showing 
Newtonian and non-Newtonian behavior: red dots 
correspond to the experimental results, the green line 
corresponds to the LWR law, violet discontinuous line to 
the viscoelastic regime using the equation proposed in [16]; 
(b) Penetration distance as a function of square root of 
time: The blue dots correspond to the experimental 
observations, the green dotted line to the LWR law, the red 
line results from a model for the viscoelastic regime. In the 
Newtonian regime RBCs are dispersed, while they form 
rouleaux in the viscoelastic regime. 

 
 

The travel distance of a capillary flow of 
Herschel-Bulkley liquid (such as whole blood) in a 
tube has been derived by Gosselin and coworkers in 
[16], and is the solution of a differential equation that 
reduces to the Weissenberg-Rabinowitsch-Mooney 
equation for power-law fluids, and to the Lucas-
Washburn-Rideal law for Newtonian fluids. 

 
 

3. Capillary Flow on Reagent-coated 
Walls 

 
Point-of-care or home-care systems need 

embedded reagents, coated on the walls or 
lyophilized [17-18]. Dry coatings modify both the 

geometry of the channel and their surface energy, 
resulting in a change of the capillary flow [19]. We 
first analyze the spreading of whole blood on 
different reagent-coated surfaces, and then the 
capillary flow of whole blood in reagent- 
coated channels.  

 
 

3.1. Spreading of Whole Blood on Different 
Reagent-coated Surfaces 

 
Experiments have been conducted to observe the 

spreading of whole blood on different substrates: 
uncoated COP (cyclo-olefin polymer), COP coated 
with IgM and dyes containing various excipients.  

The principle is illustrated in Fig. 5 where 
droplets of reagent (6-10 µl) are first deposited on the 
COP substrate, then spread and finally dry. Next a 
few µl blood droplet (2-6 µl) is deposited in the 
middle of the dried reagent stain (Fig. 5(b)).  
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Fig. 5. (a) A COP plate coated with droplets of dried 

reagents, such as IgM; (b) Spreading (and drying) of a 
droplet of blood deposited on IgM coated substrate. 

 
 

The spreading was observed using a Drop Shape 
Analyzer (DSA100, Krüss, Germany). As shown in 
Fig. 6, the droplet first touches the flat substrate, then 
spreads. Often whole blood forms a thread  
before total release due to the strong viscoelastic 
behavior [20].  
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Fig. 6. Spreading of whole blood on reagent coated 
surfaces: (a) Initial contours of the droplet detaching from 
the pipette (1, 2, 3, 4 are the successive contours of the 
drop); (b) Spreading showing the formation of a thread. 

 
 

It was checked that the Hoffman-Voinov-Tanner 
law is approximately verified for whole blood 
spreading on reagent coated surfaces [21-22]. The 
kinetics of the advancing contact angle θa(t) is 
monitored and a static contact angle θs is determined 
at the end of the spreading motion. Fig. 7 shows the 
different kinetics of spreading depending on  
the coatings. 
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Fig. 7. Kinetics of spreading of whole blood on different 
reagent coated surfaces. Tween 20 is a surfactant, trehalose 
a dissacharide, IgM is n immoglobuline M and the “dye” is 
a chromogenic indicator for oxydoreductase. The dots 
correspond to the measured contact angles and the 
continuous lines are guides for the eyes. 

 
 

The location of the advancing triple line z(t) is 
recorded, which produces the spreading velocity V(t). 
Eliminating the time, a plot of the dynamic contact 
angle as a function of the capillary number can be 
drawn. It is checked that the Hoffmann-Voinov-
Tanner law is satisfactorily respected (Fig. 8), i.e. 

 
Cac3

s
3
a ≅− θθ  (5) 

 
Hence an advancing contact angle is determined 

as a function of the velocity: 3 3
sa Cac θθ +≅ .  

It has been shown that the advancing contact 
angle in a capillary flow decreases to the static value 
within a penetration distance smaller than few 

hydraulic diameters [23-24]. Hence, the value of the 
static Young contact angle  θs is of great interest and 
is given by the horizontal limit in Fig. 7. 
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Fig. 8. HVT law is respected during the spreading of whole 
blood on an IgM coated surface. 

 
 

3.2. Capillary Flow on Reagent-coated 
Surfaces 

 
Point-of-care (POC) or patient self testing (PST) 

devices require the use of reagents to achieve the 
biological assays. These reagents can be lyophilized 
or dried. We focus here on dried reagents and we 
assume that their dissolution is not instantaneous 
upon arrival of the blood [25-26]. 

Reagent functionalization of the device is first 
achieved by introducing liquid reagent in the device. 
There are different approaches to introduce liquid 
reagent. Either the reagent can be deposited locally 
with a pipette or a robot (Fig. 9) [27], and the device 
is closed afterwards, or reagent must fill the reaction 
chamber using capillary motion, in the case of an 
already closed system. 

 
 

pipette

droplet  
 

Fig. 9. Different methods of deposition of liquid reagents 
locally in a capillary microfluidics device. Left: Fuchiwaki, 
et al. approach where the droplet is pipetted on a circular 
surface surrounded by a micro-ditch [27], right: another 
solution for immobilizing reagents, in which the droplet is 
pipetted between two ridges. 
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Note that the coating is usually not uniform: In 
the case of interior concave corners, the drying 
process concentrates the reagents in these corners  
[7, 26] (Fig. 10).  

The presence of dried-coating layers modifies the 
subsequent capillary filling with whole blood. There 
are two effects: a chemical effect associated to the 
change of surface energy introduced by the coating, 
and a geometrical effect associated to the deposit of 
solid coating. This geometrical change of sharpness 
of the interior corners impedes the development of 
capillary filaments [28-30], and the capillary filling 
may become impossible if the component is not  
well designed.  

The occurrence of spontaneous capillary flow 
(SCF) has been theoretically determined and 
numerical and experimental validations have been 
performed [12, 18, 29, 31]. We make here the 
assumption that the spreading is fast compared to the 
re-dissolution of the coating. 

 
 

Dry saccharide deposit

View from topView from side

200 µm

 
(a) 

 

Dried reagent Cross section
 

(b) 
 

Fig. 10. (a) Dried coating of a channel with 
monosaccharide such as D-glucose or D-sorbitol showing 
concentration of solid monosaccharide in the corners [26]; 
(b) Dried coating of IgM in a V-groove showing 
concentration of IgM in the tip of the V-groove [7]. 
 
 

The general SCF condition in absence of capillary 
filaments in composite channels is given by the 
extended Cassie relation proposed by Berthier and 
Brakke [19] 

 

airRBcoatedWBcoatednot fff >+− ,, coscos θθ , (6) 
 

where the coefficients f are the fractions of the cross 
section lengths of different wettabilities, and the 
contact angles θΒ,W et θB,R are the wall and reagent-
coated wall contact angles with blood respectively. 

We assume here that the capillary number is small 
and consequently that the advancing contact angles 
are equal to the static ones, which is usually valid for 
capillary flow [23-24].  

Before the blood is introduced, the reagent must 
fill the device. Hence the second condition for the 
SCF of reagent 
 

( ) airWRcoatedcoatednot fff >+− ,cosθ , (7) 
 
where θR,W is the contact angle between reagent  
and wall. The design must then satisfy the  
matrix inequality 
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Let us consider a V-groove, with the three 

different morphologies of reagent deposit in the 
dihedral shown in Fig. 11: (A) shows the uncoated 
groove, (B) corresponds to a uniform coating of the 
groove dihedral, (C) to a flat filling of the dihedral 
bottom – which we will call trapezoidal filling, (D) to 
a rounded filling of the dihedral bottom.  
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Fig. 11. A: V-groove; B: V-groove with a uniform coating 
in the dihedral; C: V-groove with trapezoidal coating  
of the dihedral; D: V-groove with a rounded coating  

of the dihedral. 
 
 

The condition (7) for the SCF of reagent is simply 
the Concus-Finn condition [7] 

 

απθ −<
2WR, , (9) 

 
or equivalently 
 

WR,cossin θα <  (10) 
 

Using the trigonometric relations αcoshd = , 

αtanh2w = and αcoszL =  – where α is the ½ 

dihedral angle – we find that in the case (B), the SCF 
condition for whole blood is 
 

( )RBWBWB h

z
,,, coscoscossin θθθα −−<  (11) 

 

Using the same arguments, SCF is obtained in 
case (C) if the inequality 
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( )RBWBWB h

z
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is satisfied. Finally the last case (D) requires more 
algebraic developments. We find the SCF condition 
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SCF conditions (11), (12) and (13) are plotted in 

Fig. 12, assuming that the contact angle between 
blood and wall and blood and coating are equal,  
i.e. θΒ,W = θB,R.  

 
 

Uniform coating

Concus-Finn limit

Rounded coating

Trapezoidal coating

SCF

 
 

Fig. 12. SCF domains as functions of the coating geometry 
and contact angle: SCF occurs on the left of the curves;  
no SCF occurs above a z/h threshold (case of ½ wedge 

angle α=40° and θB,R=60°). 
 
 

Although the software Surface Evolver does not 
account for fluid dynamics, it has been shown to 
produce an accurate determination of the SCF 
conditions due to the importance of the capillary 
forces in this type of problems [13, 19, 29, 32]: in 
particular in [32], it is shown that inertia of the flow 
can be neglected in front of viscous forces because 
the Reynolds number is small 
 

1
RV

<=
μ

ρ
Re , (14) 

 

where  is the liquid density. Inertia can also be 
neglected before capillary forces because the Weber 
number is small 
 

4
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Finally viscous forces can be neglected before 
surface tension forces because the Capillary number 
is small. 

310
V

Ca −<=
γ

μ
 (16) 

 

Hence the flow is governed by surface tension 
and capillary forces, and Evolver results are a good 
approximation of the flow. We then use the software 
Evolver to predict the SCF in channels which corners 
have been coated by the dried reagent, as shown in 
Fig. 13 in the case of a V-groove. The Evolve results 
are found to be in close agreement with the theory. 

 
 

 
 

Fig. 13. Evolver calculation of the SCF in V-grooves, 
depending on the shape of the coating (uniform, triangular 
or rounded coating/deposit in the wedge (colors: magenta 

for reagent, brown for naked walls). 
 
 

5. Discussion and Conclusion 
 

Designing a portable device for blood analysis 
requires the fulfillement of conditions related to the 
capillary flow of reagents and whole blood.  

In this work, we have analyzed first the non-
Newtonian shear rate threshold of whole blood below 
which whole blood becomes highly viscous. For 
capillary flows, this threshold corresponds to a 
channel length limit. It is recommended that the 
length of the channels be smaller than this threshold 
length.The spreading of whole blood on different 
coatings has been experimentally investigated. The 
spreading dynamic angle is checked to follow the 
HVT law. A static contact angle has been determined 
for many blood/reagent couples.  

Finally, the conditions for spontaneous capillary 
flow in V-grooves partially coated with dried 
reagents is theoretically determined and numerically 
verified. It is shown that SCF depends on the 
morphology of the coating and on the blood-reagent 
contact angle. 
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