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Abstract: In this research, effects of ambient temperature (−100 ◦C–200 ◦C) on nanosecond laser
micro-drilling of polydimethylsiloxane (PDMS) was investigated by simulation and experiment. A
thermo-mechanical coupled model was established, and it was indicated that the top and bottom
diameter of the micro-hole decreased with the decrease of the ambient temperature, and the micro-
hole taper increased with the decrease of the ambient temperature. The simulation results showed a
good agreement with the experiment results in micro-hole geometry; the maximum prediction errors
of the top micro-hole diameter, the bottom micro-hole diameter and micro-hole taper were 2.785%,
6.306% and 9.688%, respectively. The diameter of the heat-affected zone decreased with the decrease
of the ambient temperature. The circumferential wrinkles were controlled by radial compressive
stress. As the ambient temperature increased from 25 ◦C to 200 ◦C, the radial compressive stress
gradually decreased, which led to the circumferential wrinkles gradually evolving in the radial
direction. This work provides a new idea and method based on ambient temperature control for
nanosecond laser processing of PDMS, which provides exciting possibilities for a wider range of
engineering applications of PDMS.

Keywords: laser micro-drilling; polydimethylsiloxane; ambient temperature; micro-hole taper;
wrinkling; thermal stress

1. Introduction

Polydimethylsiloxane (PDMS) film is a kind of high polymer, which is widely used
in microfluidics [1], flexible electronics [2], biomedicine [3] and other fields [4] due to its
excellent chemical stability, permeability, biological compatibility and mechanical flexibility,
as well as its low cost and convenience in preparation [5–8]. PDMS is difficult to process
by traditional mechanical processing methods such as stamping. It is achievable through
the lithography process, but this process is complicated and costly [9]. Compared with
these processing methods, laser processing is a more efficient and convenient process-
ing method [10], and it has been widely used for the preparation of superhydrophobic
microstructures [11], bionic microstructures [12], phantom microstructures [13], etc.

PDMS after laser microstructure processing can have certain surface characteristics,
such as superhydrophilicity, superhydrophobicity [14], underwater superoleophilicity, un-
derwater superoleophobicity [15], underwater superaerophobicity [16] and so on. For
example, a rough through-micro-hole-array PDMS sheet prepared by laser manufacturing
can be used for selective passage of air bubbles and further collection of underwater gas [17].
The laser ablated PDMS surfaces can achieve six different types of super-wettabilities [18].
Infrared laser irradiation provides a fast yet controllable way to create wrinkled micropat-
terns at a low cost, which can facilitate a broad array of studies in surface engineering,
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cellular biomechanics and optics [19]. In addition, the microstructure can also change
the overall mechanical characteristics of PDMS. In the field of flexible electronics, it is
significant to improve the tensile properties of flexible electrons effectively, and the key is to
improve the tensile performance of flexible substrates. PDMS is one of the most commonly
used flexible substrate materials [20]; it is of great significance to study how to improve the
tensile performance of PDMS. A reasonable micro-hole-arrayed structure can effectively
improve the tensile performance of PDMS. By adjusting the technological parameters of
laser machining, the PDMS micro-hole-arrayed structure can be better quantitatively pre-
pared, which makes up for the disadvantage that the micro-hole-arrayed structure cannot
be quantitatively prepared with natural biological materials such as rose petals [21] and
lotus leaves [22].

Researchers have studied the effects of laser processing parameters such as laser
wavelength, pulse duration, pulse frequency, laser fluence, and scanning speed on the
processing of PDMS microstructure [23–26], and many researchers have also studied the
effects of liquid-assisted and gas-assisted laser processing [27,28]. Due to the low thermal
decomposition temperature of PDMS, ambient temperature is one of the critical heat
sources in PDMS laser micro-hole drilling, but the effects of ambient temperature in laser
processing have invariably been neglected, and no previous scholars have performed
research in this regard.

In this paper, the effects of ambient temperature (−100 ◦C–200 ◦C) on the geometric
characteristics and the heat affected zone (HAZ) of PDMS that has been micro-hole pro-
cessed by nanosecond ultraviolet (UV, 355 nm) laser were studied. The experimental results
show that under the same process parameters, lowering the ambient temperature can effec-
tively reduce the size of HAZ and thus improve the process quality. A thermo-mechanical
coupled model was established to explain the effects mechanism. The effects of ambient
temperature on the geometric characteristics of the micro-hole were analyzed by solving
the transient temperature field distribution and then verified through experiments. Aiming
at the phenomenon that the HAZ observed in the experiment changed with the change in
the ambient temperature, the evolution of the wrinkles in the HAZ is explained by solving
the transient stress distribution.

2. Experiment
2.1. Preparation of PDMS

The PDMS prepolymer and curing agent purchased from Dow Corning were mixed at
a weight ratio of 10:1. Then, the bubbles of the mixture were removed by vacuum negative
pressure in a vacuum desiccator. The mixture was then poured onto a surface of 5-inch
silicon wafer and homogenized by a spin coater at 2000 rpm for a minute. After being cured
at 80 ◦C for 2 h and peeled off from the wafer, the PDMS film with the thickness of 100 µm
was prepared. Before the nanosecond treatment, the sample was cleaned in an ultrasonic
cleaning machine with ethanol for 15 min. The same cleaning process was employed after
laser irradiation.

2.2. Laser Micro-Drilling System

Figure 1 shows the laser micro-drilling system in this study, which is composed of
computer, nanosecond ultraviolet laser (Poplar-355-15A5, Huaray, WuHan, China), mirror,
galvanometric scanning system (intelliSCAN III 14, SCANLAB, Puchheim, Germany),
focusing lens (4401-511-000-21, LINOS, Waltham, MA, USA), temperature control platform
and z-platform. The PDMS sample was placed in the temperature control platform. The
galvanometric scanning system was used to control the machining position in the x–y
plane, the z-platform was used to control the height of the machining position, and the
focusing lens with a focal length of 167 mm was used to focus the beam onto the PDMS
surface. The diameter of the focusing spot was 80 µm.
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Figure 1. Schematic illustration of PDMS nanosecond UV laser micro-drilling system with control of
ambient temperature. (a) Schematic diagram of laser processing control system. (b) Ambient temper-
ature control platform. (c) PDMS samples in processing. (d) Enlarged view of laser micro-drilling.

The amount of material removed with laser micro-drilling mainly depends on laser
fluence and pulse duration. In this study, as shown in Table 1, the laser fluence was set as
18.87 J/cm2, the pulse duration was set as 5 × 10−4 s, and the pulse frequency was set as
10 kHz. Different ambient temperatures were set for each group of experiments by PC and
temperature controller to study the effects of ambient temperature on PDMS micro-hole
processing. For the repeatability of the experiment, an experiment of the same ambient
temperature was repeated 10 times in each group, and 10 PDMS samples were obtained for
each group.

Table 1. Laser micro-drilling parameters and their values.

Parameters Values

Ambient temperature (◦C) −100, −125, −25, 25, 75, 125, 200
Laser fluence (J/cm2) 18.87

Laser frequency (KHz) 10
Pulse duration (s) 5 × 10−4

2.3. Quality Evaluation Indexes of the Micro-Hole

In this study, the evaluation was carried out around the geometric characteristics
and the HAZ of the micro-hole. The top and bottom diameter of the micro-hole, micro-
hole taper, and the size and morphology of HAZ were the evaluation indexes. Different
micro-hole geometric characteristics and HAZ characteristics will change the material
properties of PDMS, which could make it suitable for more different application scenarios.
Therefore, the research focus of this work is the effects of ambient temperature on the above
indexes, so as to achieve the purpose of adjusting above indexes from the perspective of
ambient temperature.

As shown in Figure 2b, when determining each index value of the micro-hole, 6 cross
sections with spacings of 30◦ of the micro-holes were randomly selected, and the top and
bottom diameter of the 6 cross sections were obtained, respectively. Finally, the average
value of the top and bottom diameters of the 6 cross sections was assigned to the micro-
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hole. For one of the cross sections shown in Figure 2, a rounded corner was formed
at the top micro-hole after processing. In this study, the top micro-hole diameter was
determined by Equation (1) for higher accuracy definition, and the bottom micro-hole
diameter was obtained by direct measurement. After the top and bottom diameters of
the 6 cross sections were calculated, respectively, the top and bottom diameter and the
micro-hole taper degree can be calculated using Equations (2) and (3), respectively. As
shown in Figure 2c, the diameters of 6 directions with an interval of 30◦ randomly selected
in HAZ were summed and averaged, and the difference between the average value and
the top micro-hole diameter (dt) was taken as the diameter of HAZ. Equation (4) is the
calculation method. For each ambient temperature, 10 micro-holes were selected for each
index measurement and calculation, and the final values of each index at each ambient
temperature were obtained by taking the average of these 10 micro-holes.

dtn = [(dtn)in + (dtn)out]/2 (1)

dt =
1
6

6

∑
n=1

dtn, db =
1
6

6

∑
n=1

dbn (2)

θ = arctg[(dt − db)/2t] (3)

dHAZ =
1
6

6

∑
n=1

(dHAZ)n − dt (4)

Micromachines 2022, 13, x FOR PEER REVIEW  4  of  16 
 

 

bottom diameter of the 6 cross sections were obtained, respectively. Finally, the average 

value of the top and bottom diameters of the 6 cross sections was assigned to the micro‐

hole. For one of the cross sections shown in Figure 2, a rounded corner was formed at the 

top micro‐hole after processing.  In  this  study,  the  top micro‐hole diameter was deter‐

mined by Equation (1) for higher accuracy definition, and the bottom micro‐hole diameter 

was obtained by direct measurement. After the top and bottom diameters of the 6 cross 

sections were calculated, respectively, the top and bottom diameter and the micro‐hole 

taper degree can be calculated using Equations (2) and (3), respectively. As shown in Fig‐

ure 2 (c), the diameters of 6 directions with an interval of 30° randomly selected in HAZ 

were summed and averaged, and the difference between the average value and the top 

micro‐hole diameter (𝑑௧) was taken as the diameter of HAZ. Equation (4) is the calculation 

method. For each ambient temperature, 10 micro‐holes were selected for each index meas‐

urement and calculation, and the final values of each index at each ambient temperature 

were obtained by taking the average of these 10 micro‐holes. 

    2tn tn tnin out
d d d   

 
(1)

6 6

1 1

1 1
,  

6 6t tn b bn
n n

d d d d
 

     (2)

  2t barctg d d t       (3)

6

1

1
( )

6HAZ HAZ n t
n

d d d


    (4)

 

Figure 2. (a–c) Method of measuring the top and bottom diameter, taper and HAZ diameter of the 

micro‐hole. 

2.4. Characterization 

The micro‐hole morphology in the samples were observed by field emission scanning 

electron microscopy (SEM, Sirion 200, FEI, Hillsboro, OR, USA), laser confocal microscope 

(LSCM, VK‐X200K408, KEYENCE, Ōsaka, Japan) and metallographic microscope (OMT‐

5RT, OMT, Suzhou, China). Among them, SEM was used to observe the surface details of 

the PDMS micro‐hole. As PDMS is not conductive, a 15nm thick gold layer was plated on 

the surface of the PDMS before SEM imaging. LSCM was used to observe the three‐di‐

mensional (3D) morphology of the PDMS micro‐hole and to measure the top and bottom 

diameter of the micro‐hole. The metallographic microscope was used to measure the di‐

ameter of HAZ. 
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the micro-hole.

2.4. Characterization

The micro-hole morphology in the samples were observed by field emission scanning
electron microscopy (SEM, Sirion 200, FEI, Hillsboro, OR, USA), laser confocal microscope
(LSCM, VK-X200K408, KEYENCE, Ōsaka, Japan) and metallographic microscope (OMT-
5RT, OMT, Suzhou, China). Among them, SEM was used to observe the surface details of
the PDMS micro-hole. As PDMS is not conductive, a 15 nm thick gold layer was plated
on the surface of the PDMS before SEM imaging. LSCM was used to observe the three-
dimensional (3D) morphology of the PDMS micro-hole and to measure the top and bottom
diameter of the micro-hole. The metallographic microscope was used to measure the
diameter of HAZ.

3. Thermo-Mechanical Modeling

PDMS laser processing is a complex process involving photothermal and photochemi-
cal reactions [29]. Since PDMS is a thermosetting material, the material in the area where
the thermal decomposition temperature is reached will be converted to carbides and some
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short-chain silicon-containing units [30]. In order to simplify the analysis process and focus
more on the effects of ambient temperature on the processing results, the complicated
physical process can be rationally simplified. Some assumptions are listed as follows:

1. The laser energy distribution is assumed as a typical Gaussian distribution.
2. When the temperature reaches the thermal decomposition temperature, the material

is considered removed.
3. Recoil pressure and the absorption of laser by the vapor and plasma are ignored.
4. The solid-state phase transformation is ignored.
5. The elastic model is used to calculate the thermal stress, ignoring the plastic effects.

3.1. Thermal Model

In order to make the simulation results as consistent as possible with the experimental
results, the parameters set by the simulation should be consistent with the actual values.
In this study, a fixed Gaussian laser beam was used to process PDMS. The fixed Gaussian
laser fluence can be defined as follows.

Q(x, y, t) =
2Q0

πr2 exp
(
−2x2/rs

2
)

pulse(ts, 1/ f ) (5)

where Q0 is the laser fluence of the output, r is the spot radius, α is the absorption coef-
ficient of PDMS, ts is the pulse duration, and f is the pulse frequency. The temperature
distribution in PDMS during processing is defined as T(x, y, t). In order to obtain the
temperature distribution of PDMS, the following governing equation of heat transfer model
is established.

ρCp
∂T
∂t

= Q(x, y, t) + k
(

∂2T
∂x2 +

∂2T
∂y2

)
(6)

where ρ is the density of PDMS, and Cp is the specific heat of PDMS. After establishing
the governing equation of heat transfer model, the equation of the initial conditions and
the additional certain boundary conditions should be defined in order to obtain the only
solution. Equation (7) is the initial condition equation established. Equation (8) is the
boundary condition equation of the upper surface of PDMS, and the remaining surface is
set as the insulation surface.

T(x, y, 0) = Tset (7)

− k
∂T
∂n

∣∣∣∣Γ = Q(x, 0, t)− h(T − Tset)− εσ
(

T4 − Tset
4
)

(8)

where Tset is the initial temperature of PDMS, that is, the ambient temperature, and its
specific values are shown in Table 2; h is the convection coefficient; k is the thermal conduc-
tivity; and ε is the surface emissivity. In the process of laser action, the upper surface not
only received the heat from the laser but also conducted convective heat transfer and heat
radiation exchange with the outside world.

Table 2. Simulation parameters and their values.

Parameters Symbol Values

Output laser fluence (W) Q0 0.8
Laser spot radius (µm) r 40

Pulse duration (s) ts 5 × 10−4

Laser frequency (kHZ) f 10
Density (kg/m2) ρ 980

Specific heat J/(kg·K) CP 1465
Ambient temperature (◦C) Tset −100, −125, −25, 25, 75, 125, 200

Thermal conductivity [W/(m·k)] k 0.17
Surface emissivity ε 0.8

Poisson’s ratio ν 0.49
Young’s modulus (Mpa) E 2.3

Linear expansion coefficient (W/k) α 9 × 10−4
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3.2. Thermal Stress Model

The heat transfer module was coupled to the solid mechanics module in the software.
The mechanical analysis field is set as linear elastic material, and the stress distribution is
obtained by transient temperature distribution. The relationship between stress and strain
is given by the following equations [31].

εx =
(
σx − vσy

)
/E + αT (9)

εy =
(
σy − vσx

)
/E + αT (10)

γxy = 2τxy(1 + ν)/E (11)

where εx, εy represent normal strains of two degrees of freedom; σx, σy are normal stresses
of two degrees of freedom, respectively; γxy is the shear strain; τxy is the shear stress; v is
the Poisson’s ratio; E is the Young’s modulus; and α is the linear expansion coefficient.

3.3. Computation Implementation

A two-dimensional model was developed using COMSOL Multiphysics software
combined with heat transfer and solid mechanics. Since the spot size of the nanosecond
laser was very small, a mesh refinement was required around the laser processing position.
Auto triangle elements were utilized, where the minimum mesh size was 2 µm, and the
computational domain contained 17214 elements. The thermal decomposition temperature
of the material was set as 346 ◦C. In addition, the time step of this model was set to
5 × 10−4 s. The material properties involved in the mechanical analysis were shown in
Table 2.

4. Results and Discussion
4.1. Analysis of Temperature Distribution

The entire laser drilling process was completed within 5 × 10−4 s, during which time
the laser energy applied to PDMS caused the temperature of PDMS to rise, and the heat
gradually diffused toward the depth and the radius. Taking the ambient temperature
of 75 ◦C as an example, Figure 3 shows the temperature field distribution of the micro-
hole middle section with times of 5 × 10−5 s, 5 × 10−4 s, 0.01 s and 10 s at this ambient
temperature. During the laser pulse action, the maximum temperature was located at
the micro-hole wall, and the temperature gradually decreased during the transition from
the micro-hole wall to the outside of the micro-hole, and the temperature was equal
to the ambient temperature at the place far enough away from the micro-hole. When
t = 5 × 10−5 s, the area that reached the thermal decomposition temperature began to
decompose. When t = 5 × 10−4 s, the maximum temperature was 346 ◦C while the
minimum was 75 ◦C. After that, the laser stopped drilling, and the PDMS was cooled at
ambient temperature. When t = 0.01 s, the maximum temperature decreased rapidly to
93.7 ◦C, and the maximum was 75.1 ◦C. When t = 10 s, the maximum temperature decreased
to 77.4 ◦C, and the minimum temperature increased to 77 ◦C instead. It can be observed
that the heat in the high-temperature region diffused to the low-temperature region during
cooling, resulting in the temperature in the PDMS gradually becoming consistent and
approaching the ambient temperature.
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4.2. The Effects of Ambient Temperature on Micro-Hole Geometry

Although each experiment had the same laser drilling parameters, the ambient tem-
perature of each experiment was different, which meant that the PDMS in each experiment
had different initial temperatures, and the energy propagation of the Gaussian pulse beam
in PDMS and the heat exchange between PDMS and the outside world were not the same
during the drilling process. Therefore, a micro-hole with different morphology was formed
in each experiment in the same drilling time. Although the temperature was also diffused
in PDMS after 5 × 10−4 s, the maximum temperature was no longer increased, so it could
be considered that the thermal decomposition of PDMS would not occur thereafter, and the
morphology of the micro-hole at 5 × 10−4 s would be the final morphology.

It can be intuitively seen from Figure 4 that the micro-hole geometrical characteristics of
the middle section at different ambient temperatures at t = 5 × 10−4 s in the simulation that
it was obvious that the taper of the micro-hole increased with the increase of the ambient
temperature. The SEM images in Figure 5 show the surface morphology characteristics
of the micro-holes at different ambient temperatures, and the LSCM images show the 3D
morphology and contour curve of the micro-holes at different ambient temperatures, which
can verify the simulation results shown in Figure 4.

As can be seen from Figure 6a, when the ambient temperature was −100 ◦C, PDMS was
not drilled through. When the ambient temperature increased from −25 ◦C to 200 ◦C, both
the top and bottom diameter of the micro-hole increased, but the taper of the micro-hole
decreased. As can be seen from Figure 6b, the larger the ambient temperature, the smaller
the decline rate of the curve in the temperature drop area, the slower the temperature
transition from the ablation temperature to the ambient temperature, and the smaller the
temperature gradient. When the ambient temperature was 200 ◦C, the transition distance
from the ablative temperature to the ambient temperature was the largest, and the radius
of the rounded corner at the orifice was the largest, which was consistent with the result
shown in Figure 6a.

As shown in Figure 7, in the simulation, when the ambient temperature increased
from −25 ◦C to 200 ◦C, the top micro-hole diameter increased from 73.93 µm to 87.52 µm,
with a growth rate of 18.38%. The bottom micro-hole diameter increased from 37.22 µm
to 67.94 µm, with a growth rate of 82.54%. Since the growth rate of the top micro-hole
diameter was greater than that of the bottom micro-hole diameter, the micro-hole taper
decreased from 0.182 to 0.097, and the decrease rate was 46.70%.
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In the experiment, when the ambient temperature increased from −25 ◦C to 200 ◦C,
the top micro-hole diameter increased from 76.05 µm to 85.92 µm, with a growth rate of
12.98%. The bottom micro-hole diameter increased from 36.02 µm to 67.21 µm, with a
growth rate of 86.59%. Since the growth rate of the top micro-hole diameter was greater
than that of the bottom micro-hole diameter, the micro-hole taper decreased from 0.182 to
0.097, and the decrease rate was 52.79%.

The maximum prediction errors (Emax) of the top micro-hole diameter, bottom micro-
hole diameter and micro-hole taper were 2.785%, 6.306% and 9.688%, compared with the
average value of 10 sets of data for each sample, which indicated that the simulation results
showed a good agreement with the experiment results in micro-hole geometry.
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4.3. The Effects of Ambient Temperature on HAZ
4.3.1. Composition and Diameter of HAZ

In order to observe the change of the HAZ with the ambient temperature, Figure 8
shows the micro-hole surface morphology in a larger field of view. It can be seen from
Figure 8g that the clastic zone and wrinkle zone were wrapped around the micro-hole,
which together constituted the HAZ. The clastic zone was adjacent to the micro-hole and
had a small area, which was distributed with some debris and particles formed during
processing. The area of the wrinkle zone is large, and the wrinkles inside could be divided
into radial and circumferential wrinkles. As shown in Figure 8a–f,h, the diameter of the
HAZ gradually decreased from 253.49 µm to 0 as the ambient temperature decreased from
200 ◦C to −100 ◦C, and the average diameter change rate in the process of the ambient
temperature decreased from 200 ◦C to 25 ◦C (0.229 µm/◦C) and was less than that of the
ambient temperature decreased from 25 ◦C to −25 ◦C (1.39 µm/◦C). When the ambient
temperature was −100 ◦C, although there was basically no HAZ, PDMS was not drilled
through. When the temperature was −25 ◦C, PDMS was drilled through, and the diameter
of the HAZ was small. From this, it can be inferred that there is probably an ambient
temperature between −100 ◦C and −25 ◦C in which PDMS can be drilled through and the
HAZ is smallest.
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(i–l) Schematic diagram of the evolution of wrinkles with ambient temperature.

4.3.2. Evolution of Wrinkle Morphology

Compared with the diameter of the HAZ, we may be more concerned about the
change of wrinkle morphology in the HAZ, on account of the fact that different wrinkle
morphologies may bring different surface properties. In the process of laser interaction
with PDMS, the uneven distribution of temperature in the PDMS promoted the generation
of thermal stress. When the thermal stress reached a certain value, the PDMS would release
the thermal stress by wrinkling or even breaking [32,33]. When the ambient temperature
was low (−100 ◦C–25 ◦C), the slow molecular motion in the PDMS resulted in the elasticity
of PDMS decreasing and the hardness increasing, which led to few wrinkles in the HAZ.
This can be confirmed by Figure 8a,b. As can be seen from Figure 8a, when the ambient
temperature was −100 ◦C, almost no wrinkles were formed in the HAZ, and only a small
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number of solid particles were distributed. As shown in Figure 8b, when the ambient
temperature was −25 ◦C, the solid particles in the HAZ were increased, and a small number
of wrinkles were formed. Therefore, we focus on the evolution of HAZ at higher ambient
temperatures (25 ◦C–200 ◦C).

As shown in Figure 8c, when the ambient temperature was 25 ◦C, a large number of
circumferential wrinkles surrounding the micro-hole and radial wrinkles diverging along
the orifice radius were formed in the HAZ. The schematic diagram of the wrinkles at this
time is shown in Figure 8i. It can be seen from Figure 8d,e that when the environmental
temperature increased from 25 ◦C to 200 ◦C, the circumferential wrinkles gradually diffused
to the direction of radius, forming a tree-trunk-like wrinkle. The schematic diagram of
wrinkle evolution in this process is shown in Figure 8j,k. As shown in Figure 8f, when the
ambient temperature reached 200 ◦C, the circumferential wrinkles basically disappeared.
At this time, the wrinkles were basically all radial wrinkles, and the schematic diagram of
the wrinkles is shown in Figure 8l.

As shown in Figure 9a–d, in the experiments at ambient temperatures of 25 ◦C, 75 ◦C,
125 ◦C and 200 ◦C, the compressive stress in the radius direction reached the maximum
value when t = 5 × 10−4 s. Therefore, the compressive stress in the radius direction when
t = 5 × 10−4 s should be mainly observed. As shown in Figure 10, it can be observed that at
the same radius, the compressive stress in the radial direction decreased with the increase
of the ambient temperature when t = 5 × 10−4 s. As a result, the circumferential wrinkles
gradually evolved to the radial direction as the ambient temperature increased. When the
ambient temperature was 200 ◦C, the compressive stress in the radial direction at different
radii was low, and the excessively low compressive stress in the radial direction was
insufficient to promote the generation of circumferential wrinkles, so there were basically
no circumferential wrinkles at this ambient temperature.
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5. Conclusions

In this paper, the effects of ambient temperature (−100 ◦C–200 ◦C) on the nanosecond
UV laser micro-drilling of PDMS is studied by simulation and experiment. The following
three conclusions can be drawn:

(1) The geometric characteristics of micro-holes were analyzed. The top and bottom
micro-hole diameter decreased with the decrease of the ambient temperature, and the
micro-hole taper increased with the decrease of the ambient temperature. The simulation
results showed a good agreement with the experimental results in micro-hole geometry; the
maximum prediction errors of the top micro-hole diameter, the bottom micro-hole diameter
and micro-hole taper were 2.785%, 6.306% and 9.688%, respectively.

(2) The HAZ consisted of clastic zone and wrinkle zone. The diameter of HAZ de-
creased with the decrease of the ambient temperature, and the decrease rate (0.229 µm/◦C)
in the low-temperature stage (−100 ◦C–25 ◦C) was significantly greater than that (0.229 µm/◦C)
in the high-temperature stage (25 ◦C–200 ◦C). When the ambient temperature was reduced
to a certain degree, the diameter of the HAZ was close to 0.

(3) The transient stress distribution was analyzed by the thermo-mechanical coupled
model. The circumferential wrinkles were controlled by radial compressive stress. As
the ambient temperature increased from 25 ◦C to 200 ◦C, the radial compressive stress
gradually decreased, which led to the circumferential wrinkles gradually evolving to the
radial direction.

This study provides a new idea and method based on ambient temperature control
for nanosecond laser processing of PDMS or polymer materials with similar physical
and chemical properties to PDMS, which has practical significance for nanosecond laser
polymer processing.

Author Contributions: Conceptualization, C.L. and C.W.; methodology, Y.L.; software, Y.L.; valida-
tion, Y.R., Y.H. and C.W.; formal analysis, M.G.; investigation, Y.L. and C.L.; resources, Y.R., Y.H.
and C.W.; data curation, Y.L.; writing—original draft preparation, Y.L.; writing—review and editing,
Y.L.; visualization, C.L.; supervision, Y.H. and C.W.; project administration, Y.R., Y.H. and C.W.;
funding acquisition, Y.R., Y.H. and C.W. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors gratefully acknowledge financial support provided by the National Natural
Science Foundation of China (51905191, 52005206) the Guangdong Basic and Applied Basic Research
Foundation (2020A1515011393), Guangdong Provincial Key Laboratory of Digital Manufacturing
Equipment (2020B1212060014).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: No new data were created in this study.



Micromachines 2023, 14, 90 14 of 15

Acknowledgments: The authors thank general characterization facilities provided by the Flexible
Electronics Manufacturing Laboratory in the Experiment Center for Advanced Manufacturing and
Technology in the School of Mechanical Science & Engineering of HUST.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fürjes, P.; Holczer, E.G.; Tóth, E.; Iván, K.; Fekete, Z.; Bernier, D.; Dortu, F.; Giannone, D. PDMS microfluidics developed for

polymer based photonic biosensors. Microsyst. Technol. 2014, 21, 581–590. [CrossRef]
2. Seghir, R.; Arscott, S. Extended PDMS stiffness range for flexible systems. Sens. Actuators A Phys. 2015, 230, 33–39. [CrossRef]
3. Hassler, C.; Boretius, T.; Stieglitz, T. Polymers for neural implants. J. Polym. Sci. Part B Polym. Phys. 2011, 49, 18–33. [CrossRef]
4. Cai, D.; Neyer, A.; Kuckuk, R.; Heise, H.M. Raman, mid-infrared, near-infrared and ultraviolet–visible spectroscopy of PDMS

silicone rubber for characterization of polymer optical waveguide materials. J. Mol. Struct. 2010, 976, 274–281. [CrossRef]
5. An, A.K.; Guo, J.; Lee, E.-J.; Jeong, S.; Zhao, Y.; Wang, Z.; Leiknes, T. PDMS/PVDF hybrid electrospun membrane with

superhydrophobic property and drop impact dynamics for dyeing wastewater treatment using membrane distillation. J. Membr.
Sci. 2017, 525, 57–67. [CrossRef]

6. Cao, C.; Ge, M.; Huang, J.; Li, S.; Deng, S.; Zhang, S.; Chen, Z.; Zhang, K.; Al-Deyab, S.S.; Lai, Y. Robust fluorine-free
superhydrophobic PDMS–ormosil@fabrics for highly effective self-cleaning and efficient oil–water separation. J. Mater. Chem. A
2016, 4, 12179–12187. [CrossRef]

7. Liu, H.; Huang, J.; Chen, Z.; Chen, G.; Zhang, K.-Q.; Al-Deyab, S.S.; Lai, Y. Robust translucent superhydrophobic PDMS/PMMA
film by facile one-step spray for self-cleaning and efficient emulsion separation. Chem. Eng. J. 2017, 330, 26–35. [CrossRef]

8. Chan, H.N.; Chen, Y.F.; Shu, Y.W.; Chen, Y.; Tian, Q.; Wu, H.K. Direct, one-step molding of 3D-printed structures for convenient
fab-rication of truly 3D PDMS microfluidic chips. Microfluid Nanofluid 2015, 19, 9–18. [CrossRef]

9. Zhu, B.; Niu, Z.; Wang, H.; Leow, W.R.; Wang, H.; Li, Y.; Zheng, L.; Wei, J.; Huo, F.; Chen, X. Microstructured Graphene Arrays for
Highly Sensitive Flexible Tactile Sensors. Small 2014, 10, 3625–3631. [CrossRef]

10. Jia, X.; Chen, Y.; Liu, L.; Wang, C. Combined pulse laser: Reliable tool for high-quality, high-efficiency material processing. Opt.
Laser Technol. 2022, 153, 108209. [CrossRef]

11. Song, Y.; Wang, C.; Dong, X.; Yin, K.; Zhang, F.; Xie, Z.; Chu, D.; Duan, J. Controllable superhydrophobic aluminum surfaces with
tunable adhesion fabricated by femtosecond laser. Opt. Laser Technol. 2018, 102, 25–31. [CrossRef]

12. Ding, K.; Wang, C.; Li, S.; Zhang, X.; Lin, N. Large-area cactus-like micro-/nanostructures with anti-reflection and su-
perhydrophobicity fabricated by femtosecond laser and thermal treatment. Surf. Interfaces 2022, 33, 102292. [CrossRef]

13. Ding, K.W.; Wang, C.; Li, S.H.; Zhang, X.F.; Lin, N.; Duan, J.A. Single-step femtosecond laser structuring of multifunctional
colorful metal surface and its origin. Surf. Interfaces 2022, 34, 102386. [CrossRef]

14. Wu, Y.; Li, H.; Wen, L.; Men, D.; Hang, L.; Liu, D.; Liu, G.; Cai, W.; Lyu, X.; Li, Y. Bionic PDMS film with hybrid superhy-
drophilic/superhydrophobic arrays for water harvest. Surf. Innov. 2018, 6, 141–149. [CrossRef]

15. Wu, D.; Wu, S.-Z.; Chen, Q.-D.; Zhao, S.; Zhang, H.; Jiao, J.; Piersol, J.A.; Wang, J.-N.; Sun, H.-B.; Jiang, L. Facile creation of
hierarchical PDMS microstructures with extreme underwater superoleophobicity for anti-oil application in microfluidic channels.
Lab Chip 2011, 11, 3873–3879. [CrossRef] [PubMed]

16. Chen, C.; Shi, L.; Huang, Z.; Hu, Y.; Wu, S.; Li, J.; Wu, D.; Chu, J. Microhole-Arrayed PDMS with Controllable Wettability Gradient
by One-Step Femtosecond Laser Drilling for Ultrafast Underwater Bubble Unidirectional Self-Transport. Adv. Mater. Interfaces
2019, 6, 1900297. [CrossRef]

17. Yong, J.; Chen, F.; Huo, J.; Fang, Y.; Yang, Q.; Zhang, J.; Hou, X. Femtosecond laser induced underwater superaerophilic and
su-peraerophobic PDMS sheets with through microholes for selective passage of air bubbles and further collection of underwater
gas. Nanoscale 2018, 10, 3688–3696. [CrossRef]

18. Yong, J.; Chen, F.; Li, M.; Yang, Q.; Fang, Y.; Huo, J.; Hou, X. Remarkably simple achievement of superhydrophobicity, superhy-
drophilicity, underwater superoleophobicity, underwater superoleophilicity, underwater superaerophobicity, and underwater
superaerophilicity on femtosecond laser ablated PDMS surfaces. J. Mater. Chem. A 2017, 5, 25249–25257. [CrossRef]

19. Qi, L.; Ruck, C.; Spychalski, G.; King, B.; Wu, B.; Zhao, Y. Writing Wrinkles on Poly(dimethylsiloxane) (PDMS) by Surface
Oxidation with a CO2 Laser Engraver. ACS Appl. Mater. Interfaces 2018, 10, 4295–4304. [CrossRef]

20. Zhao, Y.; Chen, M.-Q.; Xia, F.; Lv, R.-Q. Small in-fiber Fabry-Perot low-frequency acoustic pressure sensor with PDMS diaphragm
embedded in hollow-core fiber. Sens. Actuators A Phys. 2018, 270, 162–169. [CrossRef]

21. Guo, R.; Yu, Y.; Zeng, J.; Liu, X.; Zhou, X.; Niu, L.; Gao, T.; Li, K.; Yang, Y.; Zhou, F.; et al. Biomimicking Topographic Elastomeric
Petals (E-Petals) for Omnidi-rectional Stretchable and Printable Electronics. Adv. Sci. 2015, 2, 1400021. [CrossRef]

22. Wu, C.; Tang, X.; Gan, L.; Li, W.; Zhang, J.; Wang, H.; Qin, Z.; Zhou, T.; Huang, J.; Xie, C.; et al. High-Adhesion Stretchable
Electrode via Cross-Linking Intensified Electroless Deposition on a Biomimetic Elastomeric Micropore Film. ACS Appl. Mater.
Interfaces 2019, 11, 20535–20544. [CrossRef] [PubMed]

23. Stankova, N.E.; Atanasov, P.A.; Nedyalkov, N.N.; Stoyanchov, T.R.; Kolev, K.N.; Valova, E.I.; Georgieva, J.S.; St A, A.; Amoruso, S.;
Wang, X.; et al. fs- and ns-laser processing of poly-dimethylsiloxane (PDMS) elastomer: Comparative study. Appl. Surf. Sci. 2014,
336, 321–328. [CrossRef]

http://doi.org/10.1007/s00542-014-2130-y
http://doi.org/10.1016/j.sna.2015.04.011
http://doi.org/10.1002/polb.22169
http://doi.org/10.1016/j.molstruc.2010.03.054
http://doi.org/10.1016/j.memsci.2016.10.028
http://doi.org/10.1039/C6TA04420D
http://doi.org/10.1016/j.cej.2017.07.114
http://doi.org/10.1007/s10404-014-1542-4
http://doi.org/10.1002/smll.201401207
http://doi.org/10.1016/j.optlastec.2022.108209
http://doi.org/10.1016/j.optlastec.2017.12.024
http://doi.org/10.1016/j.surfin.2022.102292
http://doi.org/10.1016/j.surfin.2022.102386
http://doi.org/10.1680/jsuin.17.00063
http://doi.org/10.1039/c1lc20226j
http://www.ncbi.nlm.nih.gov/pubmed/21952648
http://doi.org/10.1002/admi.201900297
http://doi.org/10.1039/C7NR06920K
http://doi.org/10.1039/C7TA07528F
http://doi.org/10.1021/acsami.7b17622
http://doi.org/10.1016/j.sna.2017.12.057
http://doi.org/10.1002/advs.201400021
http://doi.org/10.1021/acsami.9b05135
http://www.ncbi.nlm.nih.gov/pubmed/31081609
http://doi.org/10.1016/j.apsusc.2014.12.121


Micromachines 2023, 14, 90 15 of 15

24. Criales, L.E.; Orozco, P.F.; Medrano, A.; Rodríguez, C.A.; Özel, T. Effect of Fluence and Pulse Overlapping on Fabrication of
Micro-channels in PMMA/PDMS Via UV Laser Micromachining: Modeling and Experimentation. Mater. Manuf. Process. 2015,
30, 1–12. [CrossRef]

25. Stankova, N.E.; Atanasov, P.A.; Nikov, R.G.; Nikov, R.G.; Nedyalkov, N.N.; Stoyanchov, T.R.; Fukata, N.; Kolev, K.N.; Valova, E.I.;
Georgieva, J.S.; et al. Optical properties of polydime-thylsiloxane (PDMS) during nanosecond laser processing. Appl. Surf. Sci.
2016, 374, 96–103. [CrossRef]

26. Atanasov, P.; Stankova, N.; Nedyalkov, N.; Fukata, N.; Hirsch, D.; Rauschenbach, B.; Amoruso, S.; Wang, X.; Kolev, K.;
Valova, E.; et al. Fs-laser processing of medical grade polydimethylsiloxane (PDMS). Appl. Surf. Sci. 2016, 374, 229–234. [CrossRef]

27. Marla, D.; Zhang, Y.; Jabbari, M.; Sonne, M.R.; Spangenberg, J.; Hattel, J.H. Improvement in Surface Characterisitcs of Polymers
for Subsequent Electroless Plating Using Liquid Assisted Laser Processing. Phys. Procedia 2016, 83, 211–217. [CrossRef]

28. Golnabi, H.; Bahar, M. Investigation of optimum condition in oxygen gas-assisted laser cutting. Opt. Laser Technol. 2009, 41,
454–460. [CrossRef]

29. Ravi-Kumar, S.; Lies, B.; Zhang, X.; Lyu, H.; Qin, H. Laser ablation of polymers: A review. Polym. Int. 2019, 68, 1391–1401.
[CrossRef]

30. Chenoweth, K.; Cheung, S.; van Duin, A.C.T.; Goddard, W.A.; Kober, E.M. Simulations on the Thermal Decomposition of a
Poly(dimethylsiloxane) Polymer Using the ReaxFF Reactive Force Field. J. Am. Chem. Soc. 2005, 127, 7192–7202. [CrossRef]

31. Yilbas, B.S. Thermal Analysis of Laser Drilling Process; Springer: Berlin/Heidelberg, Germany, 2013. [CrossRef]
32. Chen, C.-M.; Yang, S. Wrinkling instabilities in polymer films and their applications. Polym. Int. 2012, 61, 1041–1047. [CrossRef]
33. Goyal, S.; Srinivasan, K.; Subbarayan, G.; Siegmund, T. Buckling, Wrinkling and Debonding in Thin Film Systems. In Proceedings

of the 2010 International Reliability Physics Symposium, Anaheim, CA, USA, 2–6 May 2010; IEEE: Anaheim, CA, USA, 2010;
pp. 430–439. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1080/10426914.2015.1004690
http://doi.org/10.1016/j.apsusc.2015.10.016
http://doi.org/10.1016/j.apsusc.2015.11.175
http://doi.org/10.1016/j.phpro.2016.08.011
http://doi.org/10.1016/j.optlastec.2008.08.001
http://doi.org/10.1002/pi.5834
http://doi.org/10.1021/ja050980t
http://doi.org/10.1007/978-3-642-34982-9_2
http://doi.org/10.1002/pi.4223
http://doi.org/10.1109/IRPS.2010.5488790

	Introduction 
	Experiment 
	Preparation of PDMS 
	Laser Micro-Drilling System 
	Quality Evaluation Indexes of the Micro-Hole 
	Characterization 

	Thermo-Mechanical Modeling 
	Thermal Model 
	Thermal Stress Model 
	Computation Implementation 

	Results and Discussion 
	Analysis of Temperature Distribution 
	The Effects of Ambient Temperature on Micro-Hole Geometry 
	The Effects of Ambient Temperature on HAZ 
	Composition and Diameter of HAZ 
	Evolution of Wrinkle Morphology 


	Conclusions 
	References

