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We report on laser generation of microchannels by focused femtosecond laser pulses inside PMMA 
bulk material. This process enables direct fabrication of three dimensional microfluidic channel ar-
chitectures with generally unlimited channel length. Based on nonlinear ultrashort pulse laser absorp-
tion of high intensities around the focal volume, a material modification including a refractive index 
shift is triggered. After laser exposure the channel is created by a gaseous degradation of exposed 
areas during an annealing process. The 3D channel layout can easily be realized by moving the spec-
imen using 3D motorized stages, allowing freely chosen complex shaped channel architectures. In 
this report, the creation of inner lying vertical microchannels is examined. In addition to previously 
shown horizontal channel architectures vertical channels are necessary to fulfill the definition of an 
internal three-dimensional microfluidic structure and to create interconnections in multilevel lab on 
chip devices. The cross section and geometry of vertical channels are strongly influenced by laser 
parameters such as pulse duration, laser power and writing speed. The influence of these process 
parameters on the channels diameter is determined and parameters are optimized regarding a control-
lable, stable and reproducible process. The functionality of vertical microchannels as an interconnec-
tion between multilayer microfluidic devices is demonstrated using a Rhodamine B solution.  
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1. Introduction 
 
Microfluidic structures are a core element of common lab 

on chip (LOC) devices. In combination with photonic, elec-
tronic, chemical and biological technologies advanced LOC 
systems are capable to deliver a micrototalanalysis [1]. Be-
side inlet and outlet, most current microfluidic systems are 
primarily two-dimensional [2]. An extension into three di-
mensional devices would allow higher integration of a broad 
range of different types of components and would enable the 
creation of more complex devices and applications [3–6]. To 
achieve an integration into the third dimension common fab-
rication methods such as photo lithography or hot embossing 
being planar 2D technologies are limited, requiring a stack-
ing and bonding of planar processed films. Using glass sub-
strates three dimensional LOCs can be fabricated by selec-
tive laser etching (SLE) [7–11]. An ultrashort pulse (USP) 
laser is used to internally modify material resulting in a 
higher etching rate in common etchants like KOH [10] or 
HF [9]. This process is associated with a high precision and 
a high surface quality, however, the channel length is limited 
by etching ratio and the overall processing speed consisting 
of laser irradiation and etching is quite low. An alternative 
process to create 3D structures in transparent substrates is 
laser direct writing in porous glass [12]. An ultrashort pulse 

laser is used to ablate 3D microchannels from the lateral 
edge of a porous glass substrate immersed in water, which is 
required to wash out debris. The laser process is followed by 
an annealing step at high temperatures of about 1150 °C to 
consolidate the porous of the glass substrate.  
Beside glass, transparent polymer materials are a common 
biocompatible substrate material for LOC devices [13; 14]. 
Compared to glass, polymers are way cheaper and easier to 
process using casting and bonding technologies [15; 16]. 
However, there is no mature wide spread technology to cre-
ate internal three dimensional channel architectures [17]. 
Approaches to create 3D-microchannels in transparent pol-
ymers are based on the use of high energy pulses [18; 19]. 
Yet, this method is associated with a low channel quality. An 
alternative process is presented by Roth et al. [20; 21] using 
ultrashort laser pulses to initiate an internal material modifi-
cation by nonlinear absorption. Femtosecond laser modified 
polymethylmethacrylate (PMMA) exhibits a lower thermal 
stability as compared to pristine material shown by Baum et 
al. [22]. In a subsequent process step, laser modified material 
can be decomposed by an annealing step to create hollow 
three dimensional internal channel architectures inside of the 
transparent polymer. The laser generation of microchannels  
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Fig. 1 Scheme of the laser generation of microchannels inside PMMA (left), tilted view on a 3D internal channel architecture using 

vertical and horizontal microchannels (right). First (top) and third (bottom) layer are connected using vertical microchannels and 
are filled with a Rhodamine B solution. Crossing meander shaped channels on a second (middle) layer are designed to be empty. 

 
offers the possibility to create 3D microchannels architec-
tures with basically unlimited channel length inside PMMA. 
As shown by Day and Gu [23] and by Roth et al. [20; 21], 
cross sections of femtosecond laser generated horizontal 
channels are strongly influenced by the focusing setup and 
can be adjusted by laser processing parameters. 
By avoiding any etch or solvent processes, this technology 
is independent of channel length limiting etching selectivity 
and long processing times. Compared to common ultrashort 
pulse laser percussion drilling of transparent polymers as 
shown by Xia et al. [24; 25] internal generation of vertical 
channels does not suffer under the hole bending phenome-
non and is not restricted to the surface of the chip. Further-
more, maximum channel depth is not limited by laser pulse 
energy but by the working distance of the focusing micro-
scope objective.   
In this report, we expand the possibilities to create horizontal 
channels by studying and demonstrating the creation of cir-
cular fully internal vertical channels which are necessary to 
create multilevel microfluidic channel architectures and to 
fulfill the definition of a true internal three-dimensional mi-
crofluidic structure.  

 
2. Experimental 

 

2.1 Laser System 
 
We used an ultrashort pulse laser (Light Conversion, 

Pharos-10-600) with a fundamental wavelength of 1028 nm 
having an adjustable pulse duration from 220 fs to 15 ps and 
a variable repetition rate up to 610 kHz. By using a second 
harmonic generation module, a laser wavelength of 514 nm 
can be emitted. The laser beam with a diameter of 4 mm 
(1/e²) is focused by a microscope air objectives with a nu-
merical aperture of 0.5 and a working distance of 2.1 mm 
(Zeiss, EC Epiplan-Neofluar). Samples are positioned using 
translation stages with an accuracy of 250 nm (Aerotech, 
ANT130-XY) and a repeatability of 75 nm. The focal posi-
tion is controlled by a nanopositioning z-stage (Aerotech, 
ANT95-50-L-Z). 

 
2.2 Materials 
 
Commercially available bulk PMMA sheets 

(ME303010) with a thickness of 1.1 mm are used in this 
study. A CO2 Laser is applied to cut the sheets into size of 

20 mm x 20 mm for the specimens. The polymer exhibits a 
glass transition temperature of 105°C. The refractive index 
n of the material at the laser wavelength of 514 nm is 1.4943 
at room temperature calculated by Sellmeier equation. 

2.3 Methods and characterization 
 

Laser direct generation of microchannels consists of two 
process steps, outlined in Fig. 1 (left). Firstly, the specimen 
are irradiated by focused femtosecond pulses triggering a 
nonlinear absorption inside the focal volume. Definable 3D 
geometry can be created by translating the focal spot in three 
dimensions inside the bulk. Secondly, the specimen are 
placed on a hot plate between two glass substrate (thickness 
1 mm) and annealed at 200 °C for 30 seconds. The annealing 
is comparable to the temperature step presented by Day and 
Gu [23]. Further details can be found in [20]. It is worth-
while to note, that prior annealing no continuous, hollow mi-
crochannels are found, i.e. their formation is clearly linked 
to the annealing process. In order to characterize vertical 
channel cross sections the treated specimen are ground down 
to the middle of the created microchannels and polished. An 
ultrasonic bath is used to remove debris from this process 
step. Channel geometries are measured by using a reflection 
and transmission optical microscope (Nikon, 70 Eclipse 
LVDIA-N). The tilted overview picture is taken with a 
digital macroscope (Leica, DVM6). 

 
3. Results and Discussion 

 
 Vertical microchannels are generated inside 1.1 mm 
thick PMMA samples with a length of 600 µm written in a 
depth ranging from 200 µm to 800 µm. Please note that con-
trary to the creation of horizontal microchannels in our case 
the maximum length of complete vertical microchannels is 
limited by the thickness of the sample and the working

  
Fig. 2 Side view on vertical microchannels written from bot-

tom to top. Left: pure material modification before an-
nealing triggered solely by the USP laser; Right: opened 
vertical microchannel after annealing. 
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Fig. 3 Cross-section of vertical laser generated microchannels 

in a 2x3 array created with different pulse durations. 
 
 
 
 
 

distance of the objective. The influence of processing pa-
rameters laser power, pulse duration writing speed and scan-
ning repetitions on vertical microchannel generation are 
evaluated. Writing direction is set from bottom to top of the 
chip to achieve homogeneous and continuous microchannels 
as depicted in Fig. 2. The creation of a continuous channel, 
written from top to bottom was not possible and resulted in 
separated, i.e. not connected spots along the writing lane. 
The appearance of the initial modification is comparable to 
modifications observed during the creation of horizontal 
channels as shown in Ref. [21] and consists of internal bub-
bles and a refractive index modification. It is worthwhile to 
note, that channel formation is not related to bubble presence 
inside the modification. Further process parameters such as 
wavelength of 514 nm and a pulse repetition rate of 61 kHz 
have been determined as suitable in pre-experiments and are 
used as fixed parameters in this study. Channels are created 
in arrays of 20 elements per parameter set. Contrary to the 
creation of horizontal microchannels shown by Roth et al. 
[20], a pulse duration of 220 fs resulted in a serrated border 
of the vertical structures. Therefore, the pulse duration was 
increased to create homogenous, clean and defined channel 
cross-sections. At a pulse duration above 1 ps, channels are 
generated with a strongly varying diameter. We estimate that 
a lower nonlinear absorption and a material defect predi-
cated linear absorption is responsible for the varying diame-
ters and therefore the higher standard deviations. As shown 
in Fig. 3, pulse duration of 450 fs resulted in defined and 
uniform channels thus this laser pulse duration is set as a 
fixed parameter for the following study. Compared to hori-
zontal channels, the geometry of the cross section of  

 
Fig. 4 Impact of laser power on channel diameter for different 

writing speeds. Error bars include the standard devia-
tion of 20 generated microchannels.  

 
 

Fig. 5 Influence of scanning repetitions on channel diameter 
using different laser powers. Error bars include the 
standard deviation of 20 generated microchannels.  
 

vertical channels is determined by the energy distribution in 
the focal plane rather than in propagation direction [20], thus 
enabling a circular cross section. Therefore, channels are 
classified using its diameter rather than using height and 
width as it has been done in Ref. 20. Laser power is a suita-
ble process parameter to control and adjust microchannel’s 
diameter. In a range between 5 mW and 48 mW, the channel 
diameter can be tuned in a wide range from 7 µm to 76 µm 
at a constant low standard deviation and high channel homo-
geneity. Related data are given in Fig. 4 for a writing speed 
of 10 mm/s using 5 scanning repetitions. The covered diam-
eter range is typical for microfluidic channels [26]. At a laser 
power above 40 mW, the channel diameter starts to scatter 
and channel defects can be observed. In comparison to the 
creation of horizontal microchannels, effective areas of ver-
tical structure are smaller at identical process setup and pa-
rameters. For comparison, horizontal microchannels gener-
ated at a laser power of 21 mW, using a writing speed of 10 
mm/s, 5 scanning repetitions and a processing depth of 500 
µm exhibit a height of 170 µm and a width of 70µm. 
In order to create a reproducible and reliable process, micro-
fluidic structures have to be scanned several times. If only 
one scanning repetition is used there is a possibility of pro-
cess failure e.g. no microchannel is generated. In Fig. 5, the 
influence of the number of scanning repetitions on the diam-
eter of the microchannel for different laser powers is shown. 
If channels are created with high laser powers, microchannel 
diameter is significantly enlarged by using a higher number 
of scanning repetitions. Nevertheless, there is also a larger 
scattering of the channel diameter. 
Quality and diameter of microchannels are also influenced 

 
Fig. 6 Influence of writing speed on channel diameter using 

different laser powers. Error bars include the standard 
deviation of 20 generated microchannels. 
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Fig. 7 Side view on vertical microchannels generated with dif-

ferent writing speeds as being modifications before an-
nealing (top row) and as vertical microchannels after 
annealing (bottom row). Corresponding laser powers 
are 27 mW, 22 mW and 17 mW using a writing speed 
of 1 mm/s, 5 mm/s and 10 mm/s, respectively.  

 
by the writing speed as summarized in Fig. 6 and shown in 
related transmission microscopy side view pictures given in 
Fig. 7 before and after annealing. At a writing speed of 
1 mm/s the heat impact leads to a degeneration of the modi-
fied area visible by small black dots inside and outside the 
writing lane and results in a large and inhomogeneous chan-
nel profile. Using a writing speed of 5 mm/s a continuous 
modification can be obtained. Inside the modified track ir-
regular bubbles are observable which are similar to irradia-
tion results by Pätzold et al. [27] writing horizontal wave-
guides in PMMA and describing non-periodic disruptions 
along the modification lane. After annealing this modifica-
tion results in a homogeneous channel profile. Former loca-
tion of bubbles inside annealed microchannels are not rec-
ognizable. It is worthwhile to note, that channel creation is 
not related to bubble presence, i.e. channels without bubbles 
along the modified lane can also be transformed into micro-
channels. In contrast to channel generation at a writing speed 
of 5 mm/s, an irregular modification structure is generated 
using a writing speed of 10 mm/s. Bubbles appear to be 
smaller and separated and a distinct coloring along the mod-
ified track can be found. After annealing this type of modi-
fication results as well as using a laser power below 4 mm/s 
in significantly larger channel diameters as summarized in 
Fig. 6.   
To highlight the functionality of laser generated internal ver-
tical microchannels, a multilevel microfluidic architecture is  

 
Fig. 8 Side view on multilevel interconnections between three 

horizontal microfluidic layers using vertical microchan-
nels completely filled with a rhodamine B solution. 

created. Three levels of horizontal microfluidic channel 
structures with a vertical spacing of 250 µm are filled with a 
Rhodamine B solution. Vertical channels are written at a 
speed of 5 mm/s with a laser power of 20 mW and 5 scan-
ning repetitions. The roughness inside the vertical micro- 
channels is measured to be below Ra 0.5 µm. Different lay-
ers are successfully connected by vertical microchannels  
 written from bottom to top as shown in Fig. 8. The fabrica-
tion of such a structure starts with the creation of horizontal 
modifications beginning with the lowest one. Afterwards 
continuous vertical modifications are written from bottom to 
top and are annealed in a subsequent step. 

4. Conclusion 

In this study femtosecond laser generation of vertical mi-
crochannels inside PMMA with no etching ratio limitations 
is reported. The formation of microchannels is based on non-
linear absorption around the focal volume triggering a mate-
rial modification. The modified volume is selectively 
opened to form the channel by a subsequent annealing pro-
cess with the microchannel cross-section being orders of 
magnitude larger than the focal diameter. A processing re-
gime is identified within circular, homogeneous and uniform 
vertical microchannels inside bulk PMMA are created. Max-
imum channel length in vertical direction is limited by the 
sample height and the working distance of the employed fo-
cusing objective. The usability of this technology for inter-
connection of fully internal multilevel microfluidic devices 
is demonstrating using a Rhodamine B solution inside a 
three level channel architecture. The demonstrated process 
expands the possibilities of laser generation of microchan-
nels inside PMMA.  
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