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A B S T R A C T   

In this study, a novel two-dimensional micromixer design is proposed using the topology optimization method. 
The pressure drop constraint is introduced to achieve a limited pressure drop. The mixing performance of the 
proposed micromixer is evaluated over a broad range of Reynolds numbers (Re) through numerical simulations 
and experiments. The results showed that the mixing efficiency of the one-period and multi-period micromixers 
could reach 96% and 99%, respectively, while still maintaining a relatively low pressure drop. In addition, the 
experiment on the preparation of silver nanoparticles demonstrate the applicability and practicality of using 
topology optimization in the design of micromixers.   

1. Introduction 

With the rapid development of lab-on-a-chip (LOC) [1–6], micro
fluidic technology is widely used in many fields, including chemical 
engineering and biological science. Mixing, a crucial step in LOC, in
volves the blending of two or more samples in preparation for subse
quent fluid analysis. The effectiveness of mixing is dependent on 
convection and diffusion effects in the fluid [7–11]. 

Micromixers are mainly divided into active and passive types. Active 
micromixers generally enhance the disturbance of laminar fluid flow by 
applying external energy, such as magnetic field [12,13], electric field 
[14,15], light [16,17], etc. However, the integration of active micro
mixers with other microfluidic components is often challenging due to 
their intricate design and complex manufacturing process. Moreover, 
the thermal, mechanical and electric fields in the active micromixer may 
damage fragile biological species. In contrast, the passive micromixer 
has the characteristics of simple structure, low energy consumption, 
convenient control and easy integration [18–21]. In order to improve 
the mixing of samples in passive micromixers, curved microchannels or 
setting obstacles in microchannels are usually designed to disturb 
laminar flow or generate chaotic convection. 

In the field of passive micromixer research, the geometric structure is 
widely recognized as a crucial factor affecting mixing efficiency. 

However, there is arbitrariness and guesswork in most of the structure 
design of current passive micromixers, which seems to be unguided and 
inefficient. To address this issue, it is of great significance to introduce 
topology optimization method into the design of passive micromixer 
structures. The topology optimization approach focuses on optimizing 
material distribution, with the aim of finding the best distribution 
scheme within a uniformly distributed material design space [22–26]. 
Because of the advantages of the high degree of freedom, ample design 
space and good connectivity, the topology optimization method has 
been successfully applied in the design process of passive micromixers 
[27–30]. However, because of the lack of proper constraints in the 
optimization process, the pressure drop is comparatively high and the 
final optimized microstructure is usually uncontrollable. To address this 
issue, the pressure drop constraint is introduced to limit the pressure 
drop of particle manipulators based on topology optimization method 
[31]. Although numerical simulation is widely used in the design of 
micromixers based on topology optimization, experimental validation of 
the mixing performance of optimized micromixers is rarely reported. 
Silver nanoparticles have gained significant attention in biomedical 
applications due to their unique properties such as strong penetrating 
ability, bactericidal and anti-toxic properties [32]. However, traditional 
chemical synthesis methods for silver nanoparticles suffer from low 
yields, unstable preparation processes, and difficulties in controlling 
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reactants. Therefore, the micromixer method has emerged as a prom
ising approach due to its good controllability, short mixing time, and 
low reagent consumption. 

In this study, the pressure drop constraint is introduced in the to
pology optimization design of the micromixer to reduce the pressure 
drop and realize the controllability of the optimized structure. By using 
the topology optimization method, an optimized structure with curved 
channels in a circular design domain is proposed. To enhance mixing 
efficiency, the topological structure was arranged in a periodic manner, 
yielding a series of micromixers with distinct periodic topologies. 
Furthermore, a soft lithography method was employed to fabricate the 
optimized micromixer chip, and its mixing performance was experi
mentally validated across a broad range of Re. To demonstrate the 
practicality and applicability of the optimized micromixer, we also 
conducted a synthesis experiment of silver nanoparticles using the three- 
period optimized micromixer. 

2. Topology optimization design of micromixer structure 

2.1. Governing equation 

Under the assumption of continuous medium, Navier-Stokes equa
tions are employed to describe incompressible Newtonian fluids [33]: 

ρ(u⋅∇)u − μ∇⋅
(
∇u +∇uT)+∇p = F (1)  

∇⋅u = 0 (2)  

where, u is the flow velocity, p is the fluid pressure, ρ is the fluid density, 
µ is the fluid viscosity, F is the fluid body force. 

In order to investigate the mixing process in the micromixer, the 
convection–diffusion equation can be used to describe the mass trans
port in the channel. The concentration distribution governing equation 
is defined as follows: 

u⋅∇c = D∇2c (3)  

where c is the species concentration, D indicates the diffusion 
coefficient. 

In topology optimization of the Navier-Stokes flow, the optimization 
process is implemented by introducing body force in the design domain 
[34], which is expressed as: 

F = − αu (4)  

where α is the impermeability of porous media. Its value depends on the 
optimization design variables γ. By convex interpolation expressions 
(Borrvall and Petersson [35]), α is defined as: 

α(γ) = αmin +(αmax − αmin)
q(1 − γ)

q + γ
(5)  

where αmin and αmax are the minimum and maximum values of α, 
respectively. q is a positive real number to adjust the convexity of the 
interpolation function in the equation. In this study, the value of q is set 
to be 1. The value of γ can change between 0 and 1, where γ = 0 and 1 
respectively correspond to the artificial solid domain and fluid domain. 
Generally, αmin is chosen as 0 and αmax is chosen as a finite but high 
number to ensure the optimized numerical stability and approximate the 
solid with negligible permeability. In this study, αmax is defined as 1 ×
1010. 

In order to ensure the spatial smoothness of γ in the design domain, 
the Helmholtz PDE filter is employed [36]: 

γ = − r2
0 ∇2 γ̃ + γ̃ in Ω (6)  

where r0 is the filter radius parameter, and γ̃ is the filtered design var
iable, Ω represents the design domain. 

At the same time, in order to reduce the gray area between solid and 
fluid (intermediate density), the smooth Heaviside projection threshold 
method is used in filter design [37]. 

γproject =
tanh(βθβ) + tanh(β(γ̃ − θβ))

tanh(βθβ) + tanh(β(1 − θβ))
(7)  

where γproject is the projected design variable field, θβ is the projection 
threshold parameter, and β is the projection slope parameter. In this 
study, θβ is defined as 0.5 and β as 12. 

In order to better characterize the flow in the system, dimensionless 
parameter Re is used to represent the flow state of the fluid, which is the 
ratio of the inertial effects to viscous effects defined as follows: 

Re =
uDdρ

μ (8)  

where Dd represents the characteristic length of fluid flow. For non- 
circular pipes, Dd represents the hydraulic diameter and is calculated 
to be Dd = 1 mm. ρ represents fluid density and µ represents dynamic 
viscosity coefficient. 

To investigate the degree of mixing, the mixing efficiency of sub
stances with any cross-section in the mixing channel is calculated by the 
following formula [33]: 

M = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i− 1

(ci − c
c

)2

√
√
√
√ (9) 

Among them, M is the mixing efficiency, N is the total number of 
sampling points, ci and c are the normalized concentration and the ex
pected normalized concentration, respectively. The mixing efficiency 
ranges from 0 (no mixing) to 100% (complete mixing). 

The formal description of the topology optimization problem is as 
follows: 

min : J =

∫

Γout

(ci − c)2dΓ (10)  

s.t. g =
Δp

λΔp0
− 1⩽0 (11)  

where J is the objective function, the topology optimization process aims 
at finding the minimum value of the objective function. Notably, a 
pressure drop constraint is introduced as shown in Equation (11). Δp is a 
variable representing the pressure drop during the process of topology 
optimization. The outlet pressure is set to zero, thereby making the 
pressure difference between the inlet and outlet equal to the inlet 
pressure. λ is the pressure drop coefficient that adjusts the complexity of 
the topology optimization structure. In the numerical simulation, the 
initial pressure drop Δp0 is set to 0.00711 Pa and the pressure drop 
coefficient λ is set to 1. The pressure drop constraint g ensures that the 
pressure drop between the inlet and outlet does not exceed λ times of the 
initial pressure drop. The introduction of the pressure constraint serves 
to prevent the optimized structure from becoming excessively complex, 
which could result in an infinite pressure drop. The pressure drop is also 
a critical evaluation factor, as it represents the power consumption of 
the micromixer. 

2.2. Numerical model 

In this study, a one-period micromixer model with a circular design 
domain is proposed based on topology optimization method. Fig. 1(a) 
shows the schematic diagram of the model before topology optimiza
tion, including the structure and size of the model. The model is divided 
into two parts, in which the circular part is the design domain, and the 
other part is the non-design domain. The inlet of the micromixer is 
located on the left side of the model, and fluids with concentration 
values of 1 mol / m3 and 0 mol / m3 flow from the two inlets at the same 
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flow rate u = 1 × 10-6 m / s. The fluid properties include a density of 1 ×
103 kg / m3, dynamic viscosity of 1 × 10-3 Pa⋅s, and diffusion coefficient 
of 1 × 10-9 m2 / s. The outlet of the micromixer is set on the right side of 
the model. The objective of the topology optimization is to enhance the 
mixing efficiency by altering the channel shape within the design 
domain. 

In order to solve nonlinear numerical problems, finite element 
analysis (FEA) software COMSOL 5.6 is adopted. In this model, the grid 
type is free triangle, the number of grids is 4,634, the minimum grid 
quality is 0.55 and the average grid quality is 0.93 (Fig. 1(b)). 

In numerical simulations, it is widely recognized that the accuracy of 
the solution outcome can be improved through finer mesh division. 
However, when the number of grids reaches a certain amount, the 
improvement in calculation accuracy is not obvious [38]. Thus, it is 
crucial to establish grid independence, which has a significant impact on 
the accuracy of the solution. To find out the optimal number of grid 
elements, we conducted a grid independence test, in which the number 
of grid elements ranged from 1,936 to 21,358. As shown in Fig. 2(a) and 
(b), it can be observed that upon reaching 4,634 grid elements, the 
mixing efficiency and pressure drop no longer exhibit significant vari
ation with further increments in the number of grid elements. Further
more, it can be seen in Fig. 2(c) that the two curves of 4,634 and 21,358 
almost overlap. Therefore, grid elements number 4,634 is the best 
choice for improving the accuracy of the simulation and saving time for 
calculation. 

2.3. Experimental materials and methods 

The performance of optimized micromixers is validated through 
conventional mixing experiments utilizing a fluorescent dye solution 
[39]. Firstly, the equal volume of fluorescein sodium solution and 
deionized water solution were prepared, and the ratio of fluorescein 

sodium and deionized water in fluorescein sodium solution is 0.1 % w/ 
w. Then, the two reagents are introduced into a Y-channel through a 
high-precision dual-port injection pump (Cchippump01-BD), with a 
flow rate range of 0.6 μL/min to 600 μL/min, corresponding to a Re 
range of 0.1 to 100. The mixing process was visualized by a fluorescence 
microscope (IX73, Olympus) equipped with a CCD camera. The sodium 
fluorescein solution appeared bright white, while the deionized aqueous 
solution appeared black under the fluorescence microscope, allowing for 
visualization of the mixing effect by observing the fluorescence intensity 
distribution at the outlet of the micromixer. To quantitatively analyze 
the mixing effect, image analysis software (Image J) was utilized to 
measure a range of grey values at the outlet of the optimized micro
mixer. The mixing efficiency of the optimized micromixer chip is 
calculated using Equation (9). In this study, silver nanoparticles were 
prepared by direct precipitation in the three-period optimized micro
mixer. The experiment utilized 2 mM/L anhydrous glucose (C6H12O6) as 
a reducing agent, 1 mM/L silver nitrate (AgNO3) as an oxidizing agent, 
polyvinylpyrrolidone (PVP) as a stabilizer to inhibit particle agglomer
ation, and 2 mM/L sodium hydroxide (NaOH) to provide an alkaline 
environment for the redox reaction. The mixed solution of C6H12O6 and 
NaOH was injected from one inlet of the micromixer, while the mixed 
solution of AgNO3 and PVP was injected from the other inlet, both with a 
constant inlet flow rate of 200 µL/min. Then, the silver nanoparticle 
colloids are collected at the outlet of the micromixer. 

3. Results and discussion 

3.1. One-period micromixer and mixing principle 

Fig. 3(a) shows the channel structure of the micromixer after the 
topology optimization. It can be seen that the design domain presents a 
serpentine structure after being designed by the topology optimization 

Fig. 1. Topology optimization micromixer model and grid diagram. (a) Schematic diagram of the original structure. (b) Mesh for topology-optimized structures.  
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method. Furthermore, the optimized micromixer chip was fabricated 
using traditional soft lithography. As shown in Fig. 3(b), the inlet width 
of the curved channel is about Win = 301 μm, and the outlet width is 
approximately Wout = 242 μm. It is noteworthy that the topology 

optimization structure is irregular, the maximum width of the curved 
channel is approximately Wmax = 503 μm, the minimum width is 
approximately Wmin = 285 μm, the average width of the curved channel 
is approximately 325 μm, and the channel height is 60 µm. 

Fig. 2. Grid independence test. (a) Mixing efficiency at different number of grid elements when Re = 50. (b) Pressure drop at different number of grid elements when 
Re = 50. (c) The velocity distribution at the outlet of one-period micromixer when Re = 20. 

Fig. 3. Optimized and fabricated microstructure of the design domain. (a) The output material volume factor of topologically optimized structure (The red areas 
represent the fluid domain, and the blue areas represent the solid domain after topological optimization). (b) Structure of one-period optimized micromixer chip. 
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Fig. 4 presents the simulation results of the flow field in a one-period 
micromixer. When the low Re is 0.1, the fluid diffusion dominates, 
leading to a uniform streamline distribution. In addition, the curved 
channel can increase the contact area of the mixing surface to strengthen 
the mixing process. When Re = 1, there is no apparent vortex in the 
channel. Furthermore, the high-velocity fluid tends to concentrate in the 
central regions of the channel at low Re. As the Re increases to 10, a part 
of the high-velocity fluid tends to shift towards one side. When Re = 100, 
the high-velocity fluid has shifted to one side of the channel, and 
numerous vortices are generated within the optimized curved channel 
structure of the micromixer, which promotes transverse fluid mass 
transfer and intensifies fluid mixing. It is noted that the vortices, being a 
result of the increase in Re, disturb the parallel fluid flows and result in a 
more intensive mixing. In conclusion, the curved channel design and the 
increase in Re result in the emergence of pronounced vortices, leading to 
improved mixing performance. 

Fig. 5 shows the concentration distribution obtained by simulation 
and fluorescence intensity distribution from experiment under different 
Re of the topology optimized micromixer. When Re = 0.1, a phenome
non of gradual mixing occurs, since the two fluids have sufficient time to 
contact and diffuse each other in the curved channel due to the slow flow 
rate of the fluid. However, as Re increases to 1, the steady laminar flow 
state reduces the fluid contact and diffusion time, resulting in poor fluid 
mixing. However, as Re increases to 10, the steady laminar flow state is 
disturbed to a certain extent, resulting in a notable degree of fluid 
mixing. At Re = 100, the laminar flow state of the fluid is completely 
broken, and the convection between the two fluids becomes more 
evident. Additionally, multiple vortices can be observed to form within 
the curved channel, which further enhances the mixing effectiveness of 
the two fluids. 

As shown in Fig. 6, The mixing performance of a one-period micro
mixer chip is evaluated by measuring the fluorescence intensity distri
bution at the outlet of the chip under various Re. As shown in Fig. 6(a), 
the fluorescence intensity distribution at the micromixer outlet is rela
tively uniform at Re = 0.1. However, as Re increases (0.1 < Re ≤ 100), 

the boundary between the fluorescein solution and the aqueous solution 
becomes gradually blurred. This is further evidenced in Fig. 6(b), which 
displays the fluorescence intensity values of 800 sampling points along 
the cross-section. Theoretically, when the solutions are thoroughly 
mixed, the fluorescence intensity of the aqueous solution is 0, the 
fluorescence intensity of the fluorescein solution is 255, and the average 
fluorescence intensity is 127.5. As shown in Fig. 6(b), at Re = 0.1, the 
fluorescence intensity is evenly distributed around 200, indicating uni
form mixing has been achieved. At Re = 1, the curve is steeper, with only 
a few fluorescence intensity values close to 127.5, suggesting mixing at a 
certain degree. However, at Re = 10, the curve is smoother, implying 
improved mixing compared to Re = 1. Finally, at Re = 100, a greater 
number of fluorescence intensity values are distributed around 127.5, 
indicating that more sampling points have reached complete mixing. 

3.2. The multi-period topology optimized micromixer 

To pursue higher mixing efficiency, two or three-period optimization 
micromixers were also fabricated, and the corresponding mixing ex
periments were carried out. As shown in Fig. 7, the fluid diffuses more 
fully when it passes through the second mixing domain, and an excellent 
mixing effect is obtained at Re = 0.1. When Re = 1, a certain degree of 
mixing is still achieved when the fluid passes through the second mixing 
domain, though the fluid maintains the state of laminar flow. When Re 
= 10, the laminar flow state of the fluid is disturbed, and the fluid is 
further mixed in the second mixing domain on the basis of the initial 
mixing in the first mixing domain. When Re = 50 and 100, the gener
ation of vortexes dramatically improves the mixing effect, and the sec
ond period of the mixing domain strengthens the mixing. In general, the 
mixing effect of the two-period optimized micromixer is further 
improved compared with the one-period optimized micromixer. 
Furthermore, the mixing effect of the three-period optimized micro
mixer is also verified, as shown in Fig. 8, with a relatively good mixing 
effect observed when compared to the two-period optimization micro
mixer. Accordingly, four or more periodic micromixer seems to be 

Fig. 4. The flow field of the optimized micromixer under different Re. The color scales represent the magnitude of the fluid velocity, the black lines represent the 
streamline of the fluid, and the arrows indicate the direction of the fluid flow. The area inside the red dashed box is the rotating vortex. 
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unnecessary. 

3.3. Mixing efficiency and pressure drop 

To quantitatively analyze the mixing effect, the mixing efficiency at 
the outlet of the topology optimized micromixer under different Re is 
calculated according to Equation (9). The results, as shown in Fig. 9, 

indicated that when Re is less than 0.1, the mixing performance of the 
three micromixers with different periods is comparable and nearly 
achieved complete mixing. In this situation, the mixing effect is insen
sitive to the structure. With the increase of Re (0.1 ≤ Re ≤ 1), the contact 
time of the two fluids becomes shorter, and the molecular mass transfer 
is also weakened, which leads to a decrease in mixing efficiency, espe
cially for the one-period micromixer. When Re exceeded 1, the vortex 

Fig. 5. The concentration distribution obtained by simulation and fluorescence intensity distribution from experiment under different Re of the topology optimized 
micromixer (The outline of the mixing channel is marked by a dotted line). The pure fluorescein solution is displayed as white in the grayscale image, and the pure 
aqueous plasma solution is shown as black in the gray scale. 

Fig. 6. The mixing effect at the outlet of one-period optimized micromixer (a) The fluorescence intensity distribution of the one-period topology optimized 
micromixer. A-A, B-B, C-C, and D-D represent cross-sections of the outlet of the optimized micromixer when Re = 0.1, Re = 1, Re = 10, and Re = 100, respectively. (b) 
Numerical representation of the fluorescence intensity at the outlet section. 
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phenomenon is becoming more evident with the increase of Re, thus the 
mix performance is getting better. In general, throughout a wide range 
of Re (0.1–100), the one-period micromixer achieves a mixing efficiency 
beyond 80%, the two-period and three-period micromixers achieve 
better mixing performance than one-period micromixer, and their 
mixing efficiency is as high as 96, 99%, respectively. As shown in Fig. 9, 
the numerical simulation results of the optimized micromixer are 
consistent with the experimental results, and the maximum deviation is 
within 5%. The mixing efficiency is calculated by the practical fluores
cence intensity value at the outlet cross-section in the experiment, while 
the mixing efficiency is calculated directly by concentration value in 
numerical simulation, so there are some tiny deviations between simu
lation and experiment values of mixing efficiency. In general, the 
experimental results verify the reliability of the topology optimization 
model. 

As for the micromixer, it is not only necessary to achieve the goal of 
high mixing efficiency, but also need to restrict the pressure drop to a 
reasonable range. In this study, a pressure drop constraint is introduced 

to restrict the excessive increase of the pressure drop. As shown in 
Fig. 10, the results indicate that the pressure drop of the micromixers 
increases with the increase of Re. Additionally, it is observed that the 
pressure drop increases with the increasing number of structural periods 
under any Re. This phenomenon can be attributed to the fact that a more 
complex micromixer structure results in a higher pressure drop. In 
comparison to other passive micromixers based on topology optimiza
tion, such as the MSMA [27] and TMC [33] micromixers, the pressure 
drop of the mixer designed in this study was reduced by approximately 
2–3 orders of magnitude while maintaining high mixing efficiency. This 
reduction was due to the introduction of the pressure drop constraint. 
Thus, it can be concluded that the micromixer with topology optimi
zation structure in this study effectively reduced pressure drop while 
maintaining efficient mixing. 

3.4. Synthesis experiment of silver nanoparticles 

In this study, we utilized the three-period optimized micromixer for 

Fig. 7. Fluorescence intensity distribution of two-period optimized micromixers at different Re.  
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the synthesis of silver nanoparticles. Under alkaline conditions, the so
lution of AgNO3 and solution of C6H12O6 underwent a redox reaction in 
the micromixer, resulting in the formation of silver nanoparticle colloids 
that were subsequently collected from the outlet. Then, the silver 
nanoparticles within the colloid were separated using a carbon support 
membrane, and subsequently visualized via transmission electron mi
croscopy (TEM) to assess their morphology and distribution. The quality 
of synthesized silver nanoparticles is crucially dependent on the 

uniformity of particle size distribution and the extent of agglomeration. 
To prevent interparticle contact and inhibit agglomeration, PVP is 
selected as the protective agent, which forms a protective film on the 
surface of the particles. Additionally, the proposed three-period opti
mized micromixer facilitated homogeneous mixing and reduced particle 
agglomeration. To investigate the behavior of the device in the presence 
of different concentrations of PVP, various experimental groups were 
established. As shown in Fig. 11(a), when no PVP was added to the 

Fig. 8. Fluorescence intensity distribution of three-period optimized micromixer at different Re.  

Fig. 9. Mixing efficiency of one-period, two-period, and three-period topology 
optimization micromixers at different Re. 

Fig. 10. The pressure drop of optimized micromixers compared with MSMA 
[27] and TMC[33] micromixer at different Re. 
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Fig. 11. Analysis of morphology and particle size distribution of synthetic silver nanoparticles under different mass ratios of PVP and AgNO3. (a) mPVP: mAgNO3 =

0:1. (b) mPVP: mAgNO3 = 1:1. (c) mPVP: mAgNO3 = 2:1. (d) mPVP: mAgNO3 = 3:1. 
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reaction, silver nanoparticles showed a large amount of agglomeration 
and a large difference in particle size, and the mean value and standard 
deviation of particle size are (25.33 ± 7.98). However, when mPVP: 
mAgNO3 = 1:1, as depicted in Fig. 11(b), the agglomeration phenome
non decreased, and the contour of silver nanoparticles became more 
apparent. The mean value and standard deviation of particle size are 
(24.15 ± 6.06) in this case. Furthermore, when mPVP: mAgNO3 = 2:1, 
as shown in Fig. 11(c), only a few individual particles exhibited 
agglomeration, and the mean value and standard deviation of particle 
size are (29.81 ± 8.42). When mPVP: mAgNO3 = 3:1, as shown in 
Fig. 11(d), there was almost no agglomeration, and the particle size 
uniformity was excellent, with a mean value and standard deviation of 
(21.42 ± 4.91). Overall, silver nanoparticles showed minimal agglom
eration at mPVP: mAgNO3 = 3:1, and the standard deviation of the 
particle size was the smallest, indicating high homogeneity of particle 
size. 

In addition, the samples synthesized at mPVP to mAgNO3 ratio of 3:1 
are analyzed by Energy Dispersive Spectrometer (EDS) to determine the 
composition of the samples based on the characteristic energy of X-ray 
photons emitted by different elements. As illustrated in Fig. 12, the X- 
axis represented the X-ray energy, while the Y-axis represented the X-ray 
photon number. It can be seen that the samples contained three primary 
elements: Ag, Cu, and C. The presence of Cu and C elements can be 
attributed to the carbon support film used in sample preparation. 
Additionally, multiple peaks of Ag element were detected due to the 
varied energies released when the electron layer outside the nucleus of 
the Ag element jumped to other layers. 

4. Conclusion 

In this paper, an optimized micromixer is proposed based on the 
topology optimization method. Additionally, the pressure drop 
constraint is introduced in the topology optimization process, allowing 
for an adjustable degree of structural complexity and a significant 
reduction in pressure drop. Through a series of numerical simulations 
and experiments, the flow distribution and mixing mechanism of the 
optimized micromixer at different Re were demonstrated. When Re is 
less than 0.1, the diffusion is dominant for the mass transfer process in 
the microchannel and a good mixing effect is achieved. As Re increases 
to 1, laminar flow dominates fluid flow and the mixing effect becomes 
worse. As Re continues to increase to 100, the stable laminar flow state is 
gradually broken, and the emergence of vortexes also improves the 
mixing efficiency of the micromixer. Moreover, the mixing effect of a 
multi-period optimized micromixer over a wide range of Re was also 
investigated. The mixing efficiency of the one-period and multi-period 
micromixer can reach up to 96% and 99% respectively under the 
premise of low pressure drop. The experimental results and numerical 
simulation results confirm each other, which further confirms the reli
ability of the research results. In addition, the optimized micromixer can 
also be utilized for the preparation of silver nanoparticles. The silver 
nanoparticles generated using the three-period optimized micromixer 
exhibit minimal aggregation and exhibit a uniform particle size distri
bution. This has been confirmed through extensive characterization. The 
topology optimization design method can also be further extended to the 
design of three-dimensional passive micromixers and active micro
mixers, which could be carried out in further research. 
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