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Abstract: This research introduces a micromilling-based method for fabricating prototypes of poly(methyl 

methacrylate) (PMMA). This approach enables rapid prototyping of non-planar polydimethylsiloxane (PDMS) 

microfluidic channels, which are difficult to fabricate using traditional soft lithography methods. To achieve high 

fidelity, we improve the surface quality of the PMMA molds by systematically optimizing key machining parameters, 

including spindle speed, feed rate, and cutting depth. These optimized conditions are subsequently applied to CNC 

machining of complex three-dimensional curved geometries. Using a partial-curing method, the resulting PDMS 

devices achieve robust bonding strengths of up to 184 kPa without plasma treatment or specialized apparatus. This 

method offers a cost-efficient and accessible alternative for fabricating intricate non-planar microfluidic systems, 

markedly enhancing the design versatility and application prospects of PDMS-based platforms. 

Keywords: Micro-milling; Non-planar microchannel; PDMS. 

 

Introduction 

     Microfluidic technology has rapidly emerged as 

one of the most influential platforms in modern science 

and engineering. Microfluidic chips, also referred to as 

lab-on-a-chip systems, integrate a network of microscale 

channels that are capable of manipulating small volumes 

of fluids with high precision. These devices mimic 

laboratory processes on a miniature scale, allowing 

chemical reactions [1], separations [2], and biological 

assays [3] to be conducted with minimal reagent 

consumption and shortened analysis times. The 

advantages of microfluidics include reduced sample and 

reagent use, faster reaction kinetics, enhanced portability, 

and the possibility of high-throughput parallel analysis. 

Because of these benefits, microfluidic chips have found 

applications across diverse fields such as biomedical 

diagnostics, point-of-care testing, drug screening, 

single-cell analysis, environmental monitoring, and 

chemical synthesis[4-6]. For instance, microfluidic 

devices are increasingly employed for early disease 

biomarker detection, enabling sensitive and rapid assays 

that can be performed outside of centralized laboratories. 

Similarly, microfluidic cell culture platforms provide 

physiologically relevant environments for studying 

cellular behavior, tissue engineering, and organ-on-chip 

models[7, 8]. The breadth of these applications 

underscores the critical importance of developing robust, 

flexible, and cost-effective fabrication methods for 

microfluidic systems. 

     The fabrication of microfluidic chips has 

traditionally relied on cleanroom-based microfabrication 

processes. Among these, soft lithography using SU-8 

photoresist remains one of the most widely adopted 

methods [9]. In this approach, SU-8 is patterned onto a 

silicon wafer by photolithography to create a mold, which 

is then used for casting poly(dimethylsiloxane) (PDMS). 

SU-8 lithography provides high resolution, excellent 

reproducibility, and compatibility with planar channel 

designs, making it suitable for many applications in 

microfluidics [10]. However, the method has significant 

limitations. It requires access to cleanroom facilities, 

photomasks, and UV lithography equipment, which are 
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costly and time-consuming. Moreover, SU-8 molds are 

typically restricted to planar geometries, limiting the 

ability to fabricate three-dimensional or curved 

structures[11]. To overcome these challenges, alternative 

approaches have been explored, including 3D printing 

technologies such as Fused deposition modeling 

(FDM)[12], Stereolithography (SLA)[13] and Digital light 

processing (DLP) [14]. These additive manufacturing 

methods allow direct fabrication of molds or even 

complete microfluidic devices. While 3D printing offers 

rapid prototyping and design flexibility, it often suffers 

from limited resolution, surface roughness, and 

incomplete replication of fine features, especially at the 

microscale[15]. Thus, despite their advantages, both 

SU-8 lithography and 3D printing present drawbacks that 

restrict their applicability for fabricating advanced 

microfluidic devices.  

In recent years, computer numerical control (CNC) 

micromilling has gained attention as a promising 

alternative for fabricating molds used in PDMS 

microfluidics. CNC milling provides a maskless, rapid, and 

cost-effective process in which digital designs are directly 

translated into physical molds on polymer substrates 

such as polymethyl methacrylate (PMMA)[16, 17]. Unlike 

photolithography, CNC milling does not require 

specialized facilities, making it accessible to laboratories 

without cleanroom infrastructure. The process is 

versatile, allowing researchers to rapidly iterate and 

modify channel designs by simply adjusting CAD models. 

Additionally, CNC milling produces smooth surfaces and 

precise geometries when optimized parameters are 

employed, resulting in PDMS devices with reliable 

performance. Compared with 3D printing, CNC milling 

often achieves higher dimensional accuracy and better 

surface quality, both of which are essential for fluidic 

control and optical imaging in microfluidic applications 

[18, 19]. These advantages have led to a growing 

adoption of CNC micromilling as a prototyping method 

for microfluidic mold fabrication. 

Within CNC milling, the most commonly used tool 

has been the flat end-mill. End-mill tools are suitable for 

machining two-dimensional channel networks with 

uniform depths and sharp edges, making them well 

suited for planar microfluidics. However, their flat 

geometry imposes inherent limitations. Specifically, 

end-mills are not capable of efficiently producing smooth 

curved surfaces, rounded cavities, or channels with 

variable depths[20, 21]. These types of non-planar 

geometries are increasingly relevant in advanced 

microfluidics, where channel cross-sectional shape can 

significantly influence fluid dynamics, mixing efficiency, 

and biological compatibility[22, 23]. To address these 

challenges, the use of ball-end milling tools has emerged 

as a powerful approach. A ball-end mill, characterized by 

its hemispherical cutting tip, enables the fabrication of 

three-dimensional and contoured features. By 

distributing cutting forces along its curved tip, the 

ball-end mill is particularly effective for generating sloped 

surfaces, rounded grooves, and hemispherical wells with 

reduced surface roughness. This capability opens up new 

design opportunities in microfluidics, allowing for novel 

device functionalities such as improved mixing, droplet 

control, and cell trapping within curved microchambers. 

The present study builds upon this capability by 

exploring the use of ball-end CNC milling for the 

fabrication of PMMA molds for PDMS casting. While flat 

end-mill micromilling has been reported previously, 

systematic investigations of ball-end milling for 

microfluidic mold preparation remain limited. The 

novelty of this research lies in two key aspects. First, by 

employing ball-end milling, we demonstrate the 

fabrication of non-planar microfluidic features that 

cannot be easily achieved with either SU-8 lithography or 

flat end-milling. This includes hemispherical cavities, 

sloped channels, and smoothly curved grooves, which 

enhance device functionality. Second, we incorporate a 

simplified bonding strategy based on partial curing of 

PDMS layers, eliminating the need for plasma treatment 

or expensive bonding equipment[24, 25]. This 

combination results in a cost-effective, accessible, and 

versatile approach to fabricating advanced PDMS 

microfluidic devices. By expanding the design space 

beyond planar structures, this method significantly 

increases the flexibility and application potential of 

microfluidic technology in biomedical, chemical, and 

environmental applications. 

Materials and methods 

Materials 

The materials employed in this study included 

polymethyl methacrylate (PMMA, CHIMEI, Taiwan) as the 

primary substrate for micromilling experiments, 

polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, 

USA) for soft lithography and device replication, Epoxy 
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Glue (AB Glue, Taiwan) for sealing of tubing into the 

microchip. Micromilling was performed using micro end 

mills (NS TOOL Co., Ltd., Japan), which provided the 

precision necessary for fabricating microchannels on 

PMMA substrates. 

Fabrication testing sample 

A test sample was fabricated on a PMMA substrate 

with a thickness of 4 mm to evaluate the effects of 

ball-end milling parameters on the surface gloss of the 

mold. The testing model was designed using NX software, 

as shown in Figure 1(a). The toolpath on the exterior 

contour was generated for machining with a 2 mm 

end-mill tool, as show in Figure 1(b),  while the main 

surface was machined using a 1 mm ball-end mill. Table 1 

presents the ball-end mill tool parameters, the toolpath 

strategy, and the machining conditions, including air 

blowing for chip removal without liquid coolant. 

 
Table 1. Ball-end mill specifications, toolpath strategy, and machining 
conditions. 

 

 
Figure 1. Design and fabrication of the test sample: (a) Design the 

sample using NX software, (b) 3D testing model, (c) Fabrication testing 
model by ball-end milling tool, and (d) Stylus profilemeter setup. 

 

A rough-milling pass is subsequently performed to 

remove a 1-mm layer from the residual surface, ensuring 

an adequate machining allowance for the finishing phase. 

A 1-mm-diameter ball-end mill is employed to 

manufacture the primary surface, with a cutting depth of 

10-30 µm (Figure 1(c)). Next, the cutting conditions were 

varied, as shown in Table 2, to investigate the parameters 

affecting the surface quality of PMMA when using a 

ball-end mill. The factors considered in this study 

included spindle speed, feed rate, and depth of cut.  

Figure 1(d) shows the platform and the stylus 

profilometer (Handysurf+, Accretech, Japan) used to 

evaluate the surface roughness of the micromilled 

PMMA substrates machined by the ball-end mill. The 

measurements were performed at the center region of 

the chip, with a measurement length of approximately 2 

mm. Figures 2(b)–2(d) illustrate the machined samples 

produced under the cutting conditions listed in Table 2. 

The workpiece material depicted in Figure 2(a) has 

dimensions of 40 × 65 mm. The cutting experiments 

were conducted using a micro-milling machine (VF-2, 

Haas, USA), specifically designed for the fabrication of 

microfluidic chips.  

Figure 2. (a) Dimensions of the testing sample, (b)~(d) Images of the 

test sample with various conditions. 

 

 
Table 2. Experimental results based on various factors and levels 

(a)

Stylus 
profilometer

(b)

Exterior contour  
surface

End-mill

(c) (d)

Main surface

End-ball mill

Non-cutting surface

Finished surface

Measurement location

(a) (b)

(c) (d)

A: 10,000 r.p.m

B: 100 mm/min

C: 10 µm

A: 10,000 r.p.m

B: 200 mm/min

C: 20 µm

A: 10,000 r.p.m

B: 300 mm/min

C: 30 µm

A: 12,000 r.p.m

B: 100 mm/min

C: 20 µm

A: 12,000 r.p.m

B: 200 mm/min

C: 30 µm

A: 12,000 r.p.m

B: 300 mm/min

C: 10 µm

A: 15,000 r.p.m

B: 100 mm/min

C: 30 µm

A: 15,000 r.p.m

B: 200 mm/min

C: 10 µm

A: 15,000 r.p.m

B: 300 mm/min

C: 20 µm

40 mm

6
5

 m
m

4
5

 m
m

10 mm

4
 m

m

Parameter Value 

Type Ball-end mill 

Material Carbide Micro Grain 

Diameter Radius-0.5 mm 

Stepover 0.1mm 

Cut pattern Zig Zag 

Drive Method Surface Area 

Cooling Air 

No. 
(A)-Spindle 

speed (r.p.m) 

(B)- 

Feedrate 

(mm/min) 

(C)- DOC 

(µm) 

Ra 

( µm) 

1 10,000 100 10 0.42 

2 10,000 200 20 0.69 

3 10,000 300 30 0.35 

4 12,000 100 20 0.21 

5 12,000 200 30 0.27 

6 12,000 300 10 0.29 

7 15,000 100 30 0.41 

8 15,000 200 10 0.31 

9 15,000 300 20 0.34 
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Fabrication non-planar and bonding microchip 

Figure 3. Schematic of casting PDMS into the mold by (a) Pouring the 
premixed PDMS, (b) Degassing the PDMS poured in the mold to remove 

trapped air,  (c) Pouring of the mixture of PDMS into the master 
PMMA mold, (d) Curing it in the oven at 65oC, (e) PDMS peeling off the 
mold, and (f) Fully non-planar PDMS chip. 

 

After determining the optimal cutting parameters 

for achieving the desired surface finish on PMMA with a 

ball-end mill, these parameters were subsequently used 

to produce the mold set for casting the non-planar PDMS 

microfluidic chip. The upper and lower mold parts were 

engineered in accordance with the specifications 

described in the previous section. In this study, a 

partial-curing bonding method was utilized to assemble 

the PDMS microfluidic device. 

To prepare the PDMS material, the elastomer base 

and curing agent were thoroughly mixed manually for 10 

minutes in a 10:1 ratio, as illustrated in Figure 3(a). The 

mixture was subsequently placed in a vacuum chamber 

for approximately 15 minutes to eliminate the contained 

air bubbles, as depicted in Figure 3(b). Following 

degassing, the liquid PDMS was transferred into the 

molds for curing, as illustrated in Figure 3(c). 

Partial-curing durations ranging from 45 to 85 minutes 

were tested at 65 °C in the oven, as shown in Figure 3(d). 

Once the PDMS attained a semi-solid state, the molded 

halves were carefully detached from the molds 

employing a precision knife, as illustrated in Figure 3(e). 

Subsequently, two inlet/outlet openings were 

formed in the upper section utilizing a circular tool to 

facilitate tubing connections. Finally, the upper and lower 

PDMS halves were precisely aligned and cured overnight 

at 65°C to form a fully bonded, operational non-planar 

microfluidic chip, as illustrated in Figure 3(f). 

Results and discussion 

Experiment results 

Table 2 illustrates a representative outcome 

obtained from a series of nine investigations. All 

measured average surface roughness values range from 

0.21 µm to over 0.69 µm. 

Factor analysis was conducted to identify the 

parameters with the strongest and weakest influences on 

the surface roughness of the PMMA mold. Table 1 

presents the signal-to-noise (S/N) ratios obtained from 

the three measurement samples. Because lower surface 

roughness is desired, the signal-to-noise ratio was 

calculated using the “Smaller-is-better’’ criterion 

according to Eq. (1), where n = 3 represents the number 

of repeated measurements for each parameter 

combination, and yi2 denotes the squared surface 

roughness value for each measurement.  

S/N =  −10log10(
1

n
∑ yi

2n
i = 1 )   (1) 

 

 
Figure 4. S/N ratios and surface roughness corresponding to three main 
factors and three levels: (a) Spindle speed, (b) Feed rate, and (c) Depth 

of cut. 

 

(b)

(a)

(c)

PDMS 
(Part A)

PDMS 
(Part B)

PDMS 
(10:1)

(a) (b) (c)

(d) (e) (f)
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Factor analysis 

Figure 4(a)~(c) plots the average S/N ratios listed in 

Table 2 and the corresponding average surface roughness. 

The signal-to-noise (S/N) response analysis indicated 

significant variations in the impact of machining 

parameters on surface irregularity. In Table 3, Spindle 

speed (Factor A) demonstrated the greatest range 

(5.230), suggesting it was the primary factor influencing 

the machining response. The observed sensitivity implies 

that fluctuations in cutting speed significantly influenced 

crystal formation and tool-material interaction, thereby 

resulting in discernible alterations in surface finish. Feed 

rate (Factor B) exhibited a moderate influence, spanning 

a range of 1.390. Conversely, depth of cut (Factor C) 

yielded the narrowest range (0.720), suggesting a 

minimal impact among the examined micromilling 

parameters. Based on the level-average signal-to-noise 

(S/N) ratio trends, the optimal parameters for minimizing 

surface roughness were determined to be spindle speed 

(12,000 r.p.m), feed rate (100 mm/min), depth of cut (10 

µm). 
 

Table 3 Factor to analysis cutting parameter 

 

Experiment Results: Non-planar PDMS 

 

We performed burst-pressure experiments to 

evaluate the bonding strength of the non-planar 

microfluidics chip fabricated via the partial-curing 

technique. Figure 5(a) shows the schematic diagram of 

the testing system, while Figure 5(b) depicts the actual 

testing setup. Bonding strength was evaluated utilizing a 

fluidic system comprising a syringe pump for injecting red 

food dye, a pressure meter (PS-9303SD, Lutron Electronic 

Enterprise Co., Ltd., Taiwan), and a pressure sensor 

(PS100-20 bar, Yalab, Taiwan) connected to the pressure 

meter. 

Bonding strength is defined as the stress at which the 

camera detects interfacial separation. This testing 

approach is particularly appropriate for applications that 

demand extended chip durability and consistent stability. 

The bonding efficacy of PDMS under different 

partial-curing conditions is depicted in Figure 6. At 65 °C 

for 45 minutes, the PDMS mixture remained 

undercrosslinked, allowing the replica to be readily 

removed from the mold due to the incompletely formed 

microchannel structure. Conversely, at 85 minutes, 

partial curing was no longer attainable as the PDMS 

surface had already undergone complete crosslinking, 

thereby inhibiting successful bonding. As illustrated in 

Figure 6, the maximum bonding strength was achieved at 

65 minutes of curing, suggesting that this time interval is 

optimal for microchannel replication while maintaining 

robust interlayer adhesion. 

From these results, we can conclude the following:  

(1) PMMA molds fabricated by micromachining are well 

suited for replicating PDMS structures with non-planar or 

three-dimensional curved geometries, demonstrating 

that the mold design can reliably preserve complex 

surface features during casting, (2) The proposed PDMS 

bonding approach enables the assembly of 3D 

microfluidic chips without the need for expensive 

equipment such as plasma systems or silane-based 

surface treatments. Instead, a simple partial-curing 

strategy provides sufficient interlayer adhesion, offering 

a low-cost and accessible method for fabricating 

multilayer PDMS microfluidic devices.  

Figure 5. (a) System used to test the bonding strength of bonded 
microfluidic chips, including a camera, , a pressure meter, a manual 
syringe pump with a pressure sensor, and (b) Experiment setup. 

Level 
(A)-Spindle 

speed (r.p.m) 

(B)-Feed rate 

(mm/min) 

(C)-DOC 

(µm) 

1 6.533 9.480    9.350 

2 11.763 8.230 8.630 

3 9.033 9.620 9.350 

Max 11.763 9.620 9.350 

Min 6.533 8.230 8.630 

Range 5.230    1.390 0.720 

Rank 1 2 3 

Camera

Microchip

Pressure 

meter

Sensor

Syringe pump
(a)

Pressure meter

Camera

Syringe pump

Sensor

(b)

Microchip
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Figure 6. The bonding strength of the PDMS chip as a function of the 
partial-curing time at 65 °C 

Conclusion 

This study provides the first systematic 

demonstration of ball-end milling for fabricating PMMA 

molds with complex, non-planar geometries for PDMS 

microfluidic fabrication. By optimizing the machining 

parameters, the smoothest surfaces—suitable for 

high-fidelity PDMS replication and strong interlayer 

bonding—were achieved at a spindle speed of 12,000 

r.p.m, feed rate of 100 mm/min, and depth of cut of 10 

μm. Moreover, the work shows that non-planar PDMS 

microfluidic chips can be reliably assembled using a 

simple partial-curing bonding method, eliminating the 

need for plasma treatment or silane activation while still 

achieving bonding strengths above 180 kPa. These 

findings open the door to low-cost fabrication of curved 

or 3D microfluidic architectures, enabling future 

applications in micro-optics, organ-on-chip systems, and 

advanced droplet manipulation.  
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Figure 1. Design and fabrication of the test sample: (a) Design the 

sample using NX software, (b) 3D testing model, (c) Fabrication testing 

model by ball-end milling tool, and (d) Stylus profilemeter setup. 

Figure 2. (a) Dimentional of the testing sample, (b)~(c) Images of the test 

sample with various conditions. 
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Figure 3. Schematic of casting PDMS into the mold by (a) pouring the 

premixed PDMS, (b) Degassing the PDMS poured in the mold to remove 

trapped air,  (c) Pouring of the mixture of PDMS into the master PMMA 

mold, (d) curing it in the oven at 65oC, (e) PDMS peeling off the mold, and 

(f) Fully non-planar PDMS chip. 
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Figure 4. S/N ratios and surface roughness corresponding to three 

main factors and three levels: (a) Spindle speed, (b) Feed rate, and (c) 

Depth of cut. 

(b)

(a)

(c)

http://www.jausmt.org/


Tuan Ngoc Anh Vo, Anh Son Tran, and Trung Nghia Tran 

www.jausmt.org  11      auSMT Vol. 15 No.1 (2025) 

Copyright © 2024 International Journal of Automation and Smart Technology 

 

 

 

 

 

 

 

 

 

Figure 6. The bonding strength of the PDMS chip 

as a function of the partial-curing time at 65 °C 
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Figure 5. (a) System used to test the bonding 

strength of bonded microfluidic chips, including 

a camera, , a pressure meter, a manual syringe 

pump with a pressure sensor, and (b) 

Experiment setup.  
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Table 4. Ball-end mill specifications, toolpath strategy, and machining conditions. 

 

 

 

 

 

 

 

 

 

 

 

Table 5. Experimental results based on various factors and levels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6. Factor to analysis cutting parameter 

 

 

Parameter Value 

Type Ball-end mill 

Material Carbide Micro Grain 

Diameter Radius-0.5 mm 

Stepover 0.1mm 

Cut pattern Zig Zag 

Drive Method Surface Area 

Cooling Air 

No. 
(A)-Spindle 

speed (r.p.m) 

(B)- 

Feedrate 

(mm/min) 

(C)- DOC 

(µm) 

Ra 

( µm) 

1 10,000 100 10 0.42 

2 10,000 200 20 0.69 

3 10,000 300 30 0.35 

4 12,000 100 20 0.21 

5 12,000 200 30 0.27 

6 12,000 300 10 0.29 

7 15,000 100 30 0.41 

8 15,000 200 10 0.31 

9 15,000 300 20 0.34 

Level 
(A)-Spindle 

speed (r.p.m) 

(B)-Feedrate 

(mm/min) 

(C)-DOC 

(µm) 

1 6.533 9.480 9.350 

2 11.763 8.230 8.630 

3 9.033 9.620 9.350 

Max 11.763 9.620 9.350 

Min 6.533 8.230 8.630 

Range 5.230 1.390 0.720 

Rank 1 2 3 
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