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Abstract 

 

Reliable and efficient mixing in microfluidic systems is crucial for various applications such as molecular 

diagnostics, DNA hybridization, microreactors and nanoparticle synthesis. However, achieving adequate 

mixing at the microscale is challenging due to the fact that flow regime in microfluidics is laminar that is 

characterized by low Reynolds numbers. In an attempt to tackle this challenge, active and passive strategies 

have been utilized to enhance mixing. Passive techniques mainly rely on the interaction between fluid and 

channel geometry in order to extend the interface between the components of the fluid by inducing 

transversal flows. Passive methods have shown their simplicity over the active methods in microfluidics by 

simply controlling the channel geometry and flow configurations without involving any complex external 

forces and components. Based on this, our work presents a passive micromixer design with trapezoidal 

grooves placed at the bottom of the serpentine channels. The grooves induce periodic pressure drops along 

the channel which create staggered transversal vortices in orthogonal directions which disturbs the 

symmetries in the flow that results in stirring. These combined effects result in an enhanced mixing 

performance especially at higher flow rates. The results suggest that the design could be integrated into lab-

on-a-chip systems to achieve enhanced mixing of biological or chemical components with reduced 

footprint, complexity and cost. 
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1. Introduction 

 

Lab-on-a-chip systems and microfluidic devices are 

extensively used in biological and chemical sciences 

[1,2] for various applications spanning from the synthesis 

of colloidal systems and nanoparticles (NPs) [3,4] to cell 

biology [5] and molecular diagnostics [6,7], owing to 

their ability to spatially control liquid composition with 

cellular resolution [8], reduced consumption of reactants 

[9], and the better control over reaction variables such as 

the reactant concentration and temperature [10]. Ideally, 

the utilization of these devices in biological 

assays/bioengineering and chemical analysis requires 

them to be capable of efficiently mixing predictably two 

or more biological or chemical components [11]. Thus, 

mixing element is one of the most critical and a 

fundamental building block in the development of 

microfluidic systems. However, it is also one of the  

difficult functionalities to achieve because the length 

scales involved in microfluidics force a laminar flow 

regime that is characterized by low Reynolds numbers. 

 

A number of research activities on this subject is 

continued to be carried out in order to achieve efficient 

mixing at the microscale. The employed methods, 

reported in the literature, to enhance mixing in laminar 

flow, diffusion-dominated, microscale regimes, are 

classified as either active or passive. Active techniques 

incorporate external actuators with the micromixer 

design in order to add an external force on the fluids in 

an effort to enhance mass transport within the 

micromixer and mix the unmixed inhomogeneous fluid 

solution [12]. Even though these strategies have proven 

to have good mixing capabilities, it comes at the price of 

more complex designs that are harder to integrate into 

analysis systems, and expensive scale-up.  
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Passive strategies, on the other hand, rely on the 

interactions between fluid and channel geometry. Such 

enhanced interactions induce transversal flows that 

stretch the interface between the fluids components to be 

mixed, and cause advection and/or breaking the 

symmetries in the flow [13]. 

 

In literature, numerous studies have been reported about 

enhancing mixing using passive techniques. The reported 

methods mainly rely on either chaotic and lamination 

advection-based designs [14-19], or utilized geometric 

manipulations to induce chaotic advection [20-27]. 

However, such passive designs that integrate 

obstacles/microstructure to disrupt fluid and increase 

mass transport, can impose very high localized strains 

which is capable of damaging biomolecules due to 

generated high shear stresses. Serpentine-based mixers 

have proven to prevent this damage because chaotic 

advection, due to high local strains, does not occur in 

these channels [28]. The centrifugal forces exerted by the 

curvy edges of the serpentine on the fluid, i.e., Dean flow, 

are accountable for this privilege. However, simple 

serpentine channels require longer footprint to achieve 

complete and homogeneous mixing, and usually causing 

inefficient mixing at higher flow rates. 
 

Based on this, the proposed design investigated in this 

work involves a comparison in mixing performance 

between a simple serpentine micromixer and a grooved 

serpentine micromixer composed of 3D-trapezoidal 

grooves aligned to the bottom side of the microchannel. 

The current study takes the advantage of the fact that 

grooves induce staggered transversal vortices that are 

vertical for the grooves and horizontal for the main 

serpentine channel making two flows in orthogonal 

directions coupled with the Dean flow induced 

streamlines due to the serpentine itself.  

Thus, an amplified transport of mass between the fluids 

which results in an enhanced mixing efficiency. 
 

2. Materials and Methods 

2.1. Experimental Setup and Fabrication 
 

The experimental setup consists of two microfluidic 

chips integrated with a fluid pumping unit (Syringe 

pumps, Rotalab NE-4000), and an inverted microscope 

(Zeiss, Axio Observer 7) equipped with a CCD camera. 

The schematic of the developed microfluidic mixer unit 

is demonstrated in Figure 1. 
 

2.1.1. Chip Fabrication 
 

Soft lithography and 3D printing techniques are used to 

fabricate the proposed microfluidic chip. Briefly, after 

the master fabrication, 10:1 ratio of 

polydimethylsiloxane (PDMS) to curing agent is 

prepared, mixed and poured onto two masters; one 

containing the simple serpentine and other containing the 

grooves design separately. After curing the PDMS at 65˚ 

C on hot plate for 2 hrs PDMS is peeled off followed by 

the bonding of the simple serpentine with the grooves 

with fine alignment under microscope after oxygen 

plasma treatment. The final design is then bonded into a 

glass slide after oxygen plasma treatment. Fabrication is 

finished by a post baking of the chip at 45˚ C for 2 hrs. 
 

2.1.2. PDMS Surface Treatment 
 

After chip fabrication, a PDMS surface treatment is done 

to remove any possibility of air bubbles. For this, the 

microchannel is flushed with a chemical composition 

containing 1:2 of TEOS to ethanol (v/v). The solution is 

left for 5 minutes for incubation. Later, the chip is washed 

with Deionized water.  

Figure 1. Schematic of the developed grooved serpentine microchannels for enhanced mixing. 
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2.2. Numerical Modeling 
 

To acquire the velocity profile inside the microchannel, 

the Navier-Stokes equations (conservation of momentum 

and continuity equations 2.1 and 2.2) are solved 

numerically. It is assumed that the fluids (DI water and 

blue dye) are Newtonian and incompressible under a 

steady-state pressure driven flow as follows, 

 

𝜌 (
𝜕𝒖

𝜕𝑡
+ (𝒖 ∙ ∇)𝒖) = −∇p + μ∇2𝒖             (2.1) 

 

∇ ∙ 𝒖 = 0              (2.2) 

 

where ρ is the fluid density (kg/m3), u is the velocity 

vector (m/s), t is the time (s), p is the pressure (Pa), and 

μ is the fluid viscosity (Pa.s). The values for the viscosity 

and density are set to those for water at room temperature, 

i.e., μ =1 mPa.s and ρ=1000 kg/m3. No-slip boundary 

conditions are assigned for the walls of the micromixers. 

A free tetrahedral mesh, with all mesh elements not 

greater than ~10 µm3 in volume, is applied for the entire 

microchannel.  Aftermath, the flow fields obtained are 

utilized in the concentration–diffusion equation to 

evaluate the distribution of the concentration, c, through 

the mixer: 

 
𝜕𝒄

𝜕𝑡
= 𝐷∇2c − 𝒖 ∙ ∇c             (2.3) 

 

where D is the diffusion constant. The diffusion constant 

is set to 2.9×10−9 m2/s, corresponding to the typical 

diffusivity range of most ions in aqueous solutions [29]. 

 

The molar concentration C is chosen to be 1 (mol/m3) at 

one of the inlets and 0 (mol/m3) at the opposite inlet. The 

computational package COMSOL Multiphysics 5.4 and 

its Laminar Flow/Transport of Diluted Species modules 

is used to solve this multi-physics problem. 

 

2.3. Mixing Analysis 
 

In order to quantitatively investigate the effect of the flow 

rate and grooves on mixing, mixing index (MI) is 

calculated based on the following equation [30]: 

 

𝑀𝐼 = 1 −
√
1

𝑛
∑(𝐼𝑖−𝐼𝑎𝑣𝑔)

2

𝐼𝑎𝑣𝑔
                 (2.4) 

 

where n is the total number of the pixels, Ii is the dye 

intensity of each point, and Iav is the average intensity. 

 

2.4. Geometrical Design of the Micromixer 

 

The dimensions of the serpentine micromixers used in 

this study are shown in Figure 2. The fluids to be mixed 

are pumped into the mixer through a T-shaped inlet 

structure. Both inlets have a square shape of the same size 

of 500 x 225 µm2. The height of the main channels is H 

= 225 µm, while its width is W = 500 µm for both the 

simple and grooved serpentines investigated. In the 

grooved serpentine micromixer, the grooves are of a 

trapezoidal shape where each column is composed of 25 

grooves placed at the bottom with spacing of 425 μm 

with dimensions shown in Figure 2b. 

 

 

Figure 2. Micromixers dimensions and the channel configurations. a: Simple serpentine and b: Grooved serpentine 

microfluidic chips. 
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2.5. Experimental Implementation 
 

Deionized (DI) water and a dilute blue dye solution are 

considered as the working fluids, each with a density of 

1000 kg/m3 and a dynamic viscosity of 1 mPa.s. The 

diffusion coefficient of 2.9x10−9 m2/s is taken for the dye 

solution in water. The fluids were pumped into the 

channels, via the two inlets, using a syringe pump 

simultaneously through 1.2 mm Teflon tubing. Since the 

aim of this work is to investigate the effect of the 

grooved-serpentine on mixing efficiency at different flow 

rates, total flow rates of 1000, 2000, 4000 and 5000 μl/hr 

are selected. An inverted microscope integrated with a 

CCD camera are used to monitor the fluid flow and 

mixing inside the micromixers. 

 

3. Results and Discussion 

 

The present study aims to investigate the relationship 

between the mixing index, flow rate, and Reynolds 

number in simple and grooved serpentine models. 

Furthermore, an in-depth analysis of the fluid dynamics 

in both models is conducted, and the pressure drop 

relation with Reynolds number along with numerical 

tools is analyzed and discussed. 

 
 

Figure 3. Experimental results of mixing performance at 

different locations in the simple serpentine channels 

under a: 1000, b: 2000, c: 4000, and d: 5000 μl/hr. 

 

 

3.1. Mixing Index vs Flow Rate 
 

In the scope of this study, the effect of different flow rates 

on mixing efficiency is studied for two different 

serpentine models; simple serpentine and grooved 

serpentine. Total flow rates of 1000, 2000, 4000 and 5000 

μl/hr are chosen to cover lower and higher flow rates. 

Figure 3 shows the experimental results of mixing along 

the middle region of the simple serpentine channel under 

four different flow rates. 
 

From Figure 3, it is seen that the flow rate affects the 

mixing performance within the channel. As the flow rate 

increases, mixing efficiency of the blue dye and water is 

reduced. This is attributed to the phenomenon of strong 

flow symmetry in two streams (lacking disturbances in 

the flow to cause efficient mixing) and high shear force 

between them that is not enabling enough diffusion and 

mass transport of molecules [31]. At low flow rates, such 

as 1000 μl/hr, diffusion dominates the transport process 

and it plays a significant role in mixing, as the blue dye 

molecules are given enough time to diffuse across the 

channel and mix with the other stream of water. At such 

low flow rates, the fluid flows in smooth and parallel 

streamlines. However, as the flow rate increases (2000, 

4000 and 5000 μl/hr), advection predominates over the 

molecular diffusion and controls the mass transport 

between the two fluids, which is a process by which 

substances/particles move from a high concentration 

region to a low concentration region until an equilibrium 

state is achieved [32]. This process carries the blue dye 

molecules along with the fluid stream without giving 

them enough time to diffuse across the channel and mix 

with the water. Thus, the fluids mix less efficiently and 

need high mixing length to observe efficient mixing. 
 

Figure 4 shows the mixing index, calculated using Eq. 

(2.4), for the chosen four different flow rates at the exit 

of each column. 
 

 
 

Figure 4. Mixing index along the simple serpentine 

channel for different flow rates. 
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In this study, a mixing index of 0.95 is taken a reference 

for an accepted mixing where a mixing index of 1.00 

represents complete mixing and a mixing index of 0 

represents no mixing at all. It is seen that for the case of 

1000 μl/hr flow rate only and after 8 turns, a mixing index 

of 0.98 is observed which is above the accepted mixing 

reference. However, for the other three flow rates, 2000, 

4000 and 5000 μl/hr, the mixing index was observed to 

be much below the accepted mixing reference. 

 

Next, experiments are carried out to investigate the effect 

of adding trapezoidal grooves to the bottom of the 

serpentine channel, named grooved serpentine, on the 

mixing performance at different flow rates. Figure 5 

shows the experimental results of mixing along the 

middle of the grooved serpentine channel under four 

different flow rates. It is observed that mixing is achieved 

faster in the grooved serpentine as compared to the 

simple serpentine. Complete mixing is observed after the 

3rd column (75 grooves) for the 1000 μl/hr flow rate, 

whereas complete mixing is observed after the 8th column 

for the same flow rate in the simple serpentine model. 

Moreover, at higher flow rates (2000, 4000 and 5000 

μl/hr), unlike in the simple serpentine case, complete 

mixing could be achieved within the same footprint. 

Thus, adding the grooves contributed to faster and 

enhanced mixing of the blue dye and DI water. 

 

 
 

Figure 5. Experimental results of mixing performance at 

different locations in the grooved serpentine channels 

under a: 1000, b: 2000, c: 4000, and d: 5000 μl/hr. 

To better understand the effect of adding the grooves on 

the mixing performance and efficiency, the mixing index 

at every column’s exit for the four flow rates is calculated 

using Eq. (2.4) and shown in Figure 6. 
 

It is seen that after 6 columns (150 grooves), complete 

mixing was observed for all the four flow rates. The 

trapezoidal grooves placed at the bottom of the serpentine 

channel cause repetitive, localized and periodic increase 

in the surface area of the channel that is available for 

mixing. In other words, the grooves disrupt the laminar 

flow regime as they act as a chain of baffles. The induced 

localized and periodic increase in the surface area within 

the channel significantly reduced the velocity stream in 

these regions due to localized pressure drops generated in 

those regions and break the symmetries in the flow and 

cause stirring effect. 
 

 
 

Figure 6. Mixing index along the grooved serpentine 

channel for different flow rates. 
 

Figure 7 shows the velocity profile in both designs. The 

grooves enhanced convective transport of the fluid 

components along different parts of the microchannel 

due to the induced flow disruptions causing the fluids to 

be mixed more efficiently. Additionally, the trapezoidal 

grooves break-up the fluid flow into smaller segments by 

acting as micro-mixers cascaded through the grooved 

serpentine amplifying the mixing by each stage. 

Furthermore, the grooves cause the fluid to flow in a 

sinusoidal pattern, increasing the fluid-wall interaction as 

shown in Figure 8. 

 

3.2. Mixing Index vs Reynolds Number 
 

For the chosen flow rates, Reynolds number is calculated 

using: 

 

𝑅𝑒 =
𝜌𝒖𝐷ℎ

𝜇
              (3.1) 

 

where Re is the Reynolds number, ρ is the fluid density 

(kg/m3), u is the fluid velocity (m/s), Dh is the hydraulic 

diameter/characteristic length (m), and µ is the dynamic 

viscosity (Pa.s) of the fluid. 
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Figure 9 shows the mixing index versus Reynolds 

number calculated at the inlet, mid-channel and outlet for 

the simple and grooved serpentines. The graph shows 

that at the outlet of the grooved serpentine, regardless of 

the Reynolds number value, the mixing index is 1 which 

represents complete mixing. However, at the outlet of the 

simple serpentine, as the Reynolds number increases, 

mixing index decreases which means that at higher 

Reynolds numbers and flow rates, the simple serpentine 

is not efficiently achieving acceptable mixing. 

 

 
 

     
 

Figure 7. Velocity profile for 5000 μl/hr flow rate. a: 

Simple serpentine, b: Grooved serpentine channels. 

 

 
 

Figure 8. Concentration profile in the grooved serpentine 

channels. 

 

The mixing index is high at Reynolds number of 1.2 

despite strictly laminar flow and the absence of 

streamlines crossing because, at low flow rate, a long 

residence time of fluids in the channel allows more time 

for diffusion to occur, which is the dominant factor that 

causes mixing in this case.  

At low Reynolds numbers, molecules have enough 

interaction time to diffuse/move across the channel and 

mix with the other stream. This scenario is characterized 

by the predominance of diffusion in the transport process 

in which it plays a significant role in mixing [33]. At a 

Reynolds number higher than 1.2, the mixing index 

sharply decreases because the residence time decreases 

with increasing velocity and is insufficient for diffusion 

for the simple serpentine case. However, for the grooved 

serpentine case, staggered transversal vortices coupled 

with induced dean vortices, due to the centrifugal force 

exerted by the curvy structures of the serpentine, are fully 

effective in enhancing the mixing of fluids at such 

Reynolds number. 

 

3.3. Pressure Drop vs Reynolds Number 
 

Reporting the pressure drop is an important factor to 

show the effect of the increasing the surface area within 

the channel due to the presence of grooves. Given that the 

pressure drop (∆p = P𝑖𝑛 − P𝑜𝑢𝑡) is the pumping pressure 

needed at the inlet to drive the fluids through the channel. 

Figure 10 shows the pressure drop versus Reynolds 

number in both the simple and grooved serpentines. 

 

 
 

Figure 9. Mixing index vs Reynolds number. 

 

 
 

Figure 10. Pressure drop variation with the Reynolds 

number. 

 

b a 
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As seen in Figure 10, the grooved serpentine showed a 

lower relative pressure required to pump the fluids into 

the microchannel. By adding trapezoidal grooves to the 

bottom of the microfluidic channel, the effective surface 

area of the channel is increased, as the grooves provide 

additional surfaces for fluid-wall interactions; thus, 

forming localized pressure drops within the channel. For 

the same number of column and size of grooved 

serpentine and simple serpentine, mixing efficiency was 

greatly improved. Such design can be integrated in lab-

on-a-chip systems with reduced footprint but with high 

mixing efficiency as simple serpentine would require 

much more serpentine channels to achieve acceptable 

mixing. By the use of the proposed grooved serpentine 

model, high mixing index for higher flow rates with low 

footprint and reduced complexity can be attained. 
 

4. Conclusions 
 

Numerical and experimental investigations were carried 

out to compare the mixing performance and efficiency of 

aqueous solutions of blue dye and water within a simple 

serpentine and grooved serpentine channel models. 

Results elucidated that the grooved serpentine 

microfluidic channels, consisting of trapezoidal-shaped 

structures aligned at the base of the main channel, 

showcased superlative mixing efficiencies, particularly 

at higher flow rates, as compared to the simple serpentine 

channels. The proposed grooved serpentine design 

enabled complete mixing of fluids, even at high flow 

rates, due to several factors: (1) localized increase of 

surface area at each groove, (2) localized pressure drops, 

(3) elongated fluid routes and thus longer fluid-fluid 

interaction time, (4) intensified fluid-wall interaction, 

and (5) coupled transversal and asymmetrical-induced 

flows which disrupted the laminar regime and velocity 

streamlines. This design holds a significant enhancement 

for microfluidic mixing systems due to its compact 

footprint and persistent high mixing efficiency. Future 

research could utilize such design to study mixing of 

higher viscous fluids. 
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