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Abstract
Previously, pumping systems using centrifugal force has been regarded as an attractive control method for fluid flow 
interior microchannel. In this work, we propose a novel design of a biosensor for complex reactive protein detection in 
two-dimensional rotating microchannel using the finite element method. We have first developed the physical mod-
eling of the centrifugal force driven, and detailed velocity profile and expended the pressure distribution. Several crucial 
factors that influence the equilibrium binding time are discussed, including the bulk analyte concentration and the 
biosensor length. The obtained analytical results reveal that the binding reaction is largely enhanced with the increase 
of the angular velocity. Hence, an appropriate choice of the angular velocity may enhance the microfluidic biosensor 
performance and reduce considerably the time response. This work can open new opportunity for further investigation 
in microflow injection experimental studies.

Keywords  Biosensors · Microfluidics · Binding kinetics · Rotating microchannel · Finite element method · Modelling · 
Complex reactive protein (CRP)

1  Introduction

Over the past decades, the application of microfluidics 
[1] in the field of nanotechnology has become an active 
research field, which raises interesting points in miniatur-
ized analytical systems application dedicated for biology 
and chemistry like the micro total analysis systems [2], the 
genomic and the proteomic analyses [3]. These kinds of 
analyses offered a ubiquitous treatment of patients with 
the advantages of minimizing reagents and sample vol-
umes [4]. From a more fundamental point of view, the 
reduction of dimensions leads to the predominance of the 
surface effect, which has several advantages like the rise 
of the thermal transfers [5] and the trapping of molecules 
of interest [6]. Those advantages has brought a special 

emphasis on the development of immunoassays for vari-
ous biosensors applications [7]. In general, most of the 
immunoassay systems implicate the same kinetics of the 
specific binding of analytes and immobilized ligands, in 
which the concentration of the binding complex analytes-
ligands on the reaction surface plays a key role [8]. Several 
techniques have been employed to quantify and detect 
such an analyte–ligand interactions. The most common 
techniques are electrochemical [9], fluorescence [10] and 
surface plasmon resonance [11].

Nowadays, there exists a great deal of research inter-
est on how to monitor the patient which gets a high-risk 
epidemic like cardiovascular disease. The CRP present in 
human serum can be used as a clinical indicator of many 
inflammatory factors [12] when its value is going up to 
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hundreds or even tens of times than the normal value (less 
than 1 μg/ml in a non inflammatory human serum) [13]. 
Currently, many scientific researchers are developing vari-
ous strategies to enhance the mass transport in microflu-
idic systems and improve the achievement of the target 
antigen to the sensitive surface. For example, Selmi et al. 
[14] developed a two-dimensional microfluidic confine-
ment device for CRP detection, where the confinement 
flow velocity grew to enhance the binding rate. Also, Hof-
mann et al. [8] suggested a three dimensional microflu-
idic for immunoassays on a planar waveguide application, 
where a sample flow was joined with the perpendicular 
flow of a sample medium. Therefore, the increase in the 
makeup flow served to decrease the sample into a thin 
layer near the sensing surface. In an other study, Munir 
et al. [15] used the magnetic field force to improve the 
achievement of the tagging analyte with magnetic nano-
particles towards the sensing zone. Sigurdson et al. [16] 
developed a technique to enhance the response of micro-
fluidic immuno-sensors by using the electro-kinetically-
driven AC in order to improve the achievement of the 
antigen to the surface of the immobilized ligands. The 
binding rate can be raised by utilizing V root-mean square 
applied potential. Hart et al. [17] performed the heteroge-
neous immunoassays by applying an AC electro-osmosis 
through the use of the fluorescent immunoassays. Huang 
et al. [18] employed the finite element method to inves-
tigate the binding reaction of Immunoglobulin G (IgG) 
and CRP. Accordingly, a non-uniform AC electric field was 
applied to the flow microchannel of the biosensor to stir 
the flow. Importantly, the applied AC electric field reduced 
the thickness of the diffusion layer and accelerated the 
association and dissociation process. Hu et al. [19] used 
the electro-kinetic control technique to develop a new 
microfluidic chip based on polydimethylsiloxane, which 
was applied to heterogeneous immunoassays systems.

The development of highly advanced microfluidic sys-
tems, that generally include several microfluidic functions 
[2, 20] such as valve, pump, separation, mixing and reac-
tion and so on, has become a major requirement to offer a 
lot of advantages such as real-time detection [2], high sen-
sitivity and especially the ability to control the fluid flow 
in a precise manner. Among many controlling processes 
reported in the literature, the pressure driven flow and the 
electro-kinetics have been widely regarded as the most 
representative control methods of the fluid flow [21]. Elec-
troosmotic flow has broadly been used for the analyses 
due to its appealing characteristic of a plug like a velocity 
profile [22]. Nevertheless, centrifugal flow schemes have 
been also deemed as a promising and an elegant means 
to carry fluids in microfluidic systems [23, 24]. This con-
sists of micro-dimensional channel and reservoir which are 
fabricated on a disc similar to a compact disc. In addition, 

the fluid drive is realised through the rotation of the disc 
platform. Such platform has already been used for bio-
medical diagnostic appliances [25]. This microfluidic CD 
system present numerous advantages including the easy 
operation, fast response, low cost and minimum sample 
usage, etc… [26]. Several microfluidic approaches toward 
sample detection and quantification such as protein assays 
[27] and cell lysis [28] have been widely studied.

Herein, we employed the finite element method to 
investigate the angular velocity effect on the pressure dis-
tribution and asses the improvement of the protein bind-
ing kinetics of a biosensor inside a rotating microchannel. 
We design the lab-on-a-chip platform using the Coriolis 
and the centrifugal forces to control the fluid flow. The 
two forces (Coriolis and centrifugal) were manipulated by 
changing the angular velocity of the disc. Such a platform 
is programmed by utilizing a controlled sequence of angu-
lar velocities. The centrifugal force provokes a parabolic 
flow outline in the radial direction similar to a Poiseuille or 
pressure driven flow. The velocity depends Coriolis force 
generates an inhomogeneous transverse force in the tan-
gential meaning, which has its highest value in the middle 
of the channel. This work can open new opportunity for 
further investigation in microflow injection experimental 
studies.

2 � Theoretical model

The study was aimed at computing the kinetics of binding 
reaction between an analyte concentrations of CRP which 
is transported by a fluid toward a sensitive solid–liquid 
interface, where the ligands of antiCRP are immobilized. 
This interaction occurs at a 2D reaction surface of a bio-
sensor with reaction kinetics where the analyte–ligand 
complex is formed. In our case, we suppose that our immu-
noassay system mixes a small concentration of biological 
analyte human CRP diluted in phosphate buffer solution as 
a neutral buffer solution which present physical properties 
similar to water [29]. The sum will be used as a carrier fluid. 
The binding reaction corresponding to the formation of 
the complex CRP is illustrated in Fig. 1 where Kon and Koff 
are the association and dissociation constant of CRP bind-
ing reaction, respectively.

2.1 � Microchip design

In this paper, the analyte was manipulated utilizing the 
centrifugal and Coriolis forces to control the angular veloc-
ity variation of the disc, which is similar to the conven-
tional compact disc players system or small bench scale 
centrifuges. The centrifugal force supplies an intrinsic 
means to carry the fluid from the inlet boundary through 
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an intended microfluidic processing structure to the outer 
boundary without a necessity for an external pumping. 
This whole phenomenon causes the development of a 
diffusion boundary layer depending on the ratio of the 
reaction rate (association or dissociation) and the flow 
velocity bordering the reaction surface. The investigated 
micro-channel is shown in Fig. 2.

In this particular work, the width and the length of the 
channel are 150 µm and 500 µm, respectively, with the 
assumption that the reaction surface has the same length 
with the biosensor, which is 40 µm in length and 3 µm in 
width. The center of the biosensor is located in the middle 
of the microchannel (250 µm at the X-axis), as shown in 
Fig. 2. The simulation was then carried using Navier–Stokes 
equations, Fick second law equation, and first-order Lang-
muir adsorption model.

2.2 � The governing equations and problem set up

In this work, we develop an approach using the finite ele-
ment method [30–32] for a microfluidic biosensor in a 
two-dimensional micro-channel with the calculation of the 
surface complex antibody-antigen formed versus time. A 
finite element software Comsol Multiphysics v5.2a (COM-
SOL, Sweden) [33] was used to organize a 2D simulation of 
momentum and mass transport in the microchannel and on 
the biosensor surface.

(1)	 Navier–Stokes equation

The fluid is incompressible into a centrifugal driven 
flow at an angular frequency w = 2πv and governed via the 
Navier–Stokes equation [31, 34, 35] which can be given by:

(1)�(u ⋅ ∇)� = −∇� + �∇2� + �

Fig. 1   Shematic illustration of 
CRP binding reaction

Fig. 2   Geometry and forces on a rotating disc at an angular veloc-
ity vector ⇀

w , the local radial unit vector is expressed byêr. The rec-
tangular radial micro-channel exhibits a height H and a length L. 
The liquid plug is characterized by its inner and outer boundaries 
rin and rout respectively and a mean radial position r̄  . The centrifu-
gal force 

⇀

fw (Eq. 3) yield a parabolic profile ⇀v mainly pointing in the 

radial direction. The Coriolis force 
⇀

fc (Eq.  4) pursue to deflect the 
flow in the transversal direction. Due to the restriction of the trans-
versal motion by the side walls, the flow field ⇀v is non-uniform in 
the cross section of the channel and which leads to an inhomoge-
neous field distribution of the Coriolis force 

⇀

fc ⊥ ⇀v
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The continuity equation is

here u is the velocity field, P is the pressure, � and η are the 
density and the viscosity respectively. F represent the total 
external force applied to the microchannel (the centrifugal 
and Coriolis forces).

The flow is transported in the radial direction (êr) to 
drive the fluid into a parabolic velocity profile analogous 

to a pressure driven flow due to the centrifugal field 
(

⇀

fw

)

 

which is exerted on the fluid as the disc is spun [36] and is 
described by the following equation:

where r is the radial position, êr is the radial direction and 
⇀

w is the angular frequency vector. The second force is 
perpendicular to the velocity profile and depends on the 
properties of the fluid is called the Coriolis force ( 

⇀

f c ) [37] 
and it can be given by the following equation:

here ⇀v is the velocity vector. The volume force conditions 
were applied by substituting the Eqs.  (3) and (4) into 
Eq. (1), and these are used as X and Y-axis respectively.

(2)	 Fick second law equation

The analyte is transported to reach the sensitive layer, 
that could be described by the following equation [38]:

where [A] is the bulk concentration of the analyte and D 
is the diffusion coefficient of the analyte which is equal to 
2.175 × 10−11 m2/s for the human CRP, and u and v are the 
velocities in X and Y components respectively.

(3)	 First order Langmuir adsorption model equation

It is a chemical kinetics equation which is described 
using the first order Langmuir adsorption model [39, 40]. 
We assume that the analyte–ligand complex [AB] formed 
on the sensitive surface is immobilized without diffusion 
and is increased as a function of time according to the 
reaction rate equation as follows:

where [A]Surface is the concentration of the analyte at the 
reaction surface, [B0] is the initial concentration of the 

(2)(∇ ⋅ � = 0)
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immobilized ligand. The CRP binding reaction param-
eters used to carry out the simulation are summarized on 
Table 1 [13]

2.3 � Numerical method

The stationary simulation was performed in a rotating ref-
erence disk with non-slip boundary conditions at the walls 
and 0 Pa as a constant pressure boundary condition at the 
inlet and outlet of the microchannel. The flow is isotherm, 
laminar and steady. However, the fluid is initially assumed 
to be at rest and the initial conditions for the bulk analyte 
concentration [A] and the analyte–ligand complex con-
centration on the reaction surface [AB] were set zero. The 
dissociation phase of the CRP binding reaction is simu-
lated by cutting the supply of the analyte at a time after 
the saturation of the binding reaction.

In this theoretical study, a micro-channel of length 
L = rin− rout was used which starts at the center of the 
disk (center of rotation) and a mean radial position r̄ = ½ 
(rin− rout) (see Fig. 2). For the fluid, we set the parameters 
of distilled water at room temperature (ρ = 1000 kg m−3, 
ɳ = 1 mPa s). Figure 2 shows the patterning of flow in a 
microfluidic channel rotating at an angular frequency ⇀w 
(counter clockwise rotation). The 

⇀

fw is the centrifugal force 
which generates a parabolic profile in the radial direction 
(êr), and 

⇀

f c is the Coriolis force which pursues to swerve 
the flow in a transversal direction.

The solution of the previous equations using initial and 
boundary conditions in two dimensions have no numeri-
cal method and an analytical solution. Hence, the comsol 
simulation couples the transport of diluted species and 
laminar flow physics. An unstructured triangular mesh was 
used to discretize our domain. The region nearby the bio-
sensor is more refined with finer triangular mesh quality 
for a better resolution [41], as shown in Fig. 3.

The time step was controlled by the numerical solver 
during the computations. Surface CRP complex concen-
tration was performed using the first order derivative 
equation. To confirm that the numerical results are mesh 
independent and the convergence has been obtained, 
Fig. 4 shows the surface CRP complex concentration as a 
function of time for several mesh grids. In this case, we fix 
the concentration of CRP at 6.4 mol/m3. As can be clearly 

Table 1   CRP binding constant

Parameters Name Value

Kon Association constant 1 × 104 m3/mol s
Koff Dissociation constant 2.6 × 10−2 s−1

B0 Immobilized ligand concen-
tration

1.4 × 10−8 mol/m2
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seen in Fig.  4, no significant difference was observed 
between the curves obtained using the three grids (2147, 
4160, 6288 elements) so that the numerical convergence 

has been reached [41, 42]. Unless specified, all simulations 
were done with a total elements number of 6288 elements.

3 � Results and discussion

3.1 � Binding kinetics of protein CRP

The temporal evolution of the surface complex concentra-
tion of the protein CRP versus different concentration of 
antigen analyte (64, 19.2, 6.4, 1.92, 0.64 and 0.192 mol/m3) 
is plotted and depicted in Fig. 5a. As expected, the rise in 
the bulk analyte concentration results in a growth of the 
biomolecule target quantities trapped on the sensitive 
surface. The numerical results are in a good agreement 
with the results reported by Yang et al. [13] and Selmi et al. 
[14], where there is a complex quantity formation on the 
sensitive surface as a function of analyte concentration.

Fig. 3   The Two-dimensional unstructured geometry with triangular elements mesh

Fig. 4   Temporal evolution of [CRP complex] for several mesh grids

Fig. 5   The surface CRP complex concentration as a function of time for different bulk concentration of CRP (a) and different reaction surface 
length (b). The angular velocity is 100 rad/s
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3.2 � Effect of the reaction surface length 
on the binding reaction kinetics

In order to study the effect of the reaction surface, we 
varied the length of microchannel from 20 to 200 µm. 
The concentration of the analyte and the angular veloc-
ity (w) was set to 6.4 mol/m3 and 100 rad/s, respectively, 
and the analyte was sustained at 1000 s. Figure 5b shows 
the temporal evolution of the CRP complex concentration 
as a function of a different length of the reaction surface. 
From Fig. 5b, it can be inferred that the time required to 
achieve the steady state condition gets longer when the 
boundary layer of the reaction surface is longer. While 

minimizing the length of the reaction surface may be an 
obstruction due to the requirement of a sufficiently long 
reaction surface by some detecting technique. Thus, some 
compensation should be taken in consideration in the bio-
sensor length design.

3.3 � The development of the diffusion boundary 
layer

The CRP, as a large molecule of protein, is characterized by 
a low diffusion coefficient where it is limited by the mass 
transport coefficient [43] in a binding reaction of antibody-
antigen structure. Also, it strongly depend on and limited 
by the diffusion coefficient and the flow velocity. Efficient 

Fig. 6   The development of the diffusion boundary of the CRP bind-
ing reaction. The angular velocity is 100 rad/s and the bulk concen-
tration is 6.4 mol/m3. The left three pictures (a–c) are in association 

phase at times of 100, 200 and 400  s respectively and the right 
three pictures (d–f) are in dissociation phase at time of 1000, 2000, 
3000 s respectively



Vol.:(0123456789)

SN Applied Sciences (2019) 1:1199 | https://doi.org/10.1007/s42452-019-1231-8	 Research Article

mass transport of fluid is characterized by a low diffusion 
boundary layer thickness [44]. Figure 6 shows the tempo-
ral evolution of the diffusion boundary layer of the CRP 
protein from the association phase (left panels; A, B, C) to 
the dissociation phase (right panels; D, E, F). For the sake of 
clarity, we have presented different density scales. Accord-
ingly, the mass transport is along the reaction boundary in 
the same direction of the fluid. Furthermore, the uptake of 
[A]Surface on the reaction surface is faster than the supply 
of the bulk in the association phase. Therefore, a small dif-
fusion boundary layer of the analyte is constructed above 
the reaction surface. Hence, within the reaction surface 
boundary layer, there is a destitution of the analyte. In 
addition to the association phase, the diffusion boundary 
layer also occur in the dissociation phase when there is no 

flow of analyte in system, and relatively denser concen-
tration of the analyte can be seen on the boundary layer 
compared to that of the bulk [13].

3.4 � Angular velocity effect on the binding reaction

The fluid flow is depends on the channel dimensions, the 
physical properties of the fluid and the angular frequency 
of the rolling platform. Therefore, raising angular velocity 
is an effective means to improve the mass transport and 
decrease the thickness of the diffusion boundary layer, as 
illustrated in Fig. 7a–d which are corresponding to 100, 
80, 40, 20 rad/s respectively after 0.1 s of simulation . The 
centrifugal force generates a parabolic profile in the radial 
direction and play the role of pumping the system [45], 

Fig. 7   The analyte and the velocity distribution inside the micro-
channel after 0.1 s of simulation and with a constant analyte con-
centration C = 6.4  mol/m3. a–d The promotion of the analyte for 
different angular velocity corresponding to 100, 80, 40 and 20 rad/s 

respectively. e The velocity distribution along the radial direc-
tion of the micro-channel, corresponding to an angular velocity of 
100 rad/s



Vol:.(1234567890)

Research Article	 SN Applied Sciences (2019) 1:1199 | https://doi.org/10.1007/s42452-019-1231-8

which leads to the transportation of the fluid on a poi-
seuille flow profile in order to reach the reaction surface 
[37]. The velocity field depends on Coriolis force which 
normally produce an inhomogeneous transverse force and 
peaks in the center of the microchannel where the analyte 
is pushed toward the outlet boundary [37]. From there, the 
fluid escapes along up and down side walls due to the non 
slip boundary condition applied (Fig. 7e).

An appropriate measure of the pressure variation in 
the center of the microchannel as a function of the radial 
position was made to assess the simulation. Contrary to 
the pressure driven flow, the pressure fall along the rota-
tion micro-channel is not linear which could be explained 
by the increase in the centrifugal force further away from 
the centre of rotation. The convex pressure profile for dif-
ferent angular velocity values (100, 80, 60 40, 20 rad/s) is 
displayed in Fig. 8a. Interestingly, the obtained numerical 

results are in a good agreement with the one reported 
by Glatzel et al. [45] and Kim et al. [36], where a parabolic 
shape with negative value of pressure along the micro-
channel was obtained [36]. As a response to the rise of the 
centrifugal force along the radial direction, the pressure 
is expanded to maintain the same shear force all over the 
microchannel. A negative pressure slope in the left half 
region (the first 250 µm) is favorable to a small centrifugal 
force. Whereas, a positive pressure slope is in adverse to 
the flow to compensate the wide centrifugal in the right 
half region (the second 250 µm). These trends can be clari-
fied by the force balance between the centrifugal force 
and the pressure gradient which match exactly with the 
average centrifugal force with zero pressure slope at the 
centre of the microchannel [45]. This is why a negative 
pressure distribution and a parabolic form is built along 
the microchannel. The increase in the angular velocity 

Fig. 8   Angular velocity effect on the pressure distribution and the 
CRP binding reaction for a CRP bulk concentration of 6.4  mol/m3. 
a The pressure distribution along the channel center from the inlet 
(0 µm) to the outlet (500 µm) for different angular velocity. b Tem-

poral evolution of the CRP surface complex concentration for vari-
ous angular velocity 20, 40, 60, 80, 100 rad/s respectively. c The ini-
tial slope of CRP binding reaction as a function of angular velocity
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from 20 to 100  rad/s leads to an enhancement of the 
pressure value in the centre of the microchannel which 
is multiplied 23 times going from − 0.0132 to − 0.312 Pa. 
As expected raising the angular velocity (w) is an effective 
means to reduce the thickness of the diffusion boundary 
layer. Figure 8b presents the effect of raising the angular 
velocity on the CRP binding kinetics. Therefore, the faster 
disc rotation is, the faster association and dissociation 
rates are.

Figure 8c shows the initial slope of the CRP binding 
reaction curves as a function of different angular veloc-
ity. Larger slopes were founded for higher angular veloc-
ity. This can be explained as faster diffusion in transport-
ing the fluid for the micro-channel with higher angular 
velocity [46]. Increasing the angular velocity from 20 to 
100 rad/s improve the initial slope from 1.89 × 10−11 to 
2.29 × 10−11 and from − 9.09 × 10−11 to − 1.36 × 10−11 for the 
association and dissociation phases, respectively.

In this study, we have successfully made a new platform 
to conduct the fluid interior a rectangular microchannel 
with an efficient in term of time response and without 
the necessity for an external pumping system. Compared 
to the inlet flow velocity [13] as a conduction system, we 
get an improvement concerning the initial slope of the 
association phase of binding reaction from 1.8 × 10−11 
to 2.29 × 10−11. Recently, many attempts were made to 
improve such microfluidic transport system by superim-
posing another enhancement structure, namely, the use 
of the electrothermal force effect [38], the use of an obsta-
cle above the biosensor [47], the confinement flow effect 
[14] and mixing electrothermal and confinement effect 
together [48].

4 � Conclusion

In summary, the Coriolis and centrifugal forces are iden-
tified to be an efficient means to transport the fluid 
to the reaction surface of the biosensor and reduce 
significantly the time response. Several crucial factors 
such as the analyte concentration, the angular velocity 
and the length of the biosensor have been investigated 
theoretically. It is found that raising the angular velocity 
can effectively minimize the thickness of the diffusion 
boundary layer, and increase the fluid velocity. Hence, 
the association and dissociation rate of the protein 
binding reaction is drastically improved. In light of this, 
further investigation can be carried to study electro-
thermal and confinement flow effects on this rotating 
microchannel using 3D to design the biosensor device. 
We believe that this work can open new opportunity of 
research for further experimental investigation in micro-
flow injection system.
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