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Abstract
Microfluidic devices are a rising technology to automatize chemical and biological operations. In this context, laser abla-
tion has significant potential for polymer-based microfluidic platforms’ fast and economical manufacturing. Nevertheless, 
the manufacturing of epoxy-based microfluidic chips is considered highly cost full due to the demand for cleanroom facili-
ties that utilize expensive equipment and lengthy processes. Therefore, this study targeted investigating the feasibility of 
epoxy resins to be fabricated as a lab-on-chip using carbon dioxide laser ablation. The chemical structural properties and 
thermal stability of the plain epoxy resins were characterized by Fourier transform infrared spectral analysis (FT-IR) and 
thermogravimetric analysis (TGA). Moreover, a specific migration test was performed to quantify potential migrants by gas 
chromatography coupled to mass spectrometry (GC–MS) to prove that the cured epoxy resin would not release unreacted 
monomers to the biological solution test, which caused inhibition of the sensitive biological reactions. By investigating the 
impact of this process on microchannels’ dimensions and quality, a laser technique using  CO2 laser was used in vector mode 
to engrave into a transparent epoxy resin chip. The resulting microchannels were characterized using 3D laser microscopy. 
The outcomes of this study showed considerable potential for laser ablation in machining the epoxy-based chips, whereas 
the microchannels machined by laser processing at an input power of 1.8 W and scanning speed of 5 mm/s have an aspect 
ratio of about 1.19 and a reasonable surface roughness (Ra) of ~ 15 µm. Meanwhile, the bulge height was 0.027 µm with no 
clogging, and HAZ was ~ 18 µm. This study validated the feasibility of quick and cost-effective  CO2 laser microfabrication 
to develop epoxy resin-based microfluidic chips without the need for cleanroom facilities that require expensive equipment 
and lengthy process.

Keywords Epoxy-based chips · CO2 laser ablation · Microchannel dimensions · Microchannel quality · Microfluidics · 
Micromachining

1 Introduction

During the past few decades, advances in microfabrica-
tion and nanotechnologies enabled the development of ana-
lytical devices characterized by new capabilities and small 
sizes practical for diagnostic, pharmaceutical, analytical, and 
medical industries. Miniaturization of analytical devices has 
reduced sample and reagents consumption, in addition to 
new functionality; enhanced the sensitivity; and reduced the 
time and cost than that of conventional analytical techniques 
[1]. Microfluidic chips are one of these miniaturized devices 
that have emerged as a promising technology recently in 

the last two decades. It has proved its competence astonish-
ingly. Therefore, it experienced exponential developmental 
growth and became a prevailing tool with vast potential 
[2]. Microfluidic devices can be broadly defined pertain-
ing to systems that manipulate or process small quantities 
of fluids  (10−9 to  10−18 L), using microchannels of tens to 
hundreds of micrometres in dimensions [3, 4]. More com-
prehensively, microfluidic devices are usually made up of 
miniaturized manipulation flow and fluid components, for 
instance, microchannels, micropumps, micromixers, and 
microvalves [5]. These miniaturized components forming 
the microfluidic chips are implemented and integrated with 
analytical and detection approaches such as chromatography, 
electrophoresis, fluorescence, and electrochemical detec-
tion) on microfabricated platforms to achieve the desired 
features such as on-chip reaction (microreactor), cell culture 

 * Heba Mansour 
 heba.mansour@ejust.edu.eg

Extended author information available on the last page of the article

/ Published online: 15 March 2022

The International Journal of Advanced Manufacturing Technology (2022) 120:4355–4372

http://orcid.org/0000-0003-4438-3317
http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-022-08992-w&domain=pdf


1 3

(organ-on-a-chip), or on-chip analysis, i.e. separation and 
detection of various compounds or pathogens (lab-on-a-
chip) [6].

It is worth mentioning that the microchannel particulari-
ties are greatly affected by the material type and microfabri-
cation techniques. Therefore, choosing the optimum material 
for the device fabrication process is one of the fundamental 
steps in microfluidic technology [2, 7]. Specific essential 
properties must be considered when selecting the material, 
such as durability, biocompatibility, transparency, chemi-
cal compatibility with the implied reagents, ease of fabrica-
tion, withstanding the pressure and temperature conditions 
required for the reaction, and the feasibility of surface func-
tionalization [7].

Numerous classes of materials were developed to match 
such properties and can be used to manufacture microflu-
idic devices. Typical substrates include glass, silicon, met-
als, polymers, and ceramics. However, each material has 
advantages and disadvantages, depending on its destination 
application. Polymers are broadly used in manufacturing 
microfluidic devices because of the diversity of the materials 
and the ability of chemical modification, providing a wide 
range of surface/material properties. There are various meth-
ods available for device fabrication, including casting, hot 
embossing, injection molding, soft lithography, microma-
chining, etching, and laser ablation, in addition to lower cost 
with strong bio-chemical performances [2]. So far, polydi-
methylsiloxane (PDMS), polymethylmethacrylate (PMMA), 
fluoropolymers, cyclo-olefin polymers, copolymers (COPs/
COCs), and thiolene polymers (TEs) are the most commonly 
used polymers for microfluidic device manufacturing [8].

Epoxy resin is an oligomer with a three-dimensional 
crosslinked network solidified by hardeners to form ther-
mosetting plastics [9]. Owing to the superior characteristics 
of epoxy resins, they are considered significant engineering 
materials and are widely utilized in structural applications 
and protecting coatings [2]. Epoxy resins are among the 
most important thermosetting polymers that have attracted 
considerable attention in microfluidic technology because of 
their exceptional biocompatibility, good mechanical, chemi-
cal resistance, thermal stability, and toughness [9].

Remarkably, indirect fabrication techniques like photo-
lithographic techniques require the generation of masks and 
transforming strategies that need the fabrication of master 
molds. These techniques have lower flexibility and add a 
step to the microfluidic chips fabrication process, requiring 
access to clean-room facilities [10].

Microfluidic device creation using lasers has become 
a robust technology.  CO2 laser ablation provides several 
advantages, including low cost, quick prototyping time, 
and no requirement for chemicals or cleanroom facilities. 
Laser engraving has much potential for making polymeric 
microfluidic devices quickly and cheaply [11]. Glass, quartz, 

PDMS, polytetrafluoroethylene (PTFE), polycarbonate (PC), 
polystyrene (PS), cyclic olefin copolymer (COC), laminates, 
and paper have all been used in  CO2 laser patterning [12]. 
There is no study in the literature that we are aware of that 
uses applying  CO2 laser ablation to epoxy resin. This process 
can produce epoxy resin-based microfluidic chips without 
needing cleanroom facilities requiring expensive equipment 
and lengthy procedures.

As a result, researchers are still seeking novel materials 
and inventing new fabrication processes to suit the criteria of 
high flexibility, quick turn-around, and low cost in producing 
microfluidic devices. Such requirements are considered a 
stepping stone along the pathway towards commercializa-
tion. Therefore, in this study, the casting method and  CO2 
laser micromachining were used to develop cured epoxy 
resin-based microfluidic devices that could be rapidly pro-
totyped for molecular diagnosis (DNA amplification point-
of-care (POC)) applications. Moreover, the impact of laser 
micromachining parameters, including laser power (P) and 
scanning speed (U) on the microchannel dimensions and 
roughness and heat defects, was investigated.

2  Microfabrication

The most mature shaping and microfabrication technologies 
of thermoplastic polymers differ significantly from those 
for thermoset polymers. Whereas thermoplastic polymers 
already have a high molecular weight, thermoset polymers 
are crosslinked networks formed from low molecular weight 
components. For prototyping and low-volume device fabri-
cation, thin thermoset epoxy resin chips are formed using 
casting technique, followed by direct patterning onto a ther-
mosetting substrate using laser ablation without generating 
an expensive molding master and undertaking the time-
consuming process.

2.1  Casting technique

For this experiment, epoxy resin (diglycidyl ether of bisphenol-
A (DGEBA) (epoxide equivalent mass of the resin (185–190)) 
and curing agent (modified cyclo-aliphatic polyamine) were 
purchased from Green Build Chemical Company (Egypt). 
Conventionally, the epoxy elastomer could be obtained by 
modulating the cured three-dimensional networks’ crosslink-
ing density via adjusting the curing agents’ proportion and the 
condition of the curing process. Therefore, epoxy resin and 
curing agent (hardener) were mixed at a ratio of 2:1.25 that 
was selected based on our preliminary work. The mixture was 
mechanically stirred for 20 min followed by degassing in a 
vacuum oven at 25 °C for 20 min to remove the bubbles before 
their casting into Si moulds. The cast resin was left at room 
temperature overnight to accomplish the curing process. The 
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cured epoxy resin-based chips were optically transparent with 
a tensile modulus of 30.38 MPa. Their surfaces were character-
ized with a hydrophobic nature with a contact angle of 107°.

2.2  Laser micromachining setup

The  CO2 laser ablation is a physical process in which the 
infrared radiation emitted by the focused  CO2 laser beam 
continuously ablates the materials. This process has been 
recently used to fabricate various polymer microsystems 
such as microfluidic channels and microlenses. Therefore, 
 CO2 laser ablation was utilized in this study to fabricate an 
epoxy resin-based microfluidic device. This was conducted 
by drawing the desired microchannel pattern on the pre-cast 
transparent cured epoxy resin-based chip (thickness = 3 mm) 
using a commercial benchtop  CO2 laser system (Universal 
Laser System, VLS 3.5, USA) demonstrated schematically 
in Fig. 1. The radio-frequency excited  CO2 laser has a wave-
length of 10.6 μm with a maximum power of 30 W. The 
desired pattern was designed and imported to the laser sys-
tem using CorelDrawX5 2010 and laser system programmes 
associated with computer-aided design (CAD) plotter, which 
offers the function to set the processing parameters, includ-
ing laser power and the scanning speed. The  CO2 laser sys-
tem programme has two modes that can be used depending 
on the width of the lines in the layout. The first is vector 
engraving for line widths less than 200 μm, and the second 
is raster engraving greater than 200 μm. The laser source 
follows a two-dimensional path based on the established 
CAD pattern in a vector engraving manner, whereas, in ras-
ter engraving mode, the designed pattern image is divided 
into an array of dots (with a resolution of up to 1000 dpi) 
for engraving in raster engraving mode [13]. This CAD plot-
ter can accommodate eight different laser settings in one 
pass; the design was plotted on eight lines at a time. The 
laser micromachining was accomplished with a 50-mm (2 

in.) lens for focusing the laser beam at a focal distance of 
5062.5 mm at laser power was varied from 1.8 to 5.4 W at 
a scanning speed ranging from 5 to 40 mm/s. The pulse rate 
was set at 1000 PPI, as listed in Table 1. To optimize these 
process parameters, the peculiarities of the microchannel 
of the resulting epoxy resin microfluidic chips, including 
width and depth of the microchannel, surface roughness 
(Ra), and bulge heights, were characterized using a 3D 
laser microscope (KEYENCE VK- × 100). Photographs of 
the fabricated epoxy resin-based microfluidic chips with 
the proposed pattern composed of the most commonly used 
microchannel shapes are shown in Fig. 2.

3  Characterization of epoxy resin and its 
based chips

To assure the potential feasibility of the thermosetting epoxy 
resin substate for microfluidic application, the structural and 
thermal properties of epoxy resin, as well as overall and 
specific migration and autoclaving endurance, were assessed 
as shown in the following methods.

3.1  Fourier transform infrared (FT‑IR) spectral analysis

The chemical structure of epoxy resin and cured epoxy resin 
was studied by Fourier transform infrared (FT-IR) spectral 
analysis. FTIR spectra were registered on a Shimadzu FTIR-
8400S spectrometer in a range of 400–4000  cm−1 at a reso-
lution of 4  cm−1 and 32 scans. The samples were analysed 
in KBr pellets.

3.2  Thermogravimetric analysis (TGA)

The thermal stability of cured epoxy resin was assessed 
using Shimadzu TGA-50 thermogravimetric analyser via 
heating the specimen from ambient temperature to 600 °C 
at a rate of 10 °C/min under nitrogen atmosphere.

3.3  Overall and specific migration determination

To explore that the cured epoxy resin would not release any 
migrates that can cause inhibition of the sensitive biologi-
cal samples and subsequently loss of the test accuracy and 
microfluidic chips efficiency. Overall and specific migration 
was determined according to the method of Cardama and 
others [15]. Briefly, to extract the migrants, a known sur-
face of the epoxy resin specimen was put in contact with a 
definite volume of the distilled water for 2 h on a magnetic 
stirrer at 100 °C, then an aliquot of the extracts (2 mL) was 
evaporated. The remaining were weighted in a sensitive bal-
ance then dispersed in 2 mL methanol. Finally, the resultant 
solution was analysed to identify potential migrants by gas Fig. 1  Schematic illustration of  CO2 laser ablation process [14]
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chromatography coupled with mass spectrometer GC–MS 
(Shimadzu GC–MS-QP2010). Moreover, the procedures 
have been conducted by using another simulant with lower 
polarity, dichloromethane, to investigate its potency for 
releasing the migratable substances from epoxy resin.

3.3.1  Autoclaving endurance

Sterilization is a vital process for all materials or devices 
used in analytical and biomedical applications, particu-
larly those which deal with biological components, cells, 
or organs. The contamination can damage these biological 
systems and consequently affect the reproducibility and 
accuracy of these analyses. Thermal sterilization (autoclav-
ing) is considered the most well-known technique due to its 
efficiency and low cost. Therefore, the ability of the fabri-
cated epoxy resin-based chips to withstand autoclaving was 
assayed by applying a standard autoclaving with saturated 
steam at 121 °C under the pressure of approximately 15 
pounds per square inch for 20 min using MaXterile 60 auto-
clave [16]. The autoclaving standability of the cured epoxy 
resin-based chips was examined by measuring their dimen-
sions and weight before and after autoclaving accurately.

4  Results and discussion

4.1  Characterization of epoxy resin and cured epoxy 
resin

To the best of our knowledge, the epoxy resin may not have 
previously been used in bioanalysis. Therefore, characteriz-
ing the different properties of raw epoxy resin and its trans-
parent cast chips is of importance, particularly when it was 
proposed to be used for fabricating a fully thermosetting 
epoxy microfluidic chip for POC applications as in the case 

of this study. The findings of the characterization methods 
will be indicated in the following section.

4.1.1  FTIR spectra

FT-IR spectra of epoxy resin and cured epoxy resin were 
recorded in the 400–4000  cm−1 wave number range. These 
spectra are presented in Fig. 3. It was noticed from the spec-
trum of epoxy resin that the characteristic bands appeared at 
823  cm−1 due to the stretching vibration of C–O–C belong-
ing to the oxirane ring. At the same time, another band that 
appeared at 912  cm−1 is attributed to the bending vibration 
of  CH2-O–CH of the epoxy. The band assigned to stretching 
C–C of the aromatic ring appeared at 1503  cm−1, whilst that 
assigned to stretching C = C of the aromatic ring appeared 
at 1601   cm−1. In addition to the bands that appeared at 
2919–2857  cm−1 due to stretching symmetric and asym-
metric vibration C-H of  CH2 in aliphatic group and CH 
belonging to aromatic ring [17]. In the spectrum of cured 
epoxy resin, the band’s disappearance appeared at 912  cm−1 
in the epoxy resin spectrum, elucidating that epoxy rings 
have opened. Thus, the appearance of strong broadband at 
3342  cm−1 attributed to –NH stretching vibrations, indicat-
ing the curing process by opening the oxirane ring and form-
ing secondary amine. In addition to appearing an absorption 
band at 1108  cm−1 that is typical of C–N stretching vibra-
tions, as crosslinking progressed, the primary amine groups 
in the polyamine are converted to secondary and tertiary 
amines [18].

4.1.2  Thermal stability

TGA is among the most used techniques to investigate 
the thermal decomposition of polymers and their thermal 
stability by measuring the weight loss of the material as 
a function of temperature. The thermal stability of cured 

Table 1  Applied  CO2 laser 
ablation process parameters

Process parameter Values

Laser power (W) 1.8 2.4 3 3.6 4.2 4.8 5.4
Laser speed (mm/s) 5 7.5 10 12.5 15 17.5 20 30 40

Fig. 2  Photograph of epoxy 
resin-based microfluidic chip 
with the designed pattern com-
posed of microchannels with (a) 
T-shaped, (b) straight, (c) cross, 
(d) lateral, and (e) Y-shaped
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epoxy resin was assessed using TGA by heating resin 
specimen from ambient temperature to 600 °C at a rate of 
10 °C/min in a nitrogen atmosphere using TGA. The ther-
mogram of epoxy resin is shown in Fig. 4. It was noticed 
from this thermogram that the thermal degradation profile 
of epoxy resin exhibited a three-step degradation behav-
iour. In the first stage, up to 140 °C, minor weight loss of 
epoxy resin occurred due to the evaporation of moisture 
and removal of air bubbles present. The second stage of 
degradation, in the temperature range of 140–335 °C, can 
be due to the homolytic scission of chemical bonds in the 
resin network, which influences the physical properties 
but does not cause a large weight loss. The third stage, 
considered the major stage of degradation, occurred in 
the temperature range between 335 and 426 °C. Derivative 
peak temperature (Tmax) and half weight loss temperature 
(T50) were found at 362 and 377 °C, respectively. This 
major weight loss can be attributed to both oxidative, and 
non-oxidative degradation of cured epoxies is caused by 

dehydration due to the elimination of water molecules 
from the oxypropylene group, –CH2–CH(OH)–, and the 
subsequent formation of double bonds. This dehydration 
is concurrent with network breakdown. The final degrada-
tion proceeds through reactions of isomerization, intra-
molecular cyclization, chain transfer, and other reactions 
involving the radicals formed in the initial stages of degra-
dation. Finally, complete thermal decomposition occurred 
at ~ 600 °C. In this context, it is worthy of mentioning 
that the laser ablation technique may raise the tempera-
ture of the treated substrate to a maximum of 150 °C, as 
reported extensively in many of the previous studies [19, 
20]. Hence, the cured epoxy resin is considered thermally 
stable and suitable for microfluidic chip applications.

4.1.3  Overall and specific migration

Regarding the intended application of these epoxy-based 
chips, it was worthy of determining the overall and specific 
migration because of the potential interfering and inhibition 
effect of the migrants on the biological assay. Therefore, 
the overall migration was determined by the gravimetric 
method; however, the specific migration was traced by gas 
chromatography-mass spectrometry (GC–MS) for qualita-
tive and quantitative analyses of the migrants, including 
unreacted monomers and oligomers mainly that may transfer 
from an epoxy microfluidic chip into PCR solution. Because 
of the polarity of PCR solutions and being the denaturation 
temperature of the PCR technique of 95 °C, migration trials 
have been conducted using the distilled water as a simulant 
at 100 °C [21]. The finding of these experiments indicated 
that the overall migration of the cured epoxy resin prepared 
in this study was less than 0.1 mg/dm2 of cured epoxy. The 
chromatogram of GC–MS is shown in Fig. 5. The chroma-
togram of simulant of cured epoxy resin assay (Fig. 5a) has 

Fig. 3  FT-IR spectra of epoxy resin (a) and cured epoxy resin (b)

Fig. 4  TGA thermogram of 
cured epoxy resin
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just revealed one peak that refers to the solvent, indicating 
no other substances have transferred from the cured epoxy 
resin. No detection of the migrants in the polar simulant 
utilized in the cured epoxy resin assay enables us to employ 
epoxy resin-based chips in DNA amplification and other 
biomedical lab-on-a-chip applications. On the other side, 
the potential migration of cured epoxy resin was measured 
with less polar simulant dichloromethane (DCM). This sim-
ulant exhibited higher potency for migration than the polar 
one (distilled water), where the overall migration reached 
5.3 mg/dm2 of cured epoxy resin. The migration was domi-
nated by hydrolysis products of bisphenol A diglycidyl ether 
(BADGE) that can be classified according to its toxicologi-
cal relevance into substances regulated by the Scientific 
Committee of Foods (SCF) and 2002/16 EC as derivatives 
containing one oxirane ring (1 EPO) as indicated from the 
GC–MS chromatogram (Fig. 5b).

4.1.4  Autoclaving endurance

In most biological applications, devices, and tools, steriliza-
tion is a crucial pre-treatment step to avoid contamination 
[22]. In the case of lab-on-a-chip applications, the sterili-
zation of chips is the most common critical problem, par-
ticularly for cell culture chips and organs-on-chips, to avoid 

any contamination for the analysis components [23]. In vitro 
cell culture can create physiologically realistic microen-
vironments, allowing the emergence of cell and special 
sterilization techniques are a must for tissue culture-based 
microfluidic systems. Sterilization of microfluidic chips is 
an integral part of the fabrication process before being used 
in biomedical applications by customers [24]. There are 
numerous sterilization processes, including the chemical 
(via antimicrobial agents such as ethylene oxide and hydro-
gen peroxide) and physico-chemical or hybrid techniques 
(hydrogen peroxide plasma). Nevertheless, these methods 
have critical drawbacks, such as the toxicity and health risks 
of the chemical agents and the sterilization period is lengthy. 
In addition to the potential negative impact of the residues 
of these reagents or physical processes (like plasma) on the 
sterilized material’s chemistry and subsequently the per-
formance of the sterilized microfluidics as another thorny 
drawback [25, 26]. On the other hand, autoclaving (steam 
sterilization under pressure) is still the most prominent due 
to its efficiency, ease and low cost of the process, and no 
use of toxic compounds [27]. Herein, the cured epoxy resin-
based chips fabricated in this study were sterilized using 
steam sterilization (autoclave) at 121 °C for 20 min under 
2 atm pressure. Afterwards, the weight, dimensions, and sur-
face roughness of the fabricated microchips were accurately 

Fig. 5  GC–MS chromato-
grams of migrates in different 
simulants. Distilled water (a). 
Dichloromethane (b)
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measured to assess the serviceability of these chips at the 
autoclaving conditions. The data of these trails are tabulated 
in Table 2. These findings showed no significant difference 
in both weight and dimensions of cured epoxy resin-based 
chips; however, a slight decline was noticed in their surface 
roughness due to thermal sterilization under autoclaving 
conditions. Moreover, the change in width and depth and 
the roughness of microchannels engraved onto these chips 
were also examined after autoclaving. The results are listed 
in Table 3. So, no significant differences were observed in 
these parameters. On the other side, the three-dimensional 
laser and optical microscope micrographs of these chips 
after autoclaving are presented in Fig. 6. These micrographs 
exhibited flattening and trimming the microchip surface, 
making it more even by stretching irregular segments or 
removing unwanted melted and resolidified parts (bulges) 
that spread around the ablation zone by an act of steam, 
heat, and pressure of this process. Besides, a reduction in the 
height of the bulges formed on the trench rim was noticed 
from 3D laser microscope micrographs (Fig. 6C). Hence, 
this proves that cured epoxy resin-based chips have good 
thermo-mechanical endurance and serviceability under auto-
claving conditions. Besides, the autoclaving process has a 
significant effect on getting ride the bulges formed around 
the grooves through the micromachining.

4.2  Optimization of  CO2 laser ablation system

CO2 laser processing involves a few fundamental input 
parameters such as laser power, scanning speed, and pulse 
frequency can greatly influence the output microchannel 
dimensions, profiles, and heat-affected zone (HAZ) that 
affect microfluidic chip performance and efficiency. To 
the best of our knowledge, no previous studies have been 
performed to explain the effects of these parameters on 
resulting microchannel profiles engraved onto thermoset 
epoxy resin-based chips. Therefore, such laser microchan-
nelling process was applied to draw the designed pattern 
on the epoxy resin-based chips at varying laser power 
and scanning speed to optimize such parameters, which 
offer the best microchannel quality and microfluidic chips 
performance.

4.2.1  Microchannel width

The impact of micromachining conditions on the microchan-
nel width is presented in Fig. 7A. As illustrated from these 
findings, the width of microchannel  CO2 laser-ablated on 
thermoset epoxy resin-based chips increased with increasing 
laser power. Meanwhile, it was decreased with increasing 
the scanning speed up to 20 mm/s. These results agree with 
those previously reported by Prakash and Kumar for thermo-
plastic polymethyl methacrylate (PMMA)-based microchips 
[28]. Thus, the highest microchannel width ~ 165.9 µm was 
recorded at a scanning speed of 5 mm/s and laser power of 
5.4 W. However, a noticeable increase in the trench width at 
a scanning speed of 15 mm/s. Afterwards, at faster-moving 
laser beam (> 20 mm/s), this trend was turned over, where 
the width of microchannel still was increased with increas-
ing the laser power, but it was also increased with increasing 
the laser speed from 20 mm/s up to 30 mm/s and remain 
almost constant at higher speed (40 mm/s). The combina-
tion of high output power with low moving speed, as in 
case 5.4 W and 5 mm/s, exhibited the highest microchan-
nel width. Therefore, the composed parameter, laser output 
power over moving speed (P/U), may prove a more signifi-
cant effect on microchannel width than direct parameters. 
This relation between P/U and channel width was plotted 
and presented in Fig. 7B. From these findings, it can be 
found that this relationship passed by two stages, the first 
stage involving P/U from 0.05–0.18 and the second one in a 
range of 0.2–1.08. In the first stage, it was noticed that there 
is a significant difference in the width of the microchannel 
engraved by laser at the same P/U, where, at P/U = 0.11 in 
case of laser inputs, 1.8 W, 17 mm/s and 4.2 W, 40 mm/s, 
the width of the resulting channel was ~ 53 and ~ 108 μm, 
respectively. And thus, at P/U of 0.18 at laser inputs, 1.8 W, 
10 mm/s and 5.4 W, 30 mm/s, the microchannel width 
was ~ 62 and ~ 148 μm, respectively. This indicated that the 
laser energy has a more pronounced effect on the micro-
channel width than the energy deposited onto the irradiated 
epoxy resin surface.

On the contrary, in the second stage, the microchanneling 
process that has been accomplished at the different laser 
input having the same P/U led to channels having compara-
ble widths, for example, laser inputs having the same P/U 

Table 2  The dimensions and surface roughness of the cured epoxy 
resin-based chips before and after autoclaving

Parameter Before autoclaving After autoclaving

Weight (gm) 2.2631 2.2631
Length (cm) 3.5 3.5
Width (cm) 3.5 3.5
Thickness (mm) 22 22
Ra (µm) 1.337 ± 0.388 1.182 ± 0.068

Table 3  The dimensions and roughness of and  CO2 laser-engraved 
microchannel on the cured epoxy resin-based chips before and after 
autoclaving

Parameter Before autoclaving After autoclaving

Width (µm) 91.248 ± 4.3528 98.233 ± 4.0434
Depth (µm) 48.771 ± 2.4036 48.905 ± 3.4578
Ra (µm) 8.773 ± 2.4543 7.762 ± 1.3042
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such as 3.6 W, 15 mm/s and 4.8 W, 20 mm/s (P/U = 0.24) 
and 2.4 W, 5 mm/s and 4.8 W, 10 mm/s (P/U = 0.6) resulting 
widths (~ 65 and ~ 71) and (~ 101 and ~ 106), respectively. 
So, it was observed that the width of the trench increases 
as the ratio of P/U increases. It can be concluded that the 
microchannel width was directly proportional to the ratio of 
output power and moving speed. Using P/U in the range of 
0.6–1 as the laser fabrication conditions will increase the 
absorbed energy of the material, making the fabrication easy. 
The channel fabricated when P/U is 0.6 is wider than the 
channel fabricated when P/U is 0.24. So, to fabricate micro-
channels with the same width, less time can be consumed, 
achieving more fabrication numbers at a higher value of P/U.

As well known, increasing the laser power and decreasing 
the scanning speed results in increasing the energy deposi-
tion on the surface of irradiated material. Simultaneously, 
the beam spot diameter increases with energy deposition by 
the laser beam in the microchanneling process. Therefore, 
the direct relationship between P/U and microchannel width 
(second stage) can be explained on the basis that the beam 
spot diameter increases with an increase in beam power and 

decreases with an increase in scanning speed. However, the 
basic reason for increasing or decreasing actual beam spot 
diameter lies in its Gaussian distribution and threshold abla-
tion density [29]. Assumingly, the microchannel width is 
equal to the actual beam spot diameter in laser micromachin-
ing. As a result, the microchannel width was directly associ-
ated with actual beam spot diameter [30]. Meanwhile, the 
first stage of this relationship which characterized by affect-
ing the microchannel width more pronounced by the input 
power than the P/U ratio, where, by the microchanneling 
achieved at the same P/U ratios, higher input laser power and 
faster-moving speed resulted in wider channels than that at 
lower power and slower moving speed. These results can be 
attributed to the dynamic post-curing of epoxy resin, which 
can be taken either by the thermal effect of laser irradiation 
or photo-curing. As a result, post-curing, a denser network 
structure can be formed via photo-initiated ring-opening, 
reorganization and degradation reactions. Such structural 
modification can enhance heat transfer along the molecular 
chains. Such anisotropic heat transfer ability for polymer can 
accelerate the melting and vaporization of surficial layers of 

Fig. 6  3D laser microscope 
micrographs of cured epoxy 
resin-based chips before (A) 
and after autoclaving (Ȧ), 3D 
micrographs and profile of 
microchannel engraved at a 
laser power of 1.8 W and speed 
of 5 mm/s before (B and C, 
respectively) and after autoclav-
ing (Ḃ and Ċ, respectively), and 
optical microscope micrograph 
of the same microchannel 
before (D) and after autoclav-
ing (Ḋ)
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epoxy resin. This can be the likely reason for increasing the 
microchannel width at a moving speed of 15 mm/s through 
the microchanneling process. Regarding the high absorptiv-
ity of epoxy resin for laser irradiation, photo-curing may play 
an essential role in the ablation mechanism of epoxy resin. 
Since the variations of thermal diffusivity and enthalpy of 
vaporization with temperature are negligible, the thickness 
of the molten layer and the recoil pressure depends mainly 
on the absorbed irradiance [29]. This can be confirmed by 
the noticeable decrease in the microchannel width resulting 
from laser processing at varied input power and 17 mm/s. 
This result proves the predomination of the photo-curing 
as a result of the time-dependent behaviour of irradiation. 
Furthermore, it was hypothesized that these photo-initiated 
curing reactions might occur at a certain energy threshold 
regardless of the irradiation intensity. As has been previously 
reported, promoting the ring-opening and reacting epoxide 
groups in epoxy resin via the activated chain end (ACE) 
or active monomer (AM) propagation mechanisms partici-
pates in the photo-curing process. So, a higher crosslinking 
density can be occurred resulting in the change of material 
from rubbery to the glassy state [29]. However, this tight 
structure implies some drawbacks, such as relative brittle-
ness, which confers low impact resistance and the shrinkage 
that undergoes during the curing process (low microchannel 
width). On the other side, such vitrification is a physical phe-
nomenon with reversible characteristics, where an increase 
of the temperature during the laser processing leads to devit-
rification via reorganization, cyclization and/or degradation 
reactions that can be induced by the thermal effect of laser 

irradiation. This devitrification can lead to the gelation of 
epoxy resin [31]. This gelation is a chemical feature, non-
reversible, which implies that the material, after reaching 
this point, can be subjected to more thermal degradation and 
vaporization and consequently increasing the microchannel 
width through the microchanneling process at higher power 
input with less pronounced effect for moving speed.

4.2.2  Microchannel depth

The effect of laser input parameters on the microchannel 
depth is shown in Fig. 8A. It was indicated that the depth of 
the microchannel was increased by increasing laser power, to 
a certain level based on the scanning speed up to a speed of 
20 mm/s. Then, it was decreased with greater power, but at 
faster moving speed, it increased at all applied output power. 
On the other side, at input power < 3.6 W, the microchan-
nel depth was increased with increasing the scanning speed 
with a noticeable decrease at moving speed of 15 mm/s and 
relative increase at a speed of 17 mm/s. However, at greater 
power (> 3.6), this increase in microchannel depth was con-
tinued at faster moving speeds. The largest microchannel 
depth (133.4 µm) was obtained at laser power 5.4 W and 
scanning speed of 40 mm/s. Meanwhile, the lowest micro-
channel depth of about 6 µm was recorded at 4.8 W and 
15 mm/s. This relationship between P/U and channel depth 
was plotted and shown in Fig. 8B. From these data, this rela-
tionship passed by two stages, the first stage involving P/U 
from 0.05–0.6 and the second one in the range of 0.6–1.08. 
Where it was indicated that the microchannel width was 

Fig. 7  Effect of P, U (A) and P/U (B) on the width of  CO2 laser-ablated microchannels
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generally increasing with increasing the P/U ratio up to 0.6 
with high fluctuations, Notwithstanding, it was decreased at 
higher ratios. Noticeably, the first stage involved the micro-
chips that have been processed at all applied input power 
and most of the high moving speeds, including speeds of 
15 and 17 mm/s. On the contrary, for the microchannel 
width results, the first scanning speed (15 mm/s) exhib-
ited the significant decline in the values of microchannel 
depth. However, the latter speed (17 mm/s) led to a sig-
nificant increase in these values. As the aforementioned, 
the high fluctuation observed in the depth of microchannel 
engraved at different input parameters can be attributed to 
the synchronization of the alteration of chemical, rheologi-
cal and thermal properties of epoxy resin systems (phase-
transition) and behaviour of the dominant affecting energy 
source (thermal and non-thermal effect) resulting in various 
ablation mechanisms. This can be clearly illustrated from 
the change in the microchannel depth engraved at differ-
ent input powers at moving speeds of 15 and 17 mm/s that 
are associated with the phase transition, where, in the first 
case, the reduction in the value of depth can be attributed 
to that the ablation can be accomplished by a layering tech-
nique in which the laser pulse melts a thin layer of epoxy 
resin which evaporates so that pressure builds up and the 
layers are taken off the surface with generating the groove. 
Considering that the melting temperature of the epoxy resin 
was decreased because the aforementioned photo-initiated 
reorganization was occurring in this stage of laser abla-
tion, acquiring an increase of heat transfer with increasing 
the thickness of the molten layer. This behaviour, together 
with the fact that the molten layer formed in the interaction 

zone shield the incoming irradiation, produce a diminution 
in the effective irradiance, i.e. a decrease of the adsorptive 
infrared flux and therefore in the recoil pressure, resulting 
in a decrease of the groove depth. However, the increase 
in microchannel depth using micromachining at a scan-
ning speed of 17 mm/s can be attributed to light/material 
interactions causing vitrification of epoxy resin matrix. The 
post-curing process, in this case, can result in a high degree 
of crosslinking and, therefore, modulation the rheological 
characteristics of the molten layer with increasing the rate of 
anisotropic shrinkage, causing an increase of groove depth. 
On the other hand, the decline in the microchannel depth 
with increasing the P/U ratios at values higher than 0.6 can 
be attributed to insufficient time to transfer the heat energy 
within the polymer lattice at higher speed, causing minimal 
thermal damage and consequently generating the trench with 
lower depth [30]. In this context, it is worth mentioning that 
scorch, and yellowish colour began to appear at high input 
power and low scanning speed. Due to the presence of aro-
matic ring structures in epoxy resins that can absorb light, 
they are easily oxidized to form carbonyl groups forming 
chromophores when they absorb ultraviolet rays or heating. 
This discolouration, which in turn leads to a decrease in the 
transmittance of the epoxy resin, can affect the microfluidic 
efficiency via hindering viewing the fluids during their flow 
within the microchannels.

4.2.3  Aspect ratio

The aspect ratio is a dividing product of microchannel 
depth by microchannel width. A high aspect ratio of a 

Fig. 8  Effect of P, U (A) and P/U (B) on the depth of  CO2 laser-ablated microchannels
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microchannel is recommended in the application of micro-
fluidic chips, particularly in life science, to allow the com-
bination of cell screening action and high fluidic throughput 
in continuous flow systems [29]. The impact of input power 
and scanning speed on the aspect ratio was presented in 
Fig. 9A. It was observed from these findings that the aspect 
ratio was decreased with increasing the laser power up to 
3.6 W with increment in the decrease rate at higher power. 
This trend kept up to a scanning speed of 15 mm/s. However, 
the aspect ratio increased by increasing the input power up 
to 4.8 W or 3 W and decreased at higher power at moving 
speeds of 17 and 20 mm/s, respectively. Thus, at a scanning 
speed of 30 mm/s, this ratio was increased with increasing 
the input power up to 2.4 W and remain almost constant 
at higher power, whilst, at 40 mm/s, it was decreased with 
increasing the input power up to 3.6 W and remained almost 
constant at higher power. On the other side, the aspect ratio 
was increased by increasing the scanning speed from up to 
10 or 12 mm/s based on the input power. But the higher 
speeds were accompanied by a decline in the aspect ratio 
with a significant decrease at scanning speed at 15 mm/s 
followed by a relative increase in faster-moving speed of 
at 17 mm/s. This relative increase was highly significant 
at input power > 3.6 W. The maximum aspect ratio (1.691) 
was recorded at a power of 2.4 W and a scanning speed 
of 10 mm/s. However, the lowest aspect ratio (0.063) was 
exhibited at 4.8 W and scanning speed of 15 mm/s. Thus, 
the relationship between P/U and aspect ratio is shown in 
Fig. 9B. From these data, this relationship passed by two 

stages, the first stage involving P/U from 0.05–0.48 and the 
second one in the range of 0.48–1.08, where it was indicated 
that the aspect ratio was generally increasing with increasing 
the P/U ratio up to 0.48 with high fluctuations. Notwith-
standing, it was decreased at higher ratios. These data can 
also be interpreted from the discussion of the datum men-
tioned above of microchannel width and depth.

4.2.4  Microchannel quality

In addition to the dimensional stability, surface roughness 
and bulge heights are considered essential determinants of 
the quality of the microchannel of microfluidic chips used 
in LOC applications. In this context, despite the special sig-
nificance of laser ablation technique for the manufacturing 
of polymers-based microfluidic platforms, the engraved areas 
of the manufactured devices have relatively bulky surface 
roughness, which disrupts smooth fluidic flow and damages 
sensitive biological components [11]. Furthermore, the ther-
mal effect of laser beams on the polymeric substrate through 
micromachining can cause some heat defects such as bulges 
forming parallel along the microchannels or, in some cases, 
splashes. Besides, heat-affected zone (HAZ) around the rim of 
microchannels and holes. These bulges may impact the bond-
ing efficiency or even clog the channels [31–34]. To study 
the effect of different input parameters on the geometry and 
quality of microchannel, a three-dimension laser scanning 
microscope (Keyence VK-X100) was used to obtain the 3D 
topography of the microchannel (3D profile measurements).

Fig. 9  Effect of P, U (A) and P/U (B) on the aspect ratio of  CO2 laser-ablated microchannels
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Microchannel roughness The surface roughness of micro-
channels is an essential criterion for many microfluidics 
applications. The arithmetic average of roughness (Ra), 
which is the average arithmetic height of surface irregulari-
ties (peaks and valleys) from the mean line along the scan-
ning length in the bottom of the microchannel, was adopted 
as a measure of surface roughness [24]. The impact of input 
power and scanning speed on the surface roughness of the 
microchannel was depicted in Fig. 10A. Similarly, as in the 
case of microchannel dimensions, it was indicated that an 
astonishing diversity of the relationship between the input 
power and roughness based on the scanning speed where 
their curves have polynomial functions with different 
degrees. In general, the roughness of the microchannel was 
decreased with increasing the input power with a notice-
able relative increase at power greater than 3.6 W in case of 
the fastest moving speed (40 mm/s). On the other side, the 
roughness was reduced with rising the moving speed with a 
noticeable reduction at a scanning speed of 15 mm/s and a 
relative increase at a speed of 17 mm/s as well as at 30 mm/s 
with input power of 5.4 W and 30 mm/s with input power of 
4.2–4.8 W. The highest roughness (≤ 36 µm) was achieved 
from laser processing at a high laser power of 5.4 W and a 
high scanning speed of 30 mm/s. However, the lowest rough-
ness (≤ 3 µm) was achieved at a high laser power of 4.8 W 
and a high scanning speed of 15 mm/s.

By considering the effect of the composed parameter, 
P/U, on the roughness shown in Fig. 10B, it was illustrated 
that the roughness of the microchannel was increased by 
increasing the P/U ratio up to 0.84, whilst it decreased at 
higher ratios. This polynomial correlation involved three 
stages, the first stage involving P/U from 0.05–0.24, in which 
the roughness parameter was increased with increasing the 

P/U with comparable values for the microchanneling accom-
plished at the same P/U ratio either by combination higher 
input power and slower scanning speeds or lower power with 
faster speed. Notwithstanding, in the second stage at the P/U 
ratio from 2.4 to 0.84, the roughness was also increased with 
increasing the P/U at a lower rate. Besides, the roughness 
value obtained at the same P/U ratio in the range of 0.24 
to 4.8 was much different as a result of including the laser 
processing at the scanning speed of 15 and 17 mm/s at which 
the roughness was in the domain of variations of epoxy resin 
surface irregularities with a significant decrease or increase 
in the roughness values, respectively. In the third stage in 
the range of 0.0.84–1.08, the microchannel roughness was 
noticeably decreasing with increasing the P/U ratio.

The decrease of surface roughness with increasing the 
input power and decreasing the scanning speed throughout 
the micromachining can be explained based on increasing 
the temperature that accelerates the kinetics of melting and 
vaporization processes with minimization of the plume etch-
ing resulting from plume confinement with a pulsed laser 
beam at fluences over the ablation threshold [35]. This can 
also be the likely reason for the significant decrease in the 
surface roughness during micromachining at a moving speed 
of 15 mm/s. As stated above, the post-curing reactions that 
can be occurred in this stage can lead to a decrease in the 
viscosity of the molten layer which allows expanding the 
ablation plume. On the contrary of faster moving speed 
(17 mm/s), the vitrification of epoxy resin matrix occurred 
in this stage is associated with increase the crosslinking den-
sity, and therefore, the plume confinement was increased to 
cause higher surface etching [34]. In this respect, it is worth 
to state the noticeable reduction in the surface roughness for 
microchannel machined at varying input power and scanning 
speed of 20 mm/s can be attributed to gelation of epoxy 

Fig. 10  Effect of P, U (A) and P/U (B) on the roughness of  CO2 laser-ablated microchannels
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resin at this micromachining parameter causing vicinity and 
fusion molten bulges resulting in a dummy uniformity. This 
may show that these surfaces had less irregularities, i.e., 
lower roughness, as in Fig. 10.

Bulge height The relationship between laser fabrication 
parameters and the height of the bulge was established. 
The results are shown in Fig. 11A. From these data, it was 
noticeable that this relationship was highly comparable for 
its corresponding laser processing parameters with surface 
roughness. It was illustrated that the height of the bulge 
was also decreased with increasing the input power with 
a noticeable relative increase at power greater than 3 W in 
case of the fastest moving speed (40 mm/s). Meanwhile, 
the bulge height was declined with accelerating the laser 
scanning with a noticeable reduction at a scanning speed of 
15 mm/s and relative increase at a speed of 17 mm/s and at 
30 mm/s with input power 5.4 W and 30 mm/s with input 
power of 3.6–4.8 W. The maximum bulge height (> 140 µm) 
was recorded at an input power of 4.2 W and scanning speed 
of 5 mm/s. However, the lowest bulge height (~ 20 nm) 
exhibited when micromachining was achieved at 1.8 W and 
5 mm/s. On the other side, the effect of the composed param-
eter, P/U, on the bulge height was shown in Fig. 11B; it was 
illustrated that bulge height was increased with increasing 
P/U ratio up to 0.84, whilst it decreased at higher ratios. The 
increment in bulge height can be divided into two stages; the 
first stage with a P/U ratio from 0.05 to 0.6 is the domain of 
bulge height variation, where many different heights were 
recorded for laser fabrication on the same P/U as a result of 
including the varying heights of bulges machined on scan-
ning speed of 15 and 17 mm/s.

It is worthy to mention here that the flowing of ablated 
material on the rims of the microchannel and subsequently 

distortion of these rims occurs as a result of the rapid 
increase in the temperature of laser-projected epoxy resin. 
The elastomer epoxy resin consists of a hard segment, a 
soft segment, and a chain extender. The volume ratios, dis-
tributions and chemical compositions of each segment and 
the level of crosslinking influence the properties of epoxy 
resin. So, the phase transition in this thermoset epoxy resin 
is because of the motion of this soft segment (amorphous 
structure) of epoxy resin expanded and extruded by the 
thermal stress induced by great temperature gradient and 
resolidified by cooling with atmospheric air to form bulges. 
The larger deformation in the structure occurs when the 
temperature exceeds the threshold deformation temperature. 
Consequently, the number of bulges formed along the laser 
ablation zone on epoxy resin and their height have been ulti-
mately increased due to an increase of the laser power and 
reduction of the scanning speed [34]. Thus, a decrease of the 
polymer binding energy because of phase transition occur-
ring at 15 mm/s led to a lower thermal gradient with lower 
interfacial tension between different states within the fusion 
zone and surface tension, i.e. gas–liquid tension between 
the molten polymer material and the surrounding medium. 
In addition to ease release of gaseous species and there-
fore the decline of bulge height. On the contrary, increasing 
the bulge height on micromachining at a scanning speed of 
17 mm/s can be attributed to increasing the binding energy 
of polymer by rising the crosslinking density through the 
vitrification phenomenon and changing the flowing state 
of polymer to the glassy solid state. Thus, squeezing the 
molten polymer layer out of the groove to form the bulges 
will become more difficult. Nevertheless, the higher temper-
ature gradient in the fusion zone can lead to extrusion of the 
softened polymer materials near the ablation pool, forming 
the bulges [35]. Furthermore, the thermal state of the epoxy 

Fig. 11  Effect of P, U (A) and P/U (B) on bulge height of  CO2 laser-ablated microchannels
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resin workpiece is dependent on the microchannel profile 
along with the binding energy of the polymer and interfacial 
and superficial tension [34]. The formation of bulges in the 
rim of the microchannel machined at an input power of 4.2 
and 17 mm/s and clogging in the microchannel machined at 
an input power of 3.6 and 20 mm/s can be shown from the 
three-dimension topographical micrographs (3D profiles). 
In the same context, the well-configured microchannel hav-
ing the least bulges with the lowest height exhibited at an 
input power of 1.8 and 5 mm/s. These 3D micrographs were 
presented in Fig.12.

Heat‑affected zone (HAZ) The heat-affected zone (HAZ) 
is the unavoidably heat-treated area in the parent plas-
tic workpiece near the fusion zone during ablation where 
structural transformations occur [12]. The influence of the 
laser processing parameters on the heat-affected zone in 
epoxy resin-based microchips was studied, and the results 
were shown in Figs. 13A, B and 14. These findings exhib-
ited that HAZ was generally extended with raising the laser 

power. Whilst, it was narrowed with accelerating the scan-
ning speed, with a slight relative decline at moving speed 
of 12 and 17 mm/s and a noticeable increase at a speed of 
15 mm/s. Maximum HAZ observed on these epoxy resin-
based chips was less than 30 µm when machined by laser 
ablation in the air at the highest input power and slowest 
scanning speed (5.4 W and 5 mm/s). Regarding the effect of 
the P/U ratio on HAZ, the results shown in Fig. 13B indi-
cated that HAZ formed onto epoxy resin chips was increased 
with increasing P/U ratio. The polynomial curve indicating 
the relationship between two variables, HAZ and P/U passed 
by four stages; in the first one (P/U = 0.05–0.18), HAZ was 
gradually raised with increasing P/U ratio at a high rate with 
less noise and fluctuations. The second stage (P/U = 0.18–
0.4) revealed an increase in HAZ with increasing P/U with 
high fluctuations for HAZ values at the same P/U ratio as 
a result of including the laser processing at speeds of 12, 
15, and 17 mm/s. Whilst the third stage (P/U = 0.4–0.84) 
showed a significant increase in HAZ with increasing P/U 
at a lower rate compared with its corresponding in the first 

Fig. 12  3D profile of microchannels machined at different laser power and speed

Fig. 13  Effect of P, U (A) and P/U (B) on HAZ on epoxy resin-based microchips
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stage. Finally, the HAZ remained almost constant in the later 
stage (P/U = 0.84–1.08). Both of the two latter stages have 
less noise, where the experimental data points were highly 
fit with the polynomial trend.

Undoubtedly, widening HAZ with increasing the input 
power and decreasing the scanning speed throughout the 
micromachining can be explained based on increasing the 
temperature of the fusion zone with the accumulation of the 
heat laterally along the ablation zone leading to high ther-
mal stress [35]. As a result, cracks and distortions can occur 
due to the expansion and contraction of the polymer melt 
during the ablation process. The micromachining at speeds 
of 12 and 17 mm/s was associated with increasing the poly-
mer binding energy via increasing the crosslinking density. 
This can lead to absorbing more energy in the photo-thermal 

curing process preventing its accumulation and transferring 
the excess outside the ablation zone. Consequently, less 
thermal stress occurred in HAZ. In contrast to this case, 
accomplishing the laser microfabrication at speeds of 15 and 
20 mm/s was associated with lowering the crosslinking den-
sity of epoxy resin matrix, allowing melting and flowing the 
softened materials (thermal degradation and gelation), which 
transfer the surplus of energy to the unprocessed vicinity. 
This can be the potential reason for increased HAZ.

By comparing epoxy resin-based microchips fabricated 
in this study with PMMA, epoxy resin chips exhibited a 
much small heat-effected zone (< 30 μm). However, PMMA 
machined with laser ablation process under similar condi-
tions showed wider HAZ either in the air or underwater, 
previously reported 493 and 142 µm, respectively [33]. 
This can be explained on the basis that epoxy resin has an 

Fig. 14  Micrographs of epoxy resin machined using  CO2 laser at varying laser powers and scanning speeds
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extremely low thermal conductivity κ = 0.2 W/(m*K) [36]. 
The low thermal conductivity (high thermal resistances) 
leads to good heat dissipation and subsequently steep ther-
mal gradients and low thermal stress resulting in asymmetric 
heat-affected zones (HAZ) during ablation trials [34, 35]. 
In this context, the HAZ geometry may be affected by the 
microchannel dimensions and the cooling time [34].

5  Conclusions and future work

Thermosetting epoxy resin-based microfluidics has been suc-
cessfully fabricated with simple, mask-less, and rapid opera-
tions, including casting and  CO2 laser ablation micromachin-
ing. It was found that commercially available epoxy resin has 
many vital properties that make it a good potential candidate 
for microfluidics, such as high young's modulus, hydropho-
bicity, high optical transparency, thermal stability, autoclav-
ability, negligible migration, easiness of handling and low 
cost. Moreover, low-cost patterning and great automation 
throughput of laser ablation can offer industrial scalability 
for epoxy resin in lab-on-a-chip applications. In respect to 
testing out  CO2 laser micromachining for cured epoxy resin 
for the first time in this study, this process has been accom-
plished using laser power in a range of 1.8 to 5.4 W, and 
scanning speed in the range of 5 to 40 mm/s to determine 
the best parameters for processing cured epoxy resin. Since 
increasing the aspect ratio and reducing both roughness and 
thermal defects are essential for microfluidic performance, 
the findings of this study demonstrated that achieving these 
targets simultaneously encounters difficulty because the 
laser intensity required for microchanneling (high aspect 
ratio) can increase the surface roughness and heat defects. 
In this context, laser micromachining at an input power of 
1.8 W and scanning speed of 5 mm/s is the compromise. The 
microchannel aspect ratio was about 1.19 and reasonable 
surface roughness (Ra) of ~ 15 µm. Meanwhile, the bulge 
height was 0.027 µm with no clogging, and HAZ was less 
than ~ 18 µm. This study proves the potential feasibility of 
 CO2 laser ablation for microfabrication of cured epoxy resin-
based microfluidic chips for various applications.

The physical and chemical processes occurring by the 
act of laser-epoxy resin interactions are in the microscale 
version, where they only occur in the fusion zone, which its 
dimensions are in micrometres. Therefore, microscale mod-
elling methodology for mass and heat transfer in chemical 
reactions, phase-transition phenomena, and flow properties 
are highly recommended to be developed in further studies. 
Furthermore, innovative bio-based coatings and epoxy resin 
nanocomposites are suggested to improve the biocompat-
ibility and heat resistance of microfluidics, especially in the 
life science field.
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