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1. Introduction

Fused silica glass, with its excellent chemical, thermal 
stability, and its optical transparency, is a very promising 
material to create flow reactors for small-scale chemical 
reactions [1,2]. Complex fluidic channels with different 
geometries and precise channel dimensions that can be 
integrated into flow reactors are essential, as they allow fine-
tuning of process parameters such as flow rate, mixing ratio, 
residence time and reaction temperature to optimize the 
reaction output [3]. The fabrication of such reactors with 
integrated fluidic channels through conventional glass 
manufacturing methods faces significant challenges. It either 
requires high temperature melting or casting techniques to

produce macroscopic objects or the use of aggressive chemicals 
to etch detailed features [1,2]. 

With the development of additive manufacturing (AM) 
technologies, high-resolution glass structuring can now be 
achieved by vat-photopolymerization (VPP) technology, in 
which liquid fused silica nanocomposites are polymerized layer 
by layer using incident light patterns [1,4]. High-quality fused 
silica glass can be obtained by subsequential heat treatment 
steps of debinding and sintering [1]. This approach was first 
published by Kotz et al. [1]. The nanocomposite consists of 
photocurable polymer and fused silica nanoparticle fillers, 
which can be shaped via free-radical polymerization resulting 
in so-called ‘green part’ [1]. For the manufacturing of small-
scale fluidic channel, ‘green part’ shaping is the most crucial 
step in determining their dimensional accuracy. However, in 
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this fabrication stage, the actual polymerized area may differ
significantly from the desired area due to over-polymerization 
also known as over-curing [5,6].

Over-polymerization results from the excessive exposure of 
the photocurable resin by incident light [6]. When light interacts 
with the resin, scattering occurs, resulting in over-
polymerization in neighboring regions that should not be 
exposed and cured [7,8]. The impact of this phenomena is even 
more pronounced in the presence of solid filler, as the 
introduction of solid particles enhances the light scattering 
effect significantly [5,6]. Therefore, precise dimensional 
control is exceptionally challenging for particle filler-based 
VPP process, especially when manufacturing small-scale 
fluidic channels [2].

This paper focuses on developing printing and design 
parameters progressively that enable producing glass structures
with high-precision fluidic channels utilizing particle filler-
based VPP AM technology. By implementing the identified 
parameters, integrated fluidic channels in glass structure can be
successfully fabricated, demonstrating its potential for 
application as flow reactor units.

2. Process chain of vat-photopolymerization AM glass

As illustrated in Figure 1, the entire process chain for vat-
photopolymerization of AM glass applied in this study is 
composed of four steps: ‘green part’ shaping, post-processing, 
debinding and sintering.

The ‘green part’ shaping process was conducted with a 
bottom-top additive manufacturing machine ASIGA MAX 
X27 UV (Resolution: 27 µm, wavelength: 385 nm). It employs 
digital light processing (DLP) technology to construct 
projection patterns using a digital micromirror array device 
(DMDs) to reflect incident light to form a digital mask [9]. The 
digital model is typically designed using computer-aided 
design (CAD) software and then sliced into 10 µm to 150 µm
thin horizontal cross-sectional layers to form digital black-and-
white binary images representing dimensional features of the 
part at different heights [10]. Using the projection-based light 
source approach, an entire layer can be selectively cured at 
once. Each non-black pixel on the layer image is exposed with 
UV-light and causes a chemical reaction that cures or solidifies 
the exposed area of the resin [7,10]. The applied UV-curable 
fused silica glass nanocomposite is the product from Glassomer 
GmbH called Nanocomposite SL V2.

To obtain fluidic channels with more precise dimensions for 
a smooth flow of fluids, a solvent called Glassomer Developer 

produced by Glassomer GmbH was used to achieve a thorough 
cleaning of the channel.

Thermal treatment steps including ‘debinding’ and 
‘sintering’ are essentially required. The ‘green parts’ are heated 
up stepwise to 600 ℃ to ensure a complete removal of polymer 
matrix resulting in so-called ‘brown part’ (see Supplementary 
Information) [1]. Afterwards, the ‘brown part’ is sintered at 
1300 ℃ to get the high-quality fused silica glass [1]. 

3. Design and manufacturing parameters development for 
glass structure with integrated fluidic channels

Additive manufacturing is a process of creating three-
dimensional objects layer by layer from a digital model [11,12]. 
For VPP process, the key concept is the sequential projection 
of two-dimensional patterns onto the surface of the 
photocurable resin [8,10]. The actual cured area can deviate 
from the projected pattern because of the volumetric 
distribution of light, resulting in inaccurate printing [6,10]. 

Thus, the first prerequisite for ensuring the dimensional 
accuracy of a fluidic channel is always to analyze the 
elementary projected elements in a two-dimensional plane and 
the way the basic projected elements evolve or change during 
the construction of the 3D model. Subsequently, relevant design 
recommendations can be developed based on the changes in 
projection patterns during the 3D construction process and the 
corresponding interactions between light and materials to 
achieve the goal of generating complex fluidic channel with 
high accuracy.

3.1. Simple fluidic channel along z-axis build direction 

The simplest fluidic channel is a straight vertical channel of 
uniform and constant diameter. The influence of AM process 
parameters on dimensional accuracy and precision is 
investigated on these channels. 

3.1.1. Channel characteristics analysis

When the build direction coincides with the longitudinal 
axis of the channel, i.e., the angle between the centerline of the 
channel and the build direction is zero, the basic element of the 
projection pattern is circle. The same circular pattern will be 
systematically reproduced along the entire z-axis build 
direction, as illustrated in Figure 2 a). Since the projection 
pattern along the build direction is constant, the over-curing 
could only happen within the xy-plane. The dimensional 
accuracy of a vertically aligned linear channel mainly depends 
on the irradiation energy of incident light.

3.1.2. Printing parameters investigation

As illustrated by different authors, the dimensional accuracy 
of parts produced by particle filler-based VPP AM process 
strongly depends on the applied irradiation energy [5,6,13,14]. 
In this study, channel with a design diameter of 1.0 mm was 
chosen as a representative for investigations and discussions. 
Ten separate channels with 1.0 mm diameters were designed 
and incorporated into a 30 mm cylinder to be printed at once, 
see Figure 2 b).

Figure 1. Process chain of vat-photopolymerization of AM glass
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Five different irradiation energies were investigated: 
40 mJ/cm2, 60 mJ/cm2, 80 mJ/cm2, 100 mJ/cm2 and 
120 mJ/cm2. At each irradiation energy 3 test cylinder were 
produced. A layer thickness of 50 μm is suggested by the 
material supplier.

The measurements of the channel diameter were performed 
by a light microscope (Olympus SZX12) and the image 
analysis software OLYMPUS Stream Motion. The mean value 
and standard deviation of the diameter for 30 channels at each 
irradiation energy were calculated and presented in Figure 3.

From Figure 3 it can be concluded that, the as-build channel 
diameter is closely related to the irradiation energy. The higher 
the applied irradiation energy, the greater the deviation of the 
printed diameters from the designed diameter and the worse the 
uniformity of the printed channel. For example, when the 
applied irradiation energy is higher than 100 mJ/cm2, the 
measured channel homogeneity is extremely poor, showing a 
strong error bar. This is due to the inhomogeneous over-
polymerization caused by strong light scattering effect at high 
irradiation energy [5,13]. 

The criterion for proper printing parameter is that the printed 
channel diameter should be as close as possible to the designed 
diameter. In addition, the uniformity of the diameter is also of 
great importance. Considering the distribution of light in z-axis, 
the irradiation energy should be as low as possible while 
maintaining smooth printing. This is because when printing 
complex channels, subsequent light scattering in the z-axis 
should be avoided if the pattern changes along the build 
direction. Thus, irradiation energy of 40 mJ/cm2 is preferrable 

for more precise channel dimensional control. This value will 
be applied to following chapters for more complex geometries.

3.1.3. Channel diameter after thermal treatments

Thermal treatment consists of debinding and sintering. The 
brown part after debinding is a fragile, intermediate part, 
therefore this study focuses on the sintered part. Sintering is the 
final step in the entire AM glass process chain. During this step, 
dimensional shrinkage occurs as the particles in the brown part 
begin to diffuse and bond together [1,6,14]. The voids between 
the particles are greatly reduced [1,6,14]. Thus, dimensional 
compensation should always be taken into consideration when 
designing fluidic channels to be produced by vat-
photopolymerization of AM glass.

Figure 4 shows after sintering at 1300 ℃ for 2h, in terms of 
comparing channel diameter 0.818 mm from sintered part 
directly with the designed diameter 1.0 mm, the design 
diameter is 1.222 times larger than the actual diameter. This 
value must be strictly taken into consideration during the 
design process. 

3.1.4. Process parameter recommendations

• Regarding the applied nanocomposite fused silica glass 
material, 40 mJ/cm2 is an appropriate value for small 
channel fabrication.

• An amplification compensation of 1.222 should be 
considered during the design process to cope with the 
shrinkage during the actual sintering process. 

3.2. Constrained channel in a two-dimensional plane

Simple vertical fluidic channels with the identical and 
repeatable circular basic projection patterns were discussed in 
the previous section. Channels at an angle to the build direction 
allow the investigation of the influence of process parameters 
in build direction.

3.2.1. Channel characteristics analysis

If the inlet and outlet of the channel are aligned with the 
build direction along the z-axis, and the intermediate channel 
is orientated away from the build direction, the fundamental 
projection pattern will change. When the channel is constrained 

Figure 4. Channel diameter: Design vs. After sintering

        
        

        
               

   

   

   

 
  

  
  
  

  
 
  
  
   

 
 

             
                           

        

      

Figure 3. Applied irradiation energy vs. Measured channel diameter

Figure 2. a) Characteristics of simple vertical channel; b) Test cylinder with 
ten 1.0 mm diameter integrated simple vertical channels
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to a two-dimensional plane, the angle between the trajectory 
midline of the intermediate channel and the direction of the AM
process plays an important role in the dimensional accuracy.

As the angle increases, the basic projection pattern gradually 
evolves from a circle to an ellipse. As shown in Figure 5 a), the 
larger the angle, the greater the eccentricity of the ellipse and 
the greater the shift between the projection patterns of 
neighboring layers. More specifically, the angle between the 
trajectory midline of channel and the printing direction directly 
correlates with the degree of alteration in the projection pattern.

During the AM process, significant changes in the 
projection patterns of two adjacent layers can lead to over-
curing along the printing direction. More specifically, over-
curing in the z-axis direction occurs when the exposed white of 
the current layer exceeds that of the previous layer and results 
in a partial overlap with the unexposed black area of the 
previous layer. An extreme example is when the angle between 
the centerline of the channel and the z-axis is 90°, the projection 
patterns of two adjacent layers are almost completely different,
see Figure 5 b). In this case, it is practically impossible to 
generate a fluidic channel with a circular cross-section.

This phenomenon is mainly due to the volumetric 
distribution of light in the resin [6]. Light energy does not 
terminate ideally at boundaries of individual layers during the 
AM process, even though light absorption and scattering within 
the material causes logarithmic attenuation [10,13]. Instead, the 
light energy dose is cumulates with each successive layer [10]. 
Ultimately, this effect can lead to unintended polymerization or 
gelation in areas that should remain uncured [6,13].

3.2.2. Cross-section evaluation

The cross-section of a channel is defined as the two-
dimensional shape that’s results from cutting the channel 
perpendicular to its longitudinal axis. From section 3.2.1, the 
dimensional accuracy of channel cross-section could be 
affected by the over-curing effects in z-axis direction.
Circularities of cross-sections for channel at different angles
were evaluated. The method to calculate circularity was as 
follows.

The contour of the channel cross-section should first be 
determined. In equation (1) 𝑝𝑝𝑖𝑖 indicates pixel points on the 
contour whereby 𝐹𝐹 is the number of contour pixel points. A 
fitting algorithm is then used to fit a circle to the contour points 
and the center coordinates of the circle 𝑝𝑝 is found (see 
Supplementary Information) [15,16].

𝐷̅𝐷 = 1
𝐹𝐹 ∑‖𝑝𝑝 − 𝑝𝑝𝑖𝑖‖ (1)

𝛼𝛼2 = 1
𝐹𝐹 ∑(‖𝑝𝑝 − 𝑝𝑝𝑖𝑖‖ − 𝐷̅𝐷)2 (2)

𝐶𝐶 =  1 − 𝛼𝛼
𝐷̅𝐷 (3)

Where 𝐷̅𝐷 is the average distance from the pixel point on the 
contour to the center of the circle. 𝛼𝛼 is the deviation of the 
distance of the pixel point on the contour to the center of the 
circle. Circularity 𝐶𝐶 is then calculated using the parameter 𝐷̅𝐷
and 𝛼𝛼.

Figure 6 shows how normalized circularity (𝐶𝐶) varies with 
the angle (𝜃𝜃) between the trajectory midline of the intermediate 

Figure 5. a) Basic projection patterns for different channels in two-dimensional plane; b) Successive projection patterns along printing direction, θ = 90°

                                               

                                
                          

     

                             

    

Figure 6. Normalized circularity vs. Angle between the trajectory midline of the intermediate channel and the build direction
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channel and the direction of the printing. Ten channels with 
identical angle were duplicated, and the average circularity of 
their ten cross-sections was calculated. In addition, all average 
circularities were normalized using the average circularity at 
angle of zero as reference value. This is because when the angle 
is zero, the channel cross-section is considered as the most 
perfect cross-section that can be produced by this process.

The data depicted in Figure 6 indicates that as the angle 
increases, the normalized circularity correspondingly 
decreases. The fitted curve for the plotted data in this figure 
shows a first-order linear trend. When the angle reaches 60°, 
the normalized circularity decreases to less than 0.90. As can 
be seen from the corresponding cross-section image, the profile 
of channel cross-section is no longer a circle, which means 
channels above this angle have lost dimensional accuracy. The 
average circularity deviates in both directions from the fitted 
curve. This inconsistent deviation also indicates a loss in 
precision. Besides, the normalized circularity tends to be far 
away from the fitted line when the angle is greater than 60° and 
there are some outliers, e.g. when the angle is 80°. From its 
cross-section image, there are some residues that were not 
removed during post-processing. In this case the actual 
circularity calculated by this method might be not accurate. 

3.2.3. Design recommendations

• The normalized circularity of cross-section is negatively 
correlated with the angle between the trajectory midline of 
the intermediate channel and the direction of the printing. 

• It is recommended to keep the angle below 60° to obtain a 
relatively accurate and uniform channel.

3.3. Helical structure channel in three-dimensional space

Helical channels are investigated as demonstrator of 
complex three-dimensional channels. 

3.3.1. Channel characteristics analysis

The complexity of a helical fluidic channel is greatly
increased compared to a channel that is constrained to a two-
dimensional plane. As described in section 3.2.2, the accuracy 
of channel will be influenced by the angle it deviates from 
trajectory centerline of channel to the direction of the printing 
process. The same rule can be applied to complex helical 
structure. However, a more detailed characteristics analysis of 
the helical structure is necessary.

The trajectory centerline of helical channel is a helix curve, 
for which the tangent makes a constant angle with a fixed line. 
The angle between the tangent of helix and the axis of helix can 
be defined as helix angle, as illustrated in Figure 7.

In the following discussion, only the situation that the axis 
of the helical structure is aligned with the build direction (z-
axis) is taken into discussion. In the terms of helical structure, 
this angle discussed in section 3.2.2 refers to helix angle θ. In 
this study, helical structure with a constant helix diameter
5 mm and 4 different pitches were studied, the corresponding 
helix angles are calculated from equation (4) and summarized 
in Table 1.

𝜃𝜃 = tan−1 𝜋𝜋𝐷𝐷𝑝𝑝 (4)

Table 1. Calculation of helix angles θ.

Diameter (mm) Pitch (mm) 𝜃𝜃
5 16 44.5°

5 12 52.6°

5 8 63.0°

5 4 75.7°

3.3.2. Cross-section evaluation

As illustrated in Figure 8, when helix angle θ is 44.5° and 
52.6°, the channel cross-sections are still produced as circles, 
showing a value of normalized circularity over 0.90. However, 
when the helix angle further increases to 63.0° and 75.5°, the 
channel cross-sections loss their dimensional accuracy due to 
over-curing. This finding is consistent with the observations in 
the previous section. They indicate that design and 
manufacturing restrictions investigated on simple parts can be 
transferred to more complex designs, which was presented by 
Adam et al. [17] for other AM processes. The present study 
shows that this approach is applicable to other particle-filler 
vat-photopolymerization AM process.

3.3.3. Design recommendations

• The angular recommendations for channels in two-
dimensional plane can be applied on complex channels in 
three-dimension.

• Three-dimensional design of integrated fluidic channels can 
utilize the parameters derived from simpler geometries, to 
improve the efficiency and the effectiveness of the whole 
design process.Figure 7. Parameter of helix structure

 

                    

          

 

Figure 8. Normalized circularity C at different helix angle θ
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4. Design case

By implementing the printing and design parameters of this 
study, it is feasible to fabricate glass parts with integrated 
fluidic channel in micrometer range. Figure 9 shows a sintered 
fused silica glass part with integrated fluidic channel derived 
from the investigated parameters. The integrated channel 
diameter is 818 μm, which could fulfill typical requirements of 
micro process engineering reactors. The helical channel 
represents a feature configuration that can be integrated into a 
flow reactor system. It could be used either as a cooling channel 
to control the temperature of the reaction or as reaction channel, 
where the reaction residence time can be significantly increase 
with the increment of channel complexity per unit length.

5. Conclusion and outlook

The basic scientific approach employed in this study is a 
systematic progression from elementary conditions and 
gradually progresses to complexity. The investigation of AM 
glass structure with integrated fluidic channel consistently 
involves advancing from simpler geometries to increasingly 
complex and sophisticated structures. More specifically, 
simple vertical channels are employed to explore proper 
process conditions. Subsequently, the possibilities and 
limitations of additive manufacturing fluid channels under this 
condition are investigated by gradually increasing the 
geometric complexity. More complex three-dimensional 
design of integrated fluidic channels can directly utilize the 
printing as well as design parameters obtained from simpler
geometries. This study demonstrates the feasibility of channels 

in microfluidic glass parts with a diameter larger than 818 µm 
at an inclination angle θ smaller than 60°.

The same approach could be transferred to other particle 
filler-based vat-photopolymerization additive manufacturing 
process, such as stereolithography ceramic AM process.
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