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Abstract—The visualization of microfluidic chips is considered to study the morphology of the microfluidic
channel surface and estimate the quality of 3D-printing technology based on digital light processing. Visual-
ization is performed by X-ray microtomography using different iodine-based contrast agents and by scanning
electron microscopy. It is shown that X-ray microtomography visualization makes it possible to control the
quality of device printing relative to the geometrical parameters of the models specified at the device proto-
typing stage, as well as to visualize a 3D model of microfluidic channels and surface morphology. The spatial
resolution of scanning electron microscopy exceeds the print pixel size and makes it possible to clarify the
presence of local defects caused by uneven solidification of the resin during sample washing.
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INTRODUCTION
Microfluidics is a modern multidisciplinary

research area which has grown at the intersection of
physics, chemistry, biology, microhydrodynamics,
microelectronics, and materials sciences. In microflu-
idic devices, volumes and flows of f luids are small
(within the submillimeter range) which allows one to
control work volumes precisely up to picolitres. These
devices can be used in chemistry, medicine, phar-
macy, biology, and other research-and-technology
areas [1–5]. Microfluidic devices can be used for the
controlled mixing of components of chemical reac-
tions, and the separation or detection of impurities [6,
7]. Depending on their functional features, microflu-
idic devices can be used as microreactors [8–10], lab-
on-a-chip [11–13], and organ-on-a-chip [14].

As additive technologies have been developed,
conventional approaches to the preparation of micro-
fluidic devices (micromilling, microcasting, hot
stamping, and die casting), which have been believed
to be “the gold standard” for 30 years, have become
irrelevant. The methods mentioned above have some
disadvantages, such as laborious and expensive pro-
cesses and the complexity of changing the design.
Moreover, “clean rooms” are frequently required
which implies the corresponding complexities of pro-
duction [8–10].

3D printing can dramatically change the
approaches to manufacturing microfluidic devices.

The following additive technologies are widely used
for prototyping and producing microfluidic devices:
sterEolithography (SLA), digital light processing
(DLP), fused deposition modeling (FDM), and inkjet
3D printing. However, the DLP technique (a variation
of steriolithography) is now preferable for the 3D
printing of microfluidic devices [17–20].

To reduce the number of reactants, increase the
specific surface area of mixing liquids, and decrease
heating inertia, researchers strive to reduce the chip-
channel diameter. At a scale of 10–100 μm, the spatial
resolution of the printing method significantly affects
the geometry of channels and roughness of the wall
surface which, in turn, influences the hydrodynamic
characteristics of liquid f lows.

The conventional method of optical microscopy
allows one to study the planar structure of chip chan-
nels while visualization of the internal volume of
channels and investigation and investigation of chan-
nels’ internal walls mortphology are complicated. The
penetrating power of X-ray radiation makes it possible
to study the three-dimensional structure of microflu-
idic channels using a proper contrast agent [21]. How-
ever, despite the extensive use of X-ray microtomogra-
phy for studying the structure of microscale objects,
including microchannels in various geological objects
[22], this method is rarely used to visualize the chan-
nels of microfluidic devices. Thus, X-ray tomography
was used in [23] to study liquid–liquid and liquid–gas
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Fig. 1. 3D models of microfluidic devices in a meander
geometry in the prototyping stage: (a) closed-channel chip
for CT visualization and (b) open-channel chip for SEM
visualization.
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interfaces in thin capillary tubes (lateral section of sev-
eral millimeters). Applying tomography, 3D-printed
microfluidic devices with a lateral size of channels of
~400 μm were used to study the process of clot forma-
tion in blood vessels [24].

In this work, the two- and three-dimensional visu-
alization of microfluidic devices with rectangular
channels of 125 and 500 μm cross-section is carried is
carried out using X-ray computer tomography with
different contrast agents. The surface morphology of
microfluidic channels is studied and the quality of the
3D printing of microfluidic devices is estimated. The
obtained data are compared with the scanning elec-
tron microscopy (SEM) visualization of the side walls
surface of microfluidic channels.

EXPERIMENTAL
3D Printing of Microfluidic Devices

A meander micromixer (Fig. 1a), which is the most
widespread topology of microfluidic devices, was cho-
sen as the model to study surface morphology of
microfluidic channels. A closed-channel chip was
designed and made/produced/printed/prepared for
microCT studies; for the SEM study, open-channel
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO

Table 1. Dimensions of the body and internal channels of t
of the device

Microfluidic-
device sample X × Y × Z size, mm Channel 

cross-section size, μ

SEM 19 × 8 × 1 124
MicroCT 19 × 8 × 2 124
MicroCT 24 × 8 × 2 500

Table 2. 3D printing parameters of the studied microfluidic 

Microfluidic-
device sample Layer height, μm Exposure time 

of one layer, s
Expo
of tw

SEM 25 20
MicroCT 25 20
MicroCT 25 20
chips were prepared (Fig. 1b). A 3D model of microflu-
idic devices consisting of a body and a square section
channel was designed using a Fusion 360 (Autodesk,
USA) CAD system. Table 1 lists the main parameters
of microfluidic devices. The model was prepared for
3D printing by means of ASIGA Composer (Asiga,
Australia) software. Table 2 presents the main param-
eters of 3D printing for both models of microfluidic
devices. It should be noted that the optimal platform
separation velocity was found experimentally; it
affects the uniformity of the distribution of not solidi-
fied photopolymer resin inside the channel and the
quality of the top surface of the microfluidic channel.
An ASIGA UV MAX (Australia) 3D printer was used
to obtain a microfluidic device made of FunToDo
Nano clear (The Netherlands) photopolymer resin.

X-ray micro-CT Visualization

MicroCT of the chips was performed using a
Quantum GX microCT (Perkin Elmer, USA) device
with an X-ray tube voltage of 90 kV and current power
of 88 μm. Scanning was carried out in different modes
with varied resolutions. At the best resolution, the
voxel size was 20 μm, the gantry rotation was 360° (the
image was obtained in 427 projections), and data-
accumulation time was 14 min for one measurement.
To improve the contrast and quality of visualization of
the boundaries, volume, and surface morphology of
microfluidic channels, iodine-based contrast liquids
were used: Betadine (pharmaceutically available on
10% iodine solution) and Optiray (Mallinckrodt,
Canada) with an iodine concentration of 350 mg/mL
(when filling the channels, Optiray was diluted with
distilled water in a ratio of 1 : 10). Optiray is a contrast
agent based on organically bound iodine and it is used
for the microCT imaging of living organisms. The
reconstruction of 3D images was conducted using
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023

he microfluidic devices specified when forming a 3D model

m
Channel 

length, mm
Channel 

volume, mL Covering layer

52 0.06 No
52 0.06 Yes
52 0.24 Yes

devices

sure time 
o layers, s

Platform-
separation 

velocity, mm/s

UV-lamp 
intensity, %

Printing 
time, min

1 10 95 6
1 10 95 10
1 10 95 10
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Fig. 2. 2D visualization in the top and side views for a microfluidic chip with a cross section of channels equal to 124 μm filled
with: (a) distilled water, (b) air, (c) betadine, and (d) Optiray; (e) distribution of the X-ray density of a substance in a microfluidic
chip filled with Optiray-based contrast agent for a series of cross sections (along the line in the top part of Fig. 2d) and the longi-
tudinal section of the channel (along the line in the bottom part of Fig. 2d). 
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RadiAnt software by analysis of the set of projections
obtained during microCT visualization.

Scanning Electron Microscopy
The morphology of the microfluidic channel walls

was visualzied by SEM using a Teneo (FEI, USA)
microscope provided by OOO SMA company. To
conduct measurements, the samples were put onto a
carbon tape; gold was preliminarily deposited onto the
sample surface to neutralize the electrostatic charge. The
microscope working chamber was evacuated to a pres-
sure of less than 10–3 Pa in the high vacuum mode. The
accelerating voltage and electron-beam current were
10 kV and 0.01 nA, respectively. An ETD (Everhart–
Thornley detector) backscattered electron detector was
used to obtain images [25].

RESULTS AND DISCUSSION
Visualization by X-ray Computer Tomography

Microfluidic devices were visualized by scanning
X-ray microtomography with a voxel resolution of
20 μm. It is interesting that channels of microfluidic
devices can be visualized even without a contrast agent
(Fig. 2b) due to a significant difference in the radiation
absorption coefficients μ of air (–1000 HU,
Hounsfield units) and resin applied for 3D printing
(‒6.4 ± 7.1). It should be mentioned that most of the
synthesis methods require the use of aqueous solutions
of reagents (so-called hydrothermal synthesis). As
shown in Fig. 2a, the radiation-absorption coefficients
of distilled water and resin used for the printing of
microfluidic devices are rather similar; therefore, the
contrast is insufficient for visualization.
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
Next, the channel of microfluidic devices were
filled with iodine-containing solutions to reach more
clear visualization. Figures 2c and 2d show the results
of visualization obtained when the chip was filled with
betadine (alcoholic solution of iodine) and Optiray
commercial contrast agent based on organically
bound iodine used as contrast in clinical investiga-
tions. Figure 2e demonstrates the distribution of the
X-ray density of a substance when filling the microflu-
idic device with Optiray-based contrast along cross
(upper part) and longitudinal (lower part) sections of
the channels. The given data allow one to estimate the
uniformity of filling the channel with contrast agent
and quantify the geometrical parameters of the studied
microfluidic devices. Thus, the longitudinal section of
a channel is about 6 mm and the averaged characteris-
tic size of cross sections is ~110 ± 20 μm, which corre-
sponds to the set-point printing parameters of micro-
fluidic devices with a predetermined cross section of
channels of 124 μm (Table 2).

Further, the 3D reconstruction of microfluidic
devices with channel cross section of 124 and 500 μm
filled with Optiray contrast agent was performed
(Fig. 3). It can be seen that the results of microCT
visualization and reconstruction of 3D images allow
one to establish the features of the surface morphology
of microfluidic channels. The surface of the side walls
of channels with a cross section of 500 μm is more
abrasive compared with the vertical surfaces, likely due
to the fact that the printing resolution along the layer
forming the channel side walls is 25 × 62 μm while the
printing resolution along the layer forming the hori-
zontal planes is 62 × 62 μm, i.e., a higher abrasiveness
is caused by a finer printing resolution in the horizon-
tal plane.
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023
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Fig. 3. Results of the 3D reconstruction of chips with cross
sections of 124 (a) and 500 (b) μm filled with Optiray con-
trast agent. Voxel size was 20 μm for the series of two-
dimensional projections used for reconstruction.

(а) (b)

Fig. 4. SEM images of the channel side walls for microflu-
idic chip of meander topology: (a) channel loop, magnifi-
cation 400×; (b, c) channel loop, magnification 800×;
(d) straight section of the channel.
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Fig. 5. SEM images of the input port of a microfluidic chip
with magnifications of 200× (a) and 400× (b). Dark seg-
ments indicate print layers along the X axis. The average
pixel size along the X axis is 66 μm which corresponds to
the set point printing parameters (Table 2).

(a)
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Visualization by SEM

Microfluidic devices with a cross-section size of
124 μm were studied by SEM. Figure 4 shows different
structural units of the studied chip. As shown in
Fig. 4b, the cross-section size of the straight channel
JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHRO
part and loop region varies from 90 to 125 μm, respec-
tively. The visualization results demonstrate a different
degree of inhomogeneity of the side walls channel sur-
face by external and internal bending radii. The arrows
in Fig. 4b indicate protrusions with the size close to set
point pixel size of 62.4 μm in the XY plane.

More and less pronounced inhomogeneities in the
channel bends could be related to nonuniform rinsing
(removing residual liquid resin from the channel cav-
ity) and uneven resin solidification. This effect is
clearly observed in the visualization of the input port
of a round microfluidic chip (Fig. 5): the side wall on
the right side of the hole seems flatter.

Some inclusions are observed in the inner part of
the channel (Figs. 4a, 4c); these inclusions might be
explained by both the contamination of microfluidic
devices with open channels and the appearance of
crystallization centers during resin solidification.
From visualization of the input port (Fig 5b) inhomo-
geneties and microcracks are clearly seen in the side
wall of the channel; the pixelated nature of the printing
is also observed. An averaged pixel size along the X axis
of ~66 μm was estimated using a SEM image at 400×
magnification.

It should be noted that SEM makes it possible to
conduct more detailed analysis and control of the
printing quality of microfluidic chips produced by
DLP 3D-printing technology. However, this tech-
nique is limited by the fact that closed-type chip must
be cross-cutted, which inevitably will result in addi-
tional deformations and analysis of the walls morphol-
ogies. This will make SEM-imaging no longer objec-
tive. However, X-ray computer tomography is applica-
ble for the visualization of closed microfluidic chips.
Moreover, upon formation of stationary f lows micro-
CT diagnostics might be applied to study the process
of microhydrodynamics and to allow 3D visualization
of mixing in microfluidic channels.

CONCLUSIONS

The visualization of microfluidic chips fabricated
by digital light processing 3D printing is performed by
means of X-ray micro-CT tomography and scanning
electron microscopy (SEM). In the first case, the
structure of the channels can be visualized even with-
out contrast agents due to sufficient contrast of the
resin–air interface. MicroCT allows one to estimate
the dimensions of microfluidic channels, such as the
dimensions of the longitudinal and cross sections.
According to the 3D reconstruction microCT images
with a resolution of 20 μm, the surface of the side walls
of the channels is more abrasive which can be assosi-
ated with finer printing resolution in the vertical direc-
tion (pixel size of 25 μm along the Z axis) than in the
horizontal one (pixel size of 62 μm along the X and Y
axes). The spatial resolution of SEM images allows
one to obtain detailed information about the surface
TRON AND NEUTRON TECHNIQUES  Vol. 17  No. 2  2023
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morphology of the side walls of microfluidic channels
for open-channel chips and observe local printing arti-
facts, which are likely caused by uneven resin curing
upon rinsing of microfluidic devices.
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