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ABSTRACT 

Microfluidic devices are poised to dramatically influence the future of the process industry. 

Therefore the understanding and proper evaluation of the flow and mixing behaviour at 

microscale becomes a very important issue. In this study, the diffusion behaviour of two 

reacting solutions of HCl and NaOH were directly observed in a glass/polydimethylsiloxane 

microfluidic device using adaptive coatings based on the conductive polymer polyaniline that 

are covalently attached to the microchannel walls. The two liquid streams were combined at 

the junction of a Y-shaped microchannel, and allowed to diffuse into each other and react. 

The results showed excellent correlation between optical observation of the diffusion process 

and the numerical results. A numerical model which is based on finite volume method (FVM) 

discretisation of steady Navier-Stokes (fluid flow) equations and mass transport equations 

without reactions was used to calculate the flow variables at discrete points in the finite 

volume mesh element. The high correlation between theory and practical data indicates the 

potential of such coatings to monitor diffusion processes and mixing behaviour inside 

microfluidic channels in a dye free environment.  

http://en.wikipedia.org/wiki/Polydimethylsiloxane
http://en.wikipedia.org/wiki/Polydimethylsiloxane
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1. Introduction 

Lab-on-a-chip technology is attracting increasing interest as the miniaturisation of reaction 

systems offers significant practical advantages over classical bench-top chemical synthesis, 

such as smaller volumes of reagents, shorter reaction times, low energy consumption, flexible 

control of reaction conditions and reduced costs. In particular, rapid mixing of the fluids 

flowing through a microchannel is very important for various applications of microfluidic 

systems, including biochemical processes like polymerase chain reaction (PCR), DNA 

purification, sequencing or synthesis of nucleic acids and chemical reactions, among others[1, 

2].  

Consequently, a number of microfluidic device designs have been produced to create rapid 

mixing conditions. These comprise active mixers that have mechanical moving parts or use 

external fields to agitate the fluid[3, 4] and passive mixers that comprise different design 

geometries of the microfluidic channel in order to increase the interfacial surface area 

between initially distinct fluid regions[5, 6]. 

In addition, on-chip detection techniques are essential for the continuous monitoring of the 

mixing behaviour of confluent streams. For this purpose many spectroscopic detection 

methods have been employed such as laser-induced fluorescence[7-9], confocal fluorescence 

microscopy[10], ultraviolet absorption[11, 12], chemiluminescence[13, 14], and confocal 

Raman microscopy[10]. These spectroscopic techniques provide good opportunities for the 

detection of chemical species and are suitable for studying mixing in microfluidic devices. 

However, they typically require the addition of a dye or pretreatment of a solute species with 

florescent tags to allow on-chip detection[9, 15]. Consequently, in these approaches one 
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follows the bulk behaviour of a solute added solely to visualise diffusion and reaction 

processes, rather than the solvent/liquid itself. The continuing growing trends of 

microfluidics highlight the importance of understanding the mechanisms and fundamental 

differences involved in microscale fluid flow and mixing at microscale. With rapid 

developments in computational power and memory size, numerical methods in the context of 

computational fluid dynamics (CFD) have become useful tools to resolve diffusion process in 

microfluidic structures in more realistic manner through integration of new elaborated 

numerical techniques. This new branch of fluid dynamics complements experimental and 

theoretical fluid dynamics by providing an alternative cost-effective means of simulating real 

flows and demonstrates the ability of tuning of various microfluidic parameters to optimise 

diffusion performance[16]. 

Several adaptive coatings have been developed by us and others that can be used for dynamic 

detection of the fluid passing inside the microcapillary/microchannel, such as polyaniline 

coatings for pH[17], ammonia[18], and L-ascorbic acid detection[19], photochromic coatings 

for solvent sensing[20] and metal ion sensing[21], ionophore containing coatings for calcium 

ions detection or Fluorescein based coatings for pH sensing[22]. 

Although the potential of these coatings can be easily appreciated, very few examples are 

presented so far in the literature. We believe that stimuli-responsive polymeric coatings 

grafted on the inner walls of a microchannel or microcapillary, that change their optical 

proprieties in response to the analyte passing inside, offer the possibility of building 

platforms in which the microfluidic system itself becomes an optical sensor. Having an 

inherently responsive microchannel or microcapillary means that specific analytes moving 

through the system can be detected dynamically along the entire channel length in real time, 

without the need to add reagents to the sample. On this basis, we have recently developed 

polyaniline based coatings grafted to the inner walls of a microfluidic channel that can be 
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used for dynamic mapping of pH gradients using digital imaging, along the entire channel 

length in real time[17]. 

At an acidic pH, polyaniline exists in its doped conductive state, the emeraldine salt (ES). 

The ES may be converted to the corresponding emeraldine base (EB) by treatment with an 

alkali solution. Imine sites of the EB forms are easily protonated, with a striking insulator–

conductor transition, induced due to the appearance of polarons in the lattice, while the 

number of p-electrons remains constant. As a consequence, new optical properties appear in 

the ES[23]. Thus, PAni has huge potential for sensing applications and has extensively been 

used as material for optical pH sensors due to its strong pH sensitivity[17, 24-26]. This 

propriety indicates that coatings based on polyaniline could be used to study mixing in fluidic 

devices when merging solutions of different pH. 

In the present study, these adaptive coatings have been employed to monitor the diffusion and 

mixing processes of two reactive fluids (HCl and NaOH) after converging in the 

microchannel. The processes have been characterised experimentally and validated 

numerically, with excellent correlation of the mixing point location under differing flow 

conditions.  

 

2. Experimental  

2.1 Materials and methods 

Aniline (BDH), HCl (Fisher Scientific), ammonium persulfate (Aldrich), N-[3-

(Trimethoxylsilyl) propyl] aniline (Aldrich), sodium hydroxide (Aldrich) were used. The 

aniline monomer was purified by vacuum distillation before use. Other chemicals were used 

as received. 

UV-Vis Spectroscopy was used to study the pH dependence of the polyaniline coatings. The 

absorbance spectra were recorded using two fiber-optic light guides connected to a Miniature 
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Fiber Optic Spectrometer (USB4000 - Ocean Optics) and aligned using an in-house made cell 

(see Figure S2). The light source used was a Halogen light source (Top Sensor Systems).  

 

2.2 Microfluidic device fabrication 

The fabrication of the master mold was carried out using a laser ablation system-excimer/CO2 

laser (Optec Laser Micromachining Systems, Belgium) by cutting the microfluidic structures 

in a 2x50 m double-sided pressure sensitive adhesive film, PSA, (AR8890, Adhesives 

Research, Ireland) and pasting one of the PSA sides to a petri dish[15].   

For PDMS casting, the precursor was prepared by mixing PDMS elastomer with the curing 

agent from Sylgard 184 kit at a weight ratio of 10:1, poured onto a master mould, and cured 

in an oven at 80 C for 2 h. Following curing, the PDMS layer is peeled from the master. The 

inlets and outlets (800 μm in diameter) were made using a manual puncher (Technical 

Innovations, Inc., Brazoria, TX). The surfaces of the two pieces - PDMS and glass (35 mm x 

64 mm, Agar Scientific Limited, England) were cleaned and exposed to oxygen plasma. 

Following this, the two pieces of PDMS and glass were immediately brought into conformal 

contact to form an irreversible seal. Silicon tubes were employed to further connect the main 

inlets with a syringe pump (PHD 2000 Syringe, Harvard Apparatus) for sample delivery and 

washing. 

 

2.3 Microfluidic device functionalisation  

The functionalisation of the inner walls of the microfluidic channel with PAni nanofibres was 

achieved using a previous procedure[17]. Briefly, the PDMS layers containing the 

microfluidic channel (1000μm  100μm) and the glass slides were exposed to oxygen 

plasma for 60 s (Harrick Plasma) and put together to form an irreversible seal.  Following 

this, 20% wt solution of N-[3- (trimethoxylsilyl) propyl]aniline in ethanol was passed through 
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the channel at a flow rate (Q) of 0.5 μL min
-1

 for 60 min. This technique ensured the 

formation of a silane-bearing aniline monolayer on the PDMS (glass) substrates via 

molecular self-assembly that could serve as one of the initiation site for PAni polymerisation 

and was also used to covalently anchor the PAni chain on the substrate[27]. Coating of PAni 

nanofibres on the micro-channel was performed by filling the microchannel with freshly 

prepared 1 M HCl solution containing ammonium peroxydisulfate and aniline in a molar ratio 

of 0.25:1. The polymerisation was done in stop flow for 20h. This molar ratio was chosen as 

it has been previously shown that polymerisation of aniline in these experimental conditions 

produces nanofibres[28]. After polymerisation, the channels were washed extensively with 

water and ethanol to remove any unattached polyaniline nanofibres. The resulting coating 

was characterised by SEM showing that the PAni coating was obtained in the nanofibres 

form (see ESI, Fig. S1) with good adhesion due to the covalent bonding between the substrate 

(PDMS, glass) and polymer coating. 

 

2.4 Experimental detection of the mixing point  

For experimental recording of the mixing point, colourless solutions of hydrochloric acid (10
-

2
 M, pH = 2) and sodium hydroxide (10

-2
 M, pH = 12) were pumped into the two arms of a 

Y-shaped microchannel at the respective equal flow rates, which were varied between 1 μL 

min
-1 

to 10.5 μL min
-1

 in 0.5 μL min
-1

 increments. A replica of the microfluidic channel was 

cut in PSA containing mm marks parallel to the channel, and laminated to the bottom glass 

layer of the PAni coated microfluidic chip. A series of images were taken using an Aigo GE-

5 microscope using an 180x objective lens with the accompanying software. Following this, 

the mixing point was recorded as the point where the green colour of the PAni coating 

specific to the acidic solution pumped through the channel disappeared. The solutions were 
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pumped through the channels at the respective flow rates for at least 15 min with no 

substantial variation in the mixing point observed.  

 

2.5 Numerical solver 

A finite volume method (FVM) based numerical fluid flow solution methodology [29] was 

used to obtain decoupled solution for both the Navier-Stokes (NS) equations and the mass 

diffusion equations (convection-diffusion equations) in the absence of reaction-transport 

equations and involving a high degree of convection-diffusion discretisation schemes, applied 

to solve the combined effects of both convection and diffusion.  

A segregated steady flow solver (pressure based segregated algorithm) was used. For 

discretisation the PRESTO (pressure staggering options) scheme was used for pressure 

interpolation, the SIMPLE (Semi-Implicit Method for Pressure-Linked Equations) scheme 

was used for pressure-velocity coupling, and the second-order up-wind differencing scheme 

was used for the momentum (fluid flow) and species transport equations. All fluid properties 

– including density and viscosity were assumed to be constant for all simulations, which were 

conducted under laminar flow assumption, as the flow in the microchannel was typically 

laminar because of the very low Reynolds number of the present system (typically less than 

1). The convergence criterion was also set to 10
-16 

for the residuals of velocities, species, and 

continuity to attain high numerical accuracy. 

 

2.6 Governing flow equations 

The fluid flow was considered to be steady, viscous, incompressible, Newtonian, i.e. the 

present fluid maintained constant density and viscosity during the mixing and diffusion 

processes with no-change of temperature, and three-dimensional (3-D) with assumption of 
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laminar flow behaviour at very low Reynolds number range as the viscous forces highly 

predominate the inertia forces. 

The energy conservation equation is not discretised under isothermal flow conditions and the 

governing flow equations are conservation equations for mass and momentum. The mass 

conservation or continuity equation is then described as: 

                                                                    0 v


                                                                 (1) 

where is velocity vector field, and the equation is applicable for the present 3-D, steady and 

incompressible flow. The differential form of the equations for the conservation of 

momentum of viscous fluids is obtained by applying Newton’s second law of motion to an 

infinitesimal fluid element and the resultant momentum equation for an inertial reference 

frame in conservation form, by neglecting the curvature and surface tension due to 

predominant viscous forces, is described here as follows: 

                                                    fgpvv


 


1
                                                 (2) 

where, p is the static pressure,  is the fluid density,  is the stress tensor (as described 

below), g


and f


 are the gravitational vector and external body force per unit mass, 

respectively. The stress tensor is expressed as: 

                                                     







 Ivvv T 

3

2
                                                   (3) 

Where, is the molecular viscosity, and I is the unit tensor. For the steady, incompressible 

fluid flow of microfluidic systems, local time derivative terms are neglected and the above 

Navier-Stokes equations are drastically simplified as the ratio of the inertia terms to the 

viscous term (characterised by the Reynolds number Re) becomes negligible (Re<<1).  

In addition to conservation equations for mass and momentum, fluid transport equations in 

binary mixtures in absence of temperature or pressure gradient can be described as[29]: 

v
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                                                                                                             (4) 

Where Dij is the molecular diffusion coefficient, ci is the mass fraction and    is the flux of the 

i analyte of interest for n number of components. Since turbulence does not occur for such 

problem, fluid mixing mainly occurs at the microscale due to molecular diffusion mechanism 

at the interface between two fluids. Therefore, species diffusion mechanism was modelled 

with use of the species transport modelling approach accompanied with “molecular-

diffusion” option. For quantification of the degree of mixing into the present microchannel, 

the following below referenced equation was also used, as described by Lu et al.[30]. 

                                                      (5) 

Where is the average mass fraction of the mixture and 
 
is the mass fraction of the analyte 

of interest in the ith cell and N is the total number of cells in the cross-section. The degree of 

mixing was calculated at different cross-sections along the mixing channel. The mixing 

efficiency ranged from 0 to 100 % efficiency. 

 

2.7 Computational domain and boundary conditions.  

The microchannel geometry, which was accompanied with Y-junction inlet where the two 

fluid steams met, was built by the 3-D geometry modular in CATIA programme and had a 

total length of 40 mm in the y-direction, 15.9 mm in the x direction, and a gap of 0.18 mm in 

the z direction where the gravitational effects were considered.  

The computational domain of the microchannel was constructed of non-uniformly spaced 

structured hexahedral finite volume cells using a pre-processor module [31]. The initial mesh 
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independency study was conducted starting with the number of 320,500 hexahedral cells, 

which were gradually increased up to 812,500 cells, with most of the volume cells having all 

sides about 40 µm x 18 µm. The flow domain had 25 cells in the –x direction and 10 cells in 

in the –z direction (the span-wise direction) for the final mesh configuration.  

Figure 1a illustrates the 2-D representation of the 3-D computational flow domain of the 

microfluidic system on the –xy plane while Figure 1b and c represent the 3-D local mesh in 

the y-branch and the 2-D grid layout on the ––xz plane together, respectively for the final 

mesh configuration of 812,500 hexahedral cells. 

 
Figure 1. Three-dimensional (3-D) computational flow domain of the microfluidic system a) 

2-D representation on the –xy plane b) 3-D local mesh in the y-branch c) 2-D grid layout on 

the ––xz plane. 

 

The numerical simulations were performed in 3-D manner based on the assumption of steady, 

incompressible and isothermal fluid flow conditions, using a laminar modelling approach by 

considering the following boundary conditions: 

1. Velocity inlet boundary conditions: Velocity inlet boundary conditions were used to define 

the fluid stream velocities and mass fraction of the species of interests at the inlet boundary. 

The net transport of species at the inlet consisted of both convection and diffusion 
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components. The convection component was specified with mass concentration rate of 0.375 

% and 0.4 % for HCl and NaOH fluid streams, respectively. The diffusion component, 

however, was not specified a priori as it depended on the gradient of the computed species at 

the inlet. The specified inlet velocity for each fluid stream also ranged from 1 µL min
-1

 to 

10.5 µL min
-1

 at each branch of the Y-junction.  

2. Outlet Boundary Conditions: Atmospheric pressure outlet boundary condition was applied 

to the outlet of the geometry, allowing the outflow value of pressure to atmospheric. 

3. No-slip boundary condition: No-slip boundary condition was imposed at the rigid wall 

boundary which was assumed to be an inert material with zero mass flux normal to the wall 

surface. 

The properties of the mixtures introduced into the device are summarised in Table 1 below. 

 

   Table 1. Properties of the mixture introduced into the microchannel [24].  

HCl-H2O T0=298.16 K 

cinlet (%) D(HCl) (m2/s) 

0.375 8.7 x 10
-9 

NaOH-H2O T0=298.16 K 

cinlet (%) D(NaOH) (m2/s) 

0.4 1.33 x 10
-9 

 

The density and viscosity were both assumed to be constant in the simulations since the 

variations in HCl and NaOH concentration during the experiments reflected a negligible 

change in viscosity and density values, being the value of the pure water (ρ = 998,4 Kg m
-3

; 

µ = 0,001 Kg m
-1

 s
-1

). Taking into account the high degree of complexity of analysing such 

multi-component mixing (HCl-NaOH-H2O) process, further simplifications were required. 

The mass flux in a multicomponent system was represented due to[32]:  
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                                                                     (6) 

Where 1, 2 and 3 correspond to the different analytes,   ,    and    which are the flux of each 

analite in the   diffusion direction where , and . As cross-

molecular diffusion coefficients,  and  in the above equation are two orders of 

magnitude smaller than direct diffusion coefficients, D11 or D22, they were assumed to be 

negligible[33].  

3. Results and discussion 

3.1 Characterisation of the PAni coatings 

Using the technique described in the experimental section  homogeneous PAni coatings were 

obtained on the microchannel surface while maintaining the nanomorphology of PAni, as 

previously reported[17]. The main advantages of having nanofibres (versus bulk PAni) is the 

high surface area which in turn ensures short diffusional path lengths[34] enabling improved 

sensitivity and short response times[35-37]. Our previous studies have showed that when 

different pH solutions are passed through the PAni coated fluidics, at similar flow rates with 

what is described here, these PAni coatings show a fast response time and a fast regeneration 

time of less than 5 s at room temperature [18]. 

The PAni coatings were characterised by UV-Vis spectroscopy as it permits in-situ optical 

analysis of PAni coating inside the microchannel (see ESI† - Figure S2 for the experimental 

set-up). These PAni coatings respond very well to changes in pH as shown by the absorption 

measurements of the channel coating, Figure S3. When a solution of pH 2 is passed through 

the microchannel, PAni has a green colour and presents the typical bands for the emeraldine 

salt (ES), showing a characteristic absorption band at around 360 nm associated with -* 

transition of the conjugated ring system[38] and an absorption band at 420 nm together with 

an extended tail at 850 nm assigned to a polaron band transition[38]. When a solution of pH 
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11 is flushed through the microchannel, the PAni coating changes its colour from green to 

blue, reflecting formation of the dedoped emeraldine base (EB) state, see Figure 2. The band 

at 610 nm is ascribed to exciton formation in the quinonoid rings and this absorption gives 

rise to the blue colour of the PAni coatings[38]. 

 

Figure 2. Protonated (doped) polyaniline emeraldine salt (ES) is deprotonated (dedoped) by 

treatment with an alkali to polyaniline emeraldine base (EB). 

 

To study diffusion and mixing in this device, colourless hydrochloric acid (10
-2

 M, pH = 2) 

and sodium hydroxide (10
-2

 M, pH = 12) solutions were pumped into the two arms of a Y-

shaped microchannel, 1000 μm in width and 180μm in height (Figure 3). The two liquid 

streams meet at the Y-junction, and have an interaction time defined by the flow rate, which 

was varied between 1 μL min
-1 

to 10.5 μL min
-1

. As upon dedoping the colour of the PAni 

coating becomes blue, the mixing point is represented by the disappearance of the green 

colour, specific to the doped form of PAni, ES. A plot of the mixing point (i.e. the point at 

which the green colour disappears relative to the meeting point at the Y- junction) against 

flow rate shows the evolution of the mixing point as a function of flow rate (Figure 4).  
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Figure 3. Photo showing the PAni functionalised Y-shaped microfluidic device when 

colourless solutions of HCl and NaOH were pumped into the two opposite arms of the 

channel. Insets display microscope images showing the colour of the PAni coatings during 

the mixing of the two laminar flows (HCl and NaOH) inside the channel at different positions 

(A, B, C). 

 

Figure 4. Graph showing the evolution of the experimentally recorded mixing point as a 

function of flow rate, Q. 

 

3.2 Computational results 

In order to verify the experimental results, computational results were carried out as 

described in the Experimental section. In a diffusive mixing process, the mixing velocity is 

highly dependent on the concentration gradient of the components, and concentration 

gradient(s) drastically reduces at very higher values of mixing degree(s). Therefore, it is 

nearly impossible to reach 100 % mixing degree for a finite length of microfluidic device. 

Bearing this in mind, in the present study, the concentration degree of 99.5 % was considered 

to be a threshold point at which the full mixing could be obtained. From this point onward, 
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the change in the concentration rate was almost negligible (as it reached its asymptotic 

value). 

For better quantifying the mixing effects in the microfluidic flow system, a dimensionless 

number called the Péclet number (Pe), which is the ratio of the contributions to mass 

transport by convection to those by diffusion:  

                                                    
D

LV

cD

Vc

N

N
Pe

i

i

diff

conv 


                                                   (7) 

where L is a characteristic length scale, V is the velocity magnitude, and D is a 

characteristic diffusion coefficient is used. The Péclet number for mass transport is 

comparable to the Reynolds number for momentum transport. Because the Péclet number is 

proportional to system size, it is found that at small scales, diffusion contributes much more 

effectively to mass transfer, so mixing can be achieved without stirring. 

Figure 5 below illustrates the computed degree of mixing for the inflow volumetric flow rate 

ranging from 1 µL min
-1

 to 10.5 µL min
-1

, with the corresponding Peclet number ranging 

from 139.24 to 696.18, respectively. The Peclet number clearly affects the degree of mixing, 

which increases up to an asymptotic value of 100 % for each specified inflow velocity value. 

The higher the inflow velocity, i.e. Peclet number, the higher the mixing length is required to 

reach the full mixing. The evolution of the mixing degree with the Peclet number correlated 

well with the analytical data [39].  
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Figure 5. Mixing degree vs. channel length at different Peclet numbers. 

 

A plot of the mixing point versus flow rate varied over 10 different inflow velocity values is 

depicted in Figure 6 using Peclet number values. Both, numerical and experimental values 

present good linearity demonstrating the efficiency of the adopted numerical approach for the 

investigation of mixing and molecular diffusion in the microchannel when compared with the 

experimental data. The numerical results obtained from the final configuration of 812,500 

hexahedral cells correspond well with the experimental data with a maximum error of 4 % at 

a lowest inflow velocity of 1 µL min
-1

. 
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Figure 6. Mixing point at different Peclet numbers for both, experimental visualisation 

results (black diamonds) and for the numerical modelling results (straight line).  

 

In the present study, to find the mixing point, a simplified analytical approximation that can 

be used in binary mixtures is adopted with the numerical modelling approach. According to 

this approximation, the linear relation between the mixing point and Reynolds number leads 

to a below diffusion time expression as[39]. 

                                                                     
D

L
tdiff

2

2

                                                             (8) 

where L is the diffusion length i.e. the mean width of the channel and D is the diffusion 

coefficient. The residence time can be also estimated within this approximation accompanied 

with the numerical modelling approach as: 

                                                                                                                    (9) 

where is the mean velocity ( = Q/L
2
, where Q is the flow rate, and L is the characteristic 

dimension of the microfluidic device), and is the necessary length in the convective 

flow direction for the total mixing. Moreover, it is necessary that the diffusion time is higher 

than the residence time , indicating that: 

                                                                      V
D

L
Lresidence

2

2

                                                 (10) 

with following below expressions: 

                                                             
D
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ScPe Re                                                        (11) 

and 
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where L is the width of the channel. Consequently the mixing point distance has a linear 

relation with Reynolds number as
Re

residenceL
 > constant value, which is approximated to 

2

LSc
 

 constant here. 

The qualitative results obtained from the numerical results are also represented in terms of 

mass fraction contours obtained at different 2-D planes- cross-sections for two different 

inflow flow rates of 2 µL min
-1

 and 10 µL min
-1

 in the direction of the flow. Figure 7 clearly 

shows the evolution of mixing and diffusion processes as the acid and alkali from the two 

sources progress through the microfluidic system, and visualises how the shape of the 

interface between the fluids changes as the flow progress in the downstream direction. In 

each zone, the mixing zone is confined to a narrow band around the interface of two fluids, 

and the band becomes narrower as the degree of mixing increases. Therefore, the numerical 

approach can qualitatively identify the mixing behaviour in a very realistic manner and 

provides a means to predict experimental conditions under which a particular mixing regime 

will exist for a particular microfluidic system design. 

 

 
Figure 7. Representation of the mixing behaviour in terms of mass fraction contours for cases 

a) Q= 2µL min
-1

; and b) Q=10µL min
-1

. Red represents the NaOH solution and blue the HCl 

solution; when mixing is complete colour becomes light green. 
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4. Conclusions 

The point of complete mixing and diffusion dynamics of two reacting solutions exemplified 

by HCl and NaOH in a glass/PDMS microfluidic device can be directly visualised using 

adaptive coatings based on the conductive polymer, polyaniline (PAni).  The experimental 

results are in excellent agreement with numerical modelling approaches.  

The present computational modelling approach validated with the experimental data form a 

basis for qualitatively and quantitatively determining the flow parameter variations and 

possible design challenges to optimise the performance of microfluidic devices. Since this 

technique is based on pH responsive coatings, at present, it is not suitable for mixing 

evaluation in 3D but rather 2D (along the length and width of the channel) and as such can 

not provide information on the pH generated gradients inside the channel as a consequence of 

diffusion of the two laminar flows (exemplified here by HCl and NaOH).  Nevertheless, PAni 

coatings still offer valuable information for the point of complete mixing as supported by the 

numerical modeling data. The validated model therefore could be a useful design tool for 

development and optimisation of microchannel design and operational parameters (channel 

dimensions, geometry, surface roughness, flow rates etc.) for applications in which diffusion 

control is essential.   
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