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Editorial

Editorial for the Special Issue on 3D Printing of MEMS
Technology
Andrea Ehrmann

Faculty of Engineering Sciences and Mathematics, Bielefeld University of Applied Sciences and Arts,
33619 Bielefeld, Germany; andrea.ehrmann@hsbi.de

Microelectromechanical systems (MEMS) combine electrical and mechanical functions
and are nowadays broadly applied in many technology fields, often as sensors or actors [1].
Opposite to microelectronics and micromechanics, standardization of the production pro-
cesses is still relatively low. While this poses challenges for the development of new MEMS
for specific applications, it also calls for the use of additive manufacturing with its high
degree of freedom in design and the large chance of individualization to produce new
MEMS [2].

Additive manufacturing, or 3D printing, belongs to the emerging technologies of our
time. While previously they were mostly used for rapid prototyping, the technology has
been in rapid production for a long time, especially for complicated objects or those with
small lot sizes [3]. Most recently, new 3D printing technologies enable the printing of the
smallest features on micro- or even nano-scales [4]. At the same time, well-known problems
like the waviness of fused deposition modeling (FDM) printed parts, the missing long-term
stability of some typical printing materials, or the reduced mechanical properties of 3D-
printed objects still exist and have to be investigated in detail to enable the optimization of
these parameters [5].

This Special Issue focusses on all topics dealing with the 3D printing of microelec-
tromechanical systems (MEMS), such as new or advanced features enabled by 3D printing
compared to conventional technologies, but also the challenges which still exist of using
3D printing technologies for MEMS and new approaches for how to overcome them.

One of the challenges addressed by the papers in this Special Issue is dimensional accu-
racy and surface roughness, e.g., in PolyJet printing (Contribution 1) or powder bed fusion
(Contribution 2). A high mixing efficiency (Contribution 3) was aimed to be created, as well
as the creation of specific optical properties (Contribution 4). Amongst the investigated ma-
terials, polyvinyl alcohol (PVA) was investigated as a possible sacrificial material for MEMS
devices (Contribution 5), as well as photo-sintered magnetic strontium ferrite samples
(Contribution 6), polymethylmethacrylate (PMMA) microfluidic chips (Contribution 7), as
well as the in situ annealing of semiconducting ZnO thin films (Contribution 8). Specific
structures (Contribution 9) are investigated as well as sensors (Contribution 10), actuators
(Contribution 11), and electronic devices (Contribution 12), partly combining an experiment
and simulation (Contribution 13). Additionally, a review of the recent developments and
applications of 3D-printed MEMSs technology is given (Contribution 14).

To conclude, the papers collected in this Special Issue provide an overview of different
additive manufacturing methods, such as fused deposition modeling, photolithography,
PolyJet, aerosol jet or inkjet, and materials including diverse polymers and metals. They
describe the development of microfluidic and colorimetric devices, micro-resonators and
micro-beams, sensors and actuators, and resistors and micro-heaters, as well as the corre-
sponding challenges and proposed solutions. We hope that these papers will inspire more
research in the highly topical research area of 3D printing MEMS.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: PolyJet™ 3D printers have been widely used for the fabrication of microfluidic molds to
replicate castable resins due to the ease to create microstructures with smooth surfaces. However,
the microstructures fabricated by PolyJet printers do not accurately match with those defined by
the computer-aided design (CAD) drawing. While the reflow and spreading of the resin before
photopolymerization are known to increase the lateral dimension (width) of the printed structures, the
influence of resin spreading on the vertical dimension (height) has not been fully investigated. In this
work, we characterized the deviations in both lateral and vertical dimensions of the microstructures
printed by PolyJet printers. The width of the printed structures was always larger than the designed
width due to the spreading of resin. Importantly, the microstructures designed with narrow widths
failed to reproduce the intended heights of the structures. Our study revealed that there existed a
threshold width (wd

′) required to achieve the designed height, and the layer thickness (a parameter
set by the printer) influenced the threshold width. The thresholds width to achieve the designed
height was found to be 300, 300, and 500 µm for the print layer thicknesses of 16, 28, and 36 µm,
respectively. We further developed two general mathematical models for the regions above and
below this threshold width. Our models represented the experimental data with an accuracy of more
than 96% for the two different regions. We validated our models against the experimental data and
the maximum deviation was found to be <4.5%. Our experimental findings and model framework
should be useful for the design and fabrication of microstructures using PolyJet printers, which can
be replicated to form microfluidic devices.

Keywords: microfluidics; PolyJet 3D printing; fidelity of 3D printing

1. Introduction

This paper describes the characterization of polymer-jet (PolyJet™) 3D printers for
their ability to produce microscale structures. Previous studies reported that the CAD
drawing and the microstructures printed by PolyJet printers differ in the widths due to the
spreading of the photoresin [1–3]. However, the effect of the spreading on the height of
the printed structures has not been investigated. In this research, we studied the capability
of PolyJet printers to print microstructures in terms of width (wp) and height (hp). We
have experimentally studied the deviation in dimensions and developed mathematical
models to explore the dynamics of printing. Models were developed for two different
regions considering the dynamics of printing in the low and high widths. The experimental
findings suggested that the spreading of the resin contributed to not only increasing the
width of the features but also decreasing the height of the same features when the designed
width of the features was below particular thresholds. These findings explain the inherent
limitation of the printer to produce microstructures with accurate dimensions. The models
can serve as a tool to predict the outcomes of PolyJet printing. The knowledge obtained

Micromachines 2021, 12, 302. https://doi.org/10.3390/mi12030302 https://www.mdpi.com/journal/micromachines
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in our study set out guidelines to obtain the designed microscale features by PolyJet
printing, which shall be of interest to the microfluidic community for the fabrication of
the micromolds.

1.1. Microfluidics

Microfluidics is the science and technology of fluids in small scales, with dimensions
in the range of tens to hundreds of micrometers. Microfluidic systems offer advantages
such as the requirement of low volumes, high sensitivity, fast response, small footprints,
and precise control over the experimental parameters [4]. Such advantages can be exploited
in a wide range of applications including chemical synthesis, biochemical analysis, drug
delivery, detection, and sensing [5–9]. Microfluidic devices to perform such operations are
initially fabricated by photolithography [10] and machining [11]. Those devices are fragile
and found to be unsuitable for handling fluids. The advent of novel polymeric materials in
the latter half of the 20th century resulted in the production of materials suitable for the
microfabrication of devices. Microfabrication demanded polymers with desired properties
such as low glass transition temperature, non-hygroscopic nature, chemical and mechanical
stability, optical transparency, and flexibility. A method of fabrication collectively termed
soft lithography was adopted to use such polymers for microfabrication [12–14].

1.2. Soft Lithography and 3D Printing

Soft lithography has been widely adopted for the fabrication of microfluidic devices.
Soft lithography involves replica molding to transfer the features of the micromold to
castable elastomeric resins and other resins [9,15] Polydimethylsiloxane (PDMS) is com-
monly used for replica molding in soft lithography due to its desirable properties such
as flexibility, optical clarity, chemical inertness, and gas permeability [13]. Microfluidic
devices fabricated by soft lithography are primarily planar with uniform height. Multiple
steps are involved to fabricate non-planar 3D microchannels with varying heights [16];
non-planar microchannels are a requisite for applications such as droplet generation and
manipulation [17–21], biological flow units [22,23], and soft robots [24]. For example, an
additional dimension of non-planar channels permits the complex actuation of robotic
structures; non-planar channels also allow handling fluids with different wettability with-
out any modification to the surface. 3D printing has evolved as a rapid prototyping tool for
3D microchannels [25–31]. 3D printing can be employed to fabricate micromolds [28–35],
sacrificial molds [36], and fluidic devices [37–39]. 3D printing of micromolds replaces the
need for the photolithography used to fabricate a silicon master mold, which is adopted in
the research community of microfluidics. In particular, stereolithography (SLA) printers
and PolyJet 3D printers are suitable for creating molds for replica molding of PDMS and
subsequent bonding with flat substrates [23,28–34]. Most of the commercially available
3D printers produce dimensions different from the manufacturer’s specification. There is
a systematic deviation between the designed and printed dimensions, and the deviation
varies with the types of printers. For instance, the minimum attainable dimension of the
structure is ~200 µm for PolyJet printer, while the specified resolution is 42 µm (deviation
is ~376%) [3,40]. In this work, we particularly focused on understanding this deviation
observed for PolyJet printers.

1.3. PolyJet 3D Printing to Fabricate Micromolds

PolyJet printing has exhibited the potential to fabricate microscale structures including
microfluidic molds [31–33]. PolyJet printing is a process to build 3D structures in layer-by-
layer manners using photocurable polymeric ink. Owing to the smooth surface finish of
the printed molds, PolyJet printing has been increasingly used to fabricate 3D molds for
replica molding where the relief structures are printed on the mold [31–33]. The previous
characterization of PolyJet printers revealed that the microstructures were fabricated with
dimensions different from the design [1–3,22,23,33–35]. The printed structures were also
found to exhibit leaning sides and rounded corners instead of straight lines and sharp
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corners [2,3,23,33]. For large structures (in centimeters), the discrepancy between the
designed and printed dimensions may not be pronounced well relative to its original
dimensions. However, change in dimensions and shapes of the microstructures (in sub-
millimeter) result in large deviations affecting their usability. The discrepancy between
the designed and the printed microstructures printed by PolyJet printers was attributed
to uncontrolled reflow and the spreading of the resin [1–3]. A previous study on the
characterization of PolyJet printers reported that the optimal width and height that can be
produced was ~300 µm with a deviation >40% from designed geometry [23]. A comparison
of four inkjet-based printers from Stratasys and Projet showed that all the printers produced
structures with dimensions larger than the dimensions reported by the manufacturers [3].
This comparative work studied the variation in lateral dimension and devised a formula
with correction factors to predict the printed width. These reports highlighted the deviation
of the printed features in the lateral dimensions and predicted the expected width using
linear relationships. However, practically, we should consider the contribution of both
the designed dimensions (width and height) in achieving the printed dimensions. Indeed,
the effect of the spreading of the resin on the vertical dimensions has not been examined.
Understanding the fidelity in the printed height is particularly important when we fabricate
molds for narrow microchannels with low aspect ratios. It is required to account for all the
designed dimensions to develop a general predictive model for PolyJet printing.

To address this gap, this study revisited the characterization of the microstructures
fabricated by PolyJet printer. A model PolyJet printer (Objet30 Prime™) was tested for
its ability to fabricate cuboid-shaped microstructures with varying designed height (hd)
and width (wd) (100–3000 µm). Crucially, we studied the effect of spreading on both
the lateral and vertical dimensions. Our study revealed that the fabricated height of
the microstructures was influenced by the designed width of the features. We found
the threshold widths (wd

′) below which the heights of the features were not printed as
designed. In addition, we studied the effect of the layer thickness on the printing accuracy;
we found that the layer thickness was also an important parameter to determine the degree
of deviations in the width and height of the printed features. Further, we identified that the
printer deposited excess resin in a particular mode of printing (High Speed (HS) mode; with
layer thickness = 28 µm). In this mode, the height of the structures was not compromised as
much as in other modes of printing. From the experimental observations, a mathematical
model was developed to predict both the lateral and vertical dimensions of printed features
of HS mode. The model was bifurcated to represent variations in printing in the regions
of low and high widths. The accuracy of the model was tested by validating it with the
experimental data. This study contributes to establishing a practical understanding of the
inherent limitation of the printing mechanisms of PolyJet printing. Such an understanding
shall be useful for the fabrication of microstructures by PolyJet 3D printers by identifying
the design that could potentially offset the deformation of the microstructures.

2. Materials and Methods
2.1. Research Aims and Approach

This research aimed to characterize the dimensions of microscale features printed
using a PolyJet 3D printer. The experiments included printing of cuboid-shaped microstruc-
tures designed with a wide range of wd and hd (100, 200, 300, 400, 500, 1500, and 3000 µm)
and quantification of wp and hp; the subscript d denotes the designed dimension, and
the subscript p denotes the printed dimension. The experiments were performed with a
model PolyJet (Objet30 Prime) printer using Veroclear (an acrylate-based photoresin). Vero-
clear™ was suitable for fabricating microfluidic molds due to its rigidity and non-sticky
surfaces after simple post-processing. Veroclear was used as a representative material of
Vero™-based materials. Other Vero-based materials should exhibit a similar degree of
deviation through the same mechanism as observed for Veroclear. PolyJet printers are
a closed system that uses proprietary resins and settings for printing. We designed our
study to characterize the printer in its original setting without any modification. Studying
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the commercial printer with its original settings and representative materials would be
beneficial to gain an in-depth understanding of the printer’s performance. In this work, we
studied the deviation between the designed and printed dimensions (width and height) in
terms of (1) designed dimensions, and (2) the layer thickness of printing.

Firstly, the deviation between the designed dimensions (wd and hd) and the printed
dimensions (wp and hp) was studied. The microscale structures were designed with rect-
angular cross-sections to observe the formation of curvatures after the spreading of the
resin. While the effect of spreading on wp was discussed in detail in previous studies [1–3],
detailed characterization on hp was not reported. Secondly, the influence of the layer
thickness on the spreading of resin was tested. The layer thickness of the printing (preset
by the printer in three different modes) determines the amount of resin deposited in each
printing cycle. We hypothesized that the layer thickness would also influence the profile of
spreading that affected the fidelity of printing. Importantly, the relationship between the
designed and printed dimensions was studied to verify the hypothesis that the features
need to be sufficiently wide to generate the designed height of the structures. Further, based
on the experimental data, two mathematical models were developed to predict the printed
dimensions for given designed dimensions. The models were developed to empirically
represent the dynamics of PolyJet printing in the regions of low and high widths. For
the low widths (below wd

′), the height of the features failed to reach the intended height,
and we observed a steady increase in hp with an increase in wd. Above wd

′, hp attained hd
and remained stagnant. To represent these two different behaviors, we used two separate
quadratic models to fit the experimental data. Our models can serve as a practical guideline
to predict the outcomes before printing.

2.2. Design of Microscale Features and PolyJet Printing

A 7 × 7 array of cuboid-shaped microstructures with wd and hd of 100, 200, 300, 400,
500, 1500 and 3000 µm were designed over a flat base using AutoCAD® 2016 (Autodesk, CA,
USA). The length of the cuboids was 1 cm and a gap of 0.5 cm was provided between each
of the structures. The designed structures were 3D printed in Objet30 Prime™ (Stratasys,
MN, USA) with Veroclear and support SUP705 as a model material and a support material,
respectively. The structures were printed in three different layer thicknesses of 16, 28, and
36 µm, each of which is termed as high quality (HQ), high speed (HS), and Draft modes of
Objet30 Prime printer, respectively.

2.3. Post-Processing and Replica Molding

3D printed master molds were subjected to post-processing to remove the uncured
resin and support material. Post-processing involved the removal of the support materials
in a water jet followed by the soaking of the printed models in deionized water for 2 h.
Afterward, the molds were baked in an oven at 60 ◦C for 24 h. The replica of the 3D printed
mold was obtained by casting PDMS (Sylgard 184 Silicone Elastomer kit, Dow Corning,
USA) mixed in a 10:1 ratio (by weight) of the prepolymer to the curing agent. Molds cast
with PDMS were cured at 60 ◦C for 3 h. The cured PDMS replica was peeled off with the
relief structures replicated from the master mold.

2.4. Characterization of Printed Features

To investigate the deviation between the designed and printed dimensions, cross-
sections of the PDMS replica at three different places along the length of cuboid-shaped
microchannels were taken. Precisely, the cross-sections were obtained from the center
region ignoring the ends. The cross-sections were flipped to show the open rectangle and
imaged using the MU500 AmScope (Irvine, CA, USA). The physical parameters (wp, hp, and
cross-sectional area) were measured from the cross-sectional image using ImageJ (ImageJ,
National Institutes of Health (NIH), Bethesda, MD, USA). The deviation in the dimensions
between the designed and printed structures was examined with respect to the printing
conditions (e.g., the designed dimensions and the layer thickness set by the printer).
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2.5. Mathematical Modelling

Surface fitting of our experimental data was performed to predict the printed dimen-
sions for HS mode using SciPy module in Python 3.8. We used a second-order polynomial
to fit our data. The data represented two different regimes: (1) low widths (100, 200 µm)
with hp less than the intended height and (2) high widths (300–3000 µm) where the intended
height was printed. Owing to the two different behaviors observed, we used two different
models to fit the data. The mathematical models predicted the dimensions of printed
structures based on the input of designed dimensions. We validated the models against the
experimental data and reported the accuracy of the models.

3. Results
3.1. Fabrication of Microstructures by PolyJet Printing

We first fabricated samples with microstructures by Polyjet printing. PolyJet printing
is derived from inkjet printing. Similar to printing inks, PolyJet uses photocurable polymer
resins to form 3D models. Briefly, PolyJet printing is based on the following process: (1)
deposition of an array of photopolymer droplets, (2) leveling of the deposited droplets by
a heated roller, and (3) UV curing resulting in solidification of a single layer (Figure 1a).
The process continued sequentially and repeatedly, and the 3D structures were built in
a layer-by-layer manner. Figure 1b shows the overlaying sketch of the cross-section of
designed and printed structures obtained from Objet30 Prime printer, and Figure 1c shows
the microscopic image of the same feature (with wd = hd = 500 µm). We defined the
maximum width (at the horizontal baseline) and the maximum height (at the vertical
centerline) of the printed structures as the measurement for wp and hp. The printed width
(wp) deviated from the designed width (wd) by the spreading of the base that created
curved corners. In contrast, in this example, the printed height (hp) was comparable to the
designed height (hd) at the center of the feature. The printed cuboid attained a plateau at
the top of the feature with a maximum height (that was comparable to hd). This observation
led to the hypothesis that the feature must be sufficiently wide to attain the plateau with
the designed height. We, therefore, studied the fidelity of printing for varying widths
including narrow features.
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3.2. Deviation between the Designed and Printed Dimensions for HS Printing Mode

Objet30 Prime offers three preset modes of printing based on layer thickness; namely,
HQ (16 µm), HS (28 µm), and Draft (36 µm). Initially, we used HS mode to evaluate the
fidelity of the printing. The measurement showed that wp was always greater than wd for
the range of the height we investigated (hd = 100–3000 µm) (Figure 2a). The magnified
view of wp against wd for 100–500 µm is shown (Figure 2b). This observation reconfirmed
that spreading inevitably happened laterally in PolyJet printing [1,2]. The time lag between
the deposition of resin and curing by UV led to the reflow of resin and spreading, which
increased the lateral dimensions of the base of the printed features with curved corners
(Figure 1c). We note that the extent of spreading of resin (and the resulting increase in the
width) was the same for all the designed dimensions. Therefore, we reported the deviation
with respect to their original values, not by the percentage. The report by the absolute
values would provide a clear understanding of the mechanism that led to the deviation.
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We then investigated the height of the printed features. Figure 2c shows the plot of
hp against hd for a range of wd. The magnified view of hp against hd for 100–500 µm is
shown (Figure 2d). The measurement of hp for HS mode showed that the actual height of
the structures was not produced for wd ≤ 200 µm. It is plausible that the resin deposited
over the narrow width (wd ≤ 200 µm) spread towards the base before UV curing without
maintaining the volume of the resin to produce the intended height. The plot also suggested
that the percentage of the decrease in the printed height was consistent for wd = 100 µm
(28.1% by average) and wd = 200 µm (4.3% by average) regardless of hd, which was
indicated by the linear trend for each series. This observation suggested the decrease in
the printed height consistently occurred in each cycle of printing. For wd ≥ 300 µm, the
structures achieved the designed height (hd) at the center of the features. We observed
that for wd ≥ 300 µm, hp obtained was slightly larger than hd (~7.3% by average). This
difference in hp was systemic, and we attributed it to the calibration of the printer. Figure 2e
shows the outline (i.e., upper surface) of the cross-section of the structures for varying wd
with the same height (hd = 3000 µm). This illustration depicts that the structure printed
with wd = 100 µm was lower than the designed, while the structures with wd ≥ 300 µm
reached hd at the centerline. The inability to produce designed hp for low wd suggested
that PolyJet printer is not suitable to produce micromolds to replicate narrow channels.

3.3. Influence of Layer Thickness on the Spreading of Resin

In the previous section, we discussed that the spreading of the resin caused the
deviation in the printed dimensions in HS mode (layer thickness = 28 µm). Albeit discretely,
PolyJet printing offered different settings for layer thickness. To understand the influence
of the layer thickness in the attainable microstructures, we studied the printed dimensions
obtained in three available printing modes: HQ (16 µm), HS (28 µm), and Draft (36 µm).

The plot of wp against wd depicts the deviation in dimensions of the printed structures
from the designed dimensions (Figure 3a). The spreading of resin was more pronounced
with the larger layer thickness due to the higher volume of resin deposited in each cycle.
HQ mode (with the lowest layer thickness) exhibited the least deviation in dimension
among the three modes investigated. Therefore, we concluded that layer thickness is a
major factor that decided the extent of spreading of resin. Figure 3b shows the cross-
sectional views at the center of the designed and the printed structures (replicated with
PDMS) with wd = hd = 300 µm. We observed that wp of the structures exceeded wd for
all the layer thickness, while the degree of spreading increased in the order of the layer
height. Interestingly, however, the spreading of the resin for HS and Draft modes are
comparable despite the difference in the layer heights (28 µm and 36 µm). We discuss this
observation in the later sections by analyzing the volume of the resins deposited in each
mode of printing.

3.4. Characterization of Printed Height for Varying Designed Widths

The previous section discussed the influence of the layer thickness on the width of
the printed features (wp). We also studied the effect of the layer thickness on the height
of the printed features (hp) for varying designed widths (wd). The plot shows hp of
the structures obtained for hd = 500, 1500, and 3000 µm against varying wd (Figure 4a).
As discussed earlier, hd was attained only when the structures were designed above a
particular threshold (wd’). From the measurement of hp, wd’ was identified to be 300 µm
for HQ and HS modes, and 500 µm for Draft mode, respectively. Figure 4b depicts the
cross-section of the designed and printed structures (replicated with PDMS) taken at the
center of the microchannel. For wd = 300 µm, hd was attained in HQ and HS modes but
not in Draft mode. These observations suggested that layer thickness was another key
parameter (in addition to the dimension of the features) to determine the fidelity of printing
in terms of both width and height. While the layer height was preset by the printer at
discrete values, decreasing the layer height resulted in decreasing the lateral spreading
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(that increased the print fidelity in width) and the threshold width (wd’) (that increased the
print fidelity in height).
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Figure 3. (a) Plot of the wp against wd obtained for three different layer thickness: HQ (16 µm), HS
(28 µm), and Draft (36 µm). (b) Microscopic images showing the cross-section of the designed and
printed cuboid-shaped structures replicated in PDMS for the three different modes of printing. The
microstructures were with wd = hd = 300 µm. Scale bar = 100 µm.
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Figure 4. (a) Plot of hp against wd for the three different layer thickness: HQ (16 µm), HS (28 µm),
and Draft (36 µm) for hd = 500, 1500 and 3000 µm. HQ and HS modes required wd = 300 µm to
achieve hp > hd, while Draft mode required wd = 500 µm to achieve hp > hd. (b) Microscopic images
showing the cross-section of designed and printed cuboid-shaped structures replicated in PDMS for
the three different modes of printing. The microstructures were with wd = 300 µm and hd = 500 µm.
Scale bar = 100 µm.
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3.5. Fabrication of Intended Height by HS Printing Mode

Our original hypothesis was that HS mode (with the intermediate layer thickness)
would exhibit the degree of spreading between HQ and Draft modes. However, our
study of the printed structures provided conflicting observations; Figure 3b suggested
that the degree of spreading was similar between HS and Draft modes, while Figure 4a
suggested the threshold width (wd’) was the same for HS and HQ modes. To explain
these observations, we measured the cross-sectional area of the printed structures (which
were the indication of the deposited volume of the resin) obtained for three printing
modes. Figure 5 shows a bar graph of the cross-sectional area of the structures with
wd = 300 µm and hd = 300, 400, and 500 µm. The graph revealed that, with the same
design, the structures printed in HS mode were systemically larger (i.e., a higher volume
of the resin was deposited) than the structures printed in HQ and Draft modes. Based
on the image analysis, we concluded that HS mode deposited a larger amount of resin
(by ~16.5% by average) than the other two modes. The additional resin in HS mode
contributed to the lateral spreading of the resin equivalent to Draft mode, while it allowed
printing the designed height for narrow features by maintaining a sufficient volume of
resins after spreading.

The available print modes are predefined and cannot be altered. However, our
experiment implied that the volume of the resin printed in each cycle is another key
parameter to achieve intended microstructures. The increase in the resin volume, in
principle, helps to achieve the intended height of the microstructures with the trade-off for
the increased width of the printed features. Such understanding would help to calibrate
the printer when open-source polymer-jetting printers become available.
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3.6. Mathematical Modelling

Lastly, we fitted our experimental data obtained for HS mode on a surface using
second-order polynomials. We developed the models for two cases—(1) region of low
widths (100 µm, 200 µm) where the intended height was not achieved and (2) region of
high widths (300–3000 µm) that was produced with intended height. Polynomial equations
were obtained for the printed width and height of the two regimes of HS mode. The model
equation is given as:

Z(x, y) = C4x2 + C5y2 + C3xy + C1x + C2y + C0 (1)

where x and y denote the designed width and height, respectively. Z(x, y) represent printed
width or height estimated for the given designed width and height. Parameters of the
model are tabulated (Table 1). Plots describing the fit of the experimental data with the
modeled surfaces are provided (Figure 6). The coefficient of determination (R2) gives the
value of how close the experimental data lies to the modeled surface. We obtained a R2

value > 96% for all our model equations. We tested the dimensions of 200 µm × 500 µm
and 900 µm × 900 µm (wd × hd) (called Case (1) and Case (2), respectively). The tested
dimensions were excluded during the development of the model. The model predicted
hp < hd in Case (1) and hp~hd in Case (2). The observation suggested that our model
efficiently represented the actual feature dimensions of PolyJet printing. The predicted
values of the two cases matched closely with the experimental data. The deviation between
the predicted dimensions and experimental measurement was in the range of 0.1–4.5%.
Thus, our model can be employed to predict the outcomes of PolyJet printing. Using this
model, one can estimate the printed dimensions beforehand and account for appropriate
corrections to the designed dimensions.
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Table 1. Parameters of the mathematical model to predict printed dimensions.

Printed Dimension R2 C0 C1 C2 C3 C4 C5

wp (1) 0.9632 8.76 × 10−2 5.84 −1.78 × 10−2 8.77 × 10−5 −1.63 × 10−2 4.58 × 10−7

hp (1) 0.9999 1.23 × 10−3 8.21 × 10−2 4.73 × 10−1 2.25 × 10−3 −7.77 × 10−5 −5.57 × 10−6

wp (2) 0.9995 3.41 × 102 8.54 × 10−1 3.94 × 10−2 7.62 × 10−6 4.22 × 10−5 −1.00 × 10−5

hp (2) 0.9999 6.58 1.62 × 10−1 1.02 1.68 × 10−6 −4.45 × 10−6 1.49 × 10−6

4. Conclusions

This paper discussed the characterization of the lateral and vertical dimensions of
the cuboid-shaped microstructures printed by Objet30 Prime 3D printer. We made the
following key observations that were not reported in the previous studies: (1) the spreading
of resin affected both wp and hp of the structures; (2) the printed structures attained hd only
when wd was above a particular threshold width (wd

′); (3) the layer thickness of printing
was an important parameter to determine wp and hp; (4) an excess resin in each printing
cycle allowed achieving an intended height with the trade-off for the increased width
by spreading in HS mode. The fidelity of printing is determined by both the lateral and
the vertical dimensions of the designed structures. The threshold width (wd

′) to ensure
the fidelity of the height was 300 µm for HQ and HS modes and 500 µm for Draft mode.
Interestingly, our analysis suggested that HS mode deposited additional resin in each
cycle of printing, which helped in forming the intended height while exhibiting spreading
equivalent to Draft mode. In addition to the above experimental findings, we developed
two mathematical models to predict the outcomes of PolyJet printing for the regions of
low and high widths of HS mode. The models successfully predicted both the lateral
and vertical dimensions based on the designed dimensions. The models represented the
experimental data in the closeness of R2 > 96%. Validation of the models showed that the
maximum deviation was less than 4.5% for both regimes. The prediction that the printed
height did not reach the intended height for low-width features was a crucial contribution
of our work. Our study would serve as a guideline to choose the appropriate dimensions
of the features and layer thickness of printing to fabricate features with required fidelity.

This study contributes to establishing a practical understanding of the inherent limita-
tions of PolyJet printers. The outcomes of our work would be beneficial to comprehend
the influencing parameters of the printing. PolyJet printers are increasingly employed for
fabricating molds for non-planar microfluidic devices. At present, the limitation of the
resolution of printed microstructures prevents PolyJet printers to fabricate microstructures
with high fidelity. The findings of our work can help in designing microstructures under
the limitation of PolyJet printers, which can be useful in microfluidics, soft robotics, and
other fields of engineering employing replica molding based on 3D-printed micromolds.
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Abstract: The excessive pesticide residues in cereals, fruit and vegetables is a big threat to human
health, and it is necessary to develop a portable, low-cost and high-precision pesticide residue
detection scheme to replace the large-scale laboratory testing equipment for rapid detection of
pesticide residues. In this study, a colorimetric device for rapid detection of organophosphorus
pesticide residues with high precision based on a microfluidic mixer chip was proposed. The
microchannel structure with high mixing efficiency was determined by fluid dynamics simulation,
while the corresponding microfluidic mixer chip was designed. The microfluidic mixer chip was
prepared by a self-developed liquid crystal display (LCD) mask photo-curing machine. The influence
of printing parameters on the accuracy of the prepared chip was investigated. The light source with
the optimal wavelength of the device was determined by absorption spectrum measurement, and the
relationship between the liquid reservoir depth and detection limit was studied by experiments. The
correspondence between pesticide concentration and induced voltage was derived. The minimum
detection concentration of the device could reach 0.045 mg·L−1 and the average detection time
was reduced to 60 s. The results provide a theoretical and experimental basis for portable and
high-precision detection of pesticide residues.

Keywords: colorimetric device; organophosphorus pesticide residues; microfluidics; LCD mask
photo-curing

1. Introduction

Organophosphorus pesticides are kinds of organic compound containing phospho-
rus, which is widely used in agricultural production, household health, garden manage-
ment and other fields. Organophosphorus pesticides can effectively inhibit the activity of
cholinesterase in the nervous system of animals and human beings, so that the acetylcholine
decomposition process is suppressed, resulting in the accumulation of acetylcholine in
nerve endings [1–3]. In recent years, the extensive use of organophosphorus pesticides
has caused pollution in groundwater, surface water and soil, and its residues in food
seriously threaten human health. The Codex Alimentarius Commission (CAC) has set strict
standards of pesticide residues in food. For example, the maximum content of glufosinate
(a typical organophosphorus pesticide) in most fruit and vegetables is 0.05 mg·L−1 [4–6].
At present, the detection methods of organophosphorus pesticide residues mainly include
the precision instrumental analysis method and rapid detection method. The precision
instrumental analysis method has superiority of high sensitivity and high selectivity, how-
ever, the shortcomings of a large volume, high cost, time-consuming duration and tedious
pretreatment has limited the application of this method. Rapid detection methods mainly
includes the biological detection method, immune method, enzyme inhibition method and
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biosensor method [7,8]. The enzyme inhibition method is based on the principle of col-
orimetry. The organophosphorus pesticides can inhibit the activity of acetylcholinesterase
(AChE), slow down or stop the decomposition of acetylcholine. Therefore, acetylcholine,
AChE and a chromogenic agent can be mixed to detect the sample concentration of pes-
ticide residues. The presence of organophosphorus pesticides can be determined by the
change of color or the change of physicochemical signal of enzyme reactions with a specific
compound [9]. The rapid detection instrument and colorimetric instrument developed
based on this principle has been able to realize the preliminary screening of pesticide
residues in agricultural products. This method is currently facing many challenges, such
as various accessories, inconvenience to carry, cumbersome operation, a lengthy process,
poor accuracy, low sensitivity and repeatability. It is necessary to find a portable, low-
cost and high-precision pesticide residue detection scheme to detect the concentration of
organophosphorus pesticides.

Microfluidic chip technology integrates the processes of sample reaction, separation
and detection involved in the fields of chemistry, biology and medicine into one chip, which
makes the analysis equipment miniaturized and automated [10,11]. Jia [12] developed an
impedance immunosensor based on a microfluidic chip for rapid detection of pesticide
residues in vegetable samples. The microfluidic chip consisted of a detection microchamber
inlet and outlet microchannel. A gold interdigitated array microelectrode (IDAM) was
embedded in the microchannel of the microfluidic chip, which can be used for direct
detection of practical samples. The research confirmed the value of microfluidic chips in
pesticide detection, but the preparation of an immunosensor is difficult, and the detection
time can be further compressed. Deng [13] developed a rapid semi-quantification detection
method of trichlorfon residues by a microfluidic paper-based phosphorus-detection chip,
the chip fabrication process was optimized. The author emphasizes the low cost of the
chip, however, the durability of paper-based microfluidic chips was not investigated.
Asghar [14] developed an innovative immuno-based microfluidic device that can rapidly
detect and capture Candida albicans from phosphate-buffered saline (PBS) and human whole
blood. The microchip technology showed an efficient capture of Candida albicans in PBS
with an efficiency of 61–78% at various concentrations ranging from 10 to 105 colony-
forming units per milliliter (cfu·mL−1). The mixing efficiency of microfluidic chip is also
an important factor of pesticide detection device. Through reasonable structure design, the
chip channel with high mixing efficiency at low Reynolds number can be obtained [15].
Fan [16] developed a rapid microfluidic mixer utilizing sharp corner structures, it can be
potentially used in the fluid mixing in variety of lab-on-a-chip applications. The preparation
method of the chip also needs to be considered. Plevniak [17] developed a low-cost,
smartphone-based, 3D-printed microfluidic chip system for rapid diagnosis of anemia
in 60 s, and a 3D-printed chip with a 5 gel lens on camera was assembled for capturing
and analyzing color-scale results from the chip view-window. The color-scale image
capture and analysis app written in-house was developed to extract RGB (red, green, and
blue) peak values in the region of interest. The 3D printing technology greatly reduces
the cost of microfluidic chip preparation, while the optical observation technology can
achieve semi-quantitative blood sample observation. However, it is difficult to realize
accurate quantitative analysis for samples with no significant color change. Previous studies
have confirmed the advantages of microfluidic chips in the field of detection, especially
in improving the mixing efficiency and reducing the consumption of reagents [18,19].
Meanwhile, the photoelectric detection method has higher detection accuracy and lower
detection concentration than the image method.

Based on the above analysis, a microfluidic mixer chip which can realize efficient and
quick mixing was developed. The chip was successfully fabricated by a self-development
LCD mask photo-curing machine, and the corresponding colorimetric device was devel-
oped to realize the rapid and accurate detection of organophosphorus pesticides. Firstly,
two kinds of mixing microchannel were designed, the mixing efficiency was evaluated by
simulation, and the optimal microchannel structure was confirmed. Secondly, the microflu-
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idic mixer chip was fabricated by a self-development LCD mask photo-curing machine, the
influence of printing parameters on the microchannel accuracy was investigated. Finally,
a portable colorimetric device was developed, the corresponding relationship between
pesticide concentration and induced voltage was constructed, and quantitative detection
of organophosphorus pesticides was realized. The results indicated that the detection
efficiency was increased and the detection sample was reduced.

2. Experimental
2.1. Basic Theory

In order to achieve high-precision detection of organophosphorus pesticides, related
theories involved in enzyme reaction, microfluidic chip design theory, mixing index anal-
ysis and laminar flow simulation were adopted. In addition, the calculation method of
detection limit was developed to evaluate the performance of the colorimetric device. The
theoretical contents related to the research are listed as follows.

The color reaction was based on the Ellman method [20]. Under the catalysis of
acetylcholinesterase (AChE), the thioacetylcholine iodide was hydrolyzed into thiocholine
and acetic acid. The thiocholine reacted with 5, 5′-dithiobis (2-nitrobenzoic acid) to form a
yellow product, as shown in Figure 1. The higher the AChE activity, the darker the color of
the reagent after reaction. By contrast, AChE activity was inhibited and the color of reagent
was lighter.
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The diffusion coefficient D can be defined as [21],

D=
kT

6πµr
(1)

where k denotes the Boltzmann constant, T gives the absolute temperature, µ is dynamic
viscosity and r is molecular radius. The diffusion coefficient is inversely proportional to
the dynamic viscosity of the solution at a certain temperature.

The cross-section structure of the channel fabricated on the chip was rectangular, and
the expression of Reynolds number can be expressed as follows,

Re =
4ρAv

pµ
(2)

where A is the interface area, ρ is the liquid density, p is the wetting perimeter length, and
v is the flow rate.

The relationship between transmitted light intensity I and incident light intensity I0
can be expressed by the Lambert law,

I = I010−α·l (3)

where l is the path length, α is the absorption coefficient describing the absorption capacity
of a substance to light.
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When the incident light is definite, the transmitted light is proportional to the concen-
tration of the substance, and the above principle can be used to detect the concentration
of pesticides.

The detection limit of the colorimetric device xLOD is determined by the following
formula [22–24],

xLOD =
2tsy

nt2sy2 − Ar2 × (tsy ∑ xi −
√

A2r2

k
+ Ar2 ∑ xi

2 − n
A
k

t2sy
2 − At2sy

2) (4)

where t is the Student’s t-function parameter, usually assumed to be t = 3 for conve-
nience [22], sy is the standard deviation of the measurement, n is the tested number of
concentrations, k designates the number of repeat measurements, r is the sensitivity as the
slope of a linear fit, xi represents the pesticide concentration of the i-th experiment, the
determinant in the denominator A is given by:

A = n ∑ xi
2 − (∑ xi

2)
2

(5)

The Navier–Stokes equation [25] describing the behavior of incompressible fluid
is used to simulate the mass and momentum transfer of fluid, which can be expressed
as follows,

∂

∂xj

(
ρuj
)
= 0 (6)

∂

∂xi

(
ρuiuj

)
− ∂P

∂xi
+

∂τij

∂xi
(7)

where ρ and uj are density and velocity vector, respectively, u is velocity vector of fluid, P
is pressure on fluid, τij is stress tensor, respectively.

The mass flux is given by diffusion and convection, and the resulting mass balance is,

∇·
(
−D∇c + c

→
u
)
= 0 (8)

where c gives the concentration.
In substances involved in color reactions, the AChE has the largest molecular size and

the minimum diffusion rate, so the standard deviation of the AChE concentration on the
cross-section at different positions of the microchannel was used to measure the uniformity
of the fluid distribution, as well as the mixing efficiency of the chip [26].

2.2. Materials and Methods

The chromogenic agent (0.75 g·L−1) was prepared by mixing 5,5-dithio-bis-2-nitro ben-
zoic acid (DTNB) (Shanghai Chemical Reagent Co., Ltd. Shanghai, China) with phosphoric
acid buffer (0.1 mol·L−1). The concentration of AChE (Merck Life Science Technology Co.,
Ltd., Darmstadt, Germany) solution was 150 g·L−1. Different concentrations of glufosinate-
ammonium (Lear Chemical Co., Ltd., Shenzhen, China) standard solutions were prepared
to test the inhibition on AChE.

A transparent photosensitive resin (Shenzhen Novartis Intelligent Technology Co.,
Ltd., Shenzhen, China) was used to fabricate microfluidic mixer chip, the parameters of
photosensitive resin after ultraviolet curing is shown in Table 1.
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Table 1. Photosensitive resin parameters after ultraviolet curing.

Parameter Value

Density (g·cm−3) 1.05–1.25
Tensile modulus (GPa) 1.8–2.8
Tensile strength (MPa) 64–72

Bending modulus (GPa) 1.8–2.3
Heat distortion temperature (°C) 44–47

Elongation at break (%) 8–13

2.3. Characterization and Instruments

A self-developed LCD mask photo-curing machine was adopted for microfluidic
mixer chip fabrication. The device adopted 405 nm ultraviolet light as the curing light
source and the LCD panel as the selective light transmission plate to realize the curing
of photosensitive resin for complex parts. Figure 2 is the schematic diagram of the LCD
mask photo-curing machine: the machine includes platform, Z axis, material trough and
LCD panel, and the incident position of the light source can be controlled by the LCD
panel [27]. The shape of cured resin parts was observed by the laser microscope (VHX-1000,
KEYENCE Co., Ltd., Osaka, Japan) with a display resolution of height 0.005 µm and width
0.01 µm.
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Figure 2. Schematic diagram of self-developed liquid crystal display (LCD) mask photo-curing
machine.

The self-developed colorimetric device was adopted to detect the concentration of
glufosinate-ammonium, a typical organophosphorus pesticide, the equipment included a
light-emitting diode (LED) light source (Jinxin Photoelectric Technology Co., Ltd., Guangzhou,
China), precision current source (Shenzhen wave particle Technology Co., Ltd., Shenzhen,
China), precision voltage source (Shenzhen wave particle Technology Co., Ltd., Shenzhen,
China), silicon photodetector (Shanghai Bose Intelligent Technology Co., Ltd., Shanghai,
China) and Bluetooth voltage detection module. The schematic diagram of the equipment
is shown in Figure 3a. Figure 3b is the colorimetric device after assembly: the LED light
source is driven by a precision current source to ensure the stability of light intensity, and
the customized narrow band filter with a diameter of 10 mm (Beijing Yongxing perception
Instrument Co., Ltd., Beijing, China) was adopted to ensure that light of 385 nm to 430 nm
wavelength could pass through, as shown in Figure 3c. The induced voltage of the silicon
photodetector varies according to the intensity of the transmitted light, the induced voltage
can be received by Bluetooth module and stored in the self-developed mobile client, and
the resolution of silicon photodetector is 0.01 V, as shown in Figure 3d.
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Figure 3. Schematic diagram of colorimetric device (a), colorimetric device after assembly (b), the absorption spectrogram
of the narrow band filter (c), and self-developed mobile client (d).

In the experiment, the two solvents were pushed into the microfluidic chip channel
through the syringes driven by a micro injection pump (XFP02-B, Suzhou iFLYTEK Sci-
entific Instrument Co., Ltd., Suzhou, China), the liquid flow rate was controlled by micro
injection pump. The ultraviolet-visible spectrophotometer (UV-2250, Shimadzu Instru-
ment Equipment Co., Ltd., Kyoto, Japan) was adopted to obtain the absorption spectra of
the solution after reaction. The three-dimensional structure of the chip was designed by
SOLIDWORKS (Dassault Systèmes SOLIDWORKS Corp, Massachusetts, USA) software.
The multi-physics coupling analysis software COMSOL Multiphysics 5.5 (COMSOL Inc.,
Stockholm, Sweden) was applied to simulate the mixing process. The free quadrilateral
mesh was adopted in the model, and the wall condition was no sliding, the fully developed
flow was applied in the fluid inflow model, and the inlet pressure was 0. The MATLAB
2018 (Mathworks Inc., Natick, MA, USA) software was used to process the simulation
images to obtain the concentration standard deviation on the chip channel section.

3. Results and Discussion
3.1. Influence of Microchannel Shape on Mixing Efficiency

Among the substances involved in the color reaction, the molecular size of AChE
is the largest, while the diffusion coefficient is the smallest, so the purpose of microchip
channel design is to realize the rapid and complete mixing of AChE. The length, width and
height of AChE were 98 nm, 79 nm and 3 nm, respectively [28]. The physical parameters of
the mixed liquid are shown in Table 2. The diffusion coefficient of AChE can be obtained by
substituting the parameters into Equation (1), and the calculated result is 0.22 × 10−11 [29].
In addition, the flow rate of the microfluidic mixer chip should be controlled at a low speed
to ensure complete reaction after mixing. Therefore, the aim of microfluidic chip design is
to realize the efficient mixing of AChE at low Reynolds number (10–82). The main principle
is to make the fluid stretch, compress, fold and surround in the channel to realize the
rapid mixing of the liquid involved in the reaction, which can be achieved by changing the
channel width and bending the channel shape. The change of the channel width makes the

22
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liquid flow perpendicular to the fluid flow direction, and the bending of the microchannel
makes the pressure difference inside the liquid. In this case, the method of channel bending
and width variation were proposed to improve the mixing efficiency [30,31]. Based on the
above principles, two types of microchannel structure were designed, as shown in Figure 4.
The channel volumes of the two types of structure are kept consistent to ensure the same
mixing time.

Table 2. Physical parameters of mixed liquid.

Parameter Value

Boltzmann constant (J·K−1) 1.38 × 10−23

Absolute temperature (K) 293.15
Dynamic viscosity (Pa·s) 10 × 10−3

Water density (Kg·m−3) 1000

Micromachines 2021, 12, 290 7 of 13 
 

 

surround in the channel to realize the rapid mixing of the liquid involved in the reaction, 

which can be achieved by changing the channel width and bending the channel shape. 

The change of the channel width makes the liquid flow perpendicular to the fluid flow 

direction, and the bending of the microchannel makes the pressure difference inside the 

liquid. In this case, the method of channel bending and width variation were proposed to 

improve the mixing efficiency [30,31]. Based on the above principles, two types of 

microchannel structure were designed, as shown in Figure 4. The channel volumes of the 

two types of structure are kept consistent to ensure the same mixing time. 

Table 2. Physical parameters of mixed liquid. 

Parameter Value 

Boltzmann constant (J·K−1) 1.38 × 10−23 

Absolute temperature (K) 293.15 

Dynamic viscosity (Pa·s) 10 × 10−3 

Water density (Kg·m−3) 1000 

300 μm

800 μm
R 600 μm

R 240 μm

300 μm

60º 

60º 

R300 μm

R300 μm

(a)

(b)

 

Figure 4. The designed two types of microstructures with curved channel (a), curved width 

variation channel (b) 

The mixing process of the designed two kinds of microchannels were simulated, 

and the mixing index of AChE was compared, as shown in Figure 5a; the simulation 

results demonstrate that the mixing efficiency of channel structure (b) is significantly 

higher than that of channel structure (a). Meanwhile, the increase of channel flow has no 

significant effect on the improvement of mixing efficiency. By contrast, increasing the 

flow rate will reduce the mixing reaction time of the solution in the channel. Based on 

the above analysis, the flow rate of 50 μL∙min−1 was selected in the experiment and the 

corresponding mixing time was 30 s; the simulated concentration distribution is shown 

in Figure 5b. 

0 10 20 30 40

0.0

0.1

0.2

0.3

0.4

0.5

M
ix

in
g 

in
de

x

Channel location (mm)

 Channel (a) 10lmin-1

 Channel (b) 10lmin-1

 Channel (a) 50lmin-1

 Channel (b) 50lmin-1

 Channel (a) 100lmin-1

 Channel (b) 100lmin-1

 Channel (a) 150lmin-1

 Channel (b) 150lmin-1

 Channel (a) 200lmin-1

 Channel (b) 200lmin-1

channel (a) 10μl·min-1

channel (a) 50μl·min-1

channel (a) 100μl·min-1

channel (a) 150μl·min-1

channel (a) 200μl·min-1

channel (b) 10μl·min-1

channel (b) 50μl·min-1

channel (b) 100μl·min-1

channel (b) 150μl·min-1

channel (b) 200μl·min-1

 

Concentration 
(×10-4 mol· m-3)

10

0

2

4

6

8

(a)

(b)

 

(a) (b) 

Figure 5. The simulation result of mixing index of two kinds of channels (a) and the simulated concentration distribution 

at the speed of 50 μL∙min−1 (b). 

Figure 4. The designed two types of microstructures with curved channel (a), curved width variation
channel (b).

The mixing process of the designed two kinds of microchannels were simulated, and
the mixing index of AChE was compared, as shown in Figure 5a; the simulation results
demonstrate that the mixing efficiency of channel structure (b) is significantly higher than
that of channel structure (a). Meanwhile, the increase of channel flow has no significant
effect on the improvement of mixing efficiency. By contrast, increasing the flow rate will
reduce the mixing reaction time of the solution in the channel. Based on the above analysis,
the flow rate of 50 µL·min−1 was selected in the experiment and the corresponding mixing
time was 30 s; the simulated concentration distribution is shown in Figure 5b.
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Based on the above analysis, a microfluidic mixer chip was designed, as shown in
Figure 6, and contained two liquid inlets, a mixing channel, a liquid reservoir and an outlet.

23
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During the detection, the mixture of acetylcholine and the tested sample was injected into
inlet 1, and AChE and chromogenic agent were injected into inlet 2.
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3.2. Influence of Printing Parameters on Chip Fabrication Accuracy

The curing roughness and shape accuracy of the LCD mask photo-curing machine
was investigated before preparing the microfluidic mixer chip. The relationship between
UV exposure time and surface roughness of cured parts is shown in Figure 7. The suitable
exposure time is between 2–6 s. When the exposure time is 6 s, the surface roughness
decreases to the minimum of 0.17 µm.
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Figure 7. Relationship between ultraviolet (UV) exposure time and surface roughness.

Due to the small size of the rectangular microgroove, there will certain deviation
between the designed size and the actual preparation size during the curing process. In
order to accurately prepare the rectangular microgroove with the target size, the influence of
single layer printing thickness on channel size was investigated. A microchannel structure
with a height and width of 300 µm was designed, the effect of printing layer thickness
on dimensional accuracy was analyzed, and the exposure time is 6 s. The single layer
curing thickness with minimum curing error appears at 30 µm, as shown in Figure 8a, the
cross-section shape of the cured microchannel is shown in Figure 8b.

According to the above research, a rectangular cross-section microfluidic chip was
prepared. The photograph of the fabricated microfluidic chip is shown in Figure 9a, The
scanning electron microscope (SEM) photograph shows that the obtained structure has
good size consistency, as shown in Figure 9b.
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Figure 9. The microfluidic mixer chip fabricated by liquid crystal display (LCD) mask UV curing
method: (a) overall structure and (b) scanning electron microscope (SEM) photograph of microchan-
nel structure.

The chip was directly sealed with high transparency semi-solid acrylic material. The
adhesive force between the semi-solid acrylic and the cured resin is large, and it will lose
the bonding ability when contacting with water. In addition, the contact angle between
acrylic and water is 57.5◦, which is close to the cured resin (53.3◦).

3.3. Relationshiop between Pesticide Concentration and Detection Voltage

The absorption spectrum measurement results for 0, 1 and 2 mg·L−1 concentrations
of organophosphorus pesticide are shown in Figure 10. Theoretically, the sample without
pesticide has the deepest color, corresponding to the highest light absorption value. In this
test, whether the application of pesticide will change the absorption wavelength of the
sample was observed. Therefore, pure water was selected as the contrast sample during
the test. The experimental results indicated that the maximum absorption wavelength is
407 nm, it can be determined that the largest voltage difference would be obtained with
407 nm light source. In addition, the application of pesticides inhibited the color reaction
and reduced the absorption peak.
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Figure 10. Absorption spectrum measurement results for 0, 1 and 2 mg·L−1 concentrations.

The microfluidic chips with liquid reservoir depth of 540 µm, 720 µm, 900 µm, 1080 µm,
and 1260 µm were separately prepared. The voltage difference between the pesticide
concentration of 0 and 2 mg·L−1. The influence of liquid reservoir depth on voltage
difference is shown in Figure 11, the voltage difference increases linearly with the liquid
reservoir depth, the test error decreases with the liquid reservoir depth.
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Figure 11. Influence of liquid reservoir depth on voltage difference.

Based on Equation (4), the detection limit of the device at different liquid reservoir
depths was calculated, and each test was repeated 10 times; the test results are shown in
Figure 12. The detection limit of the device decreases with the increasing of liquid reservoir
depth. When the depth is greater than 900 µm, the decrease trend becomes slow. The
reason is that the injection sample easily produces micro bubbles in the filling process when
the liquid reservoir depth is too large, which affects the stability of the device. In addition,
the injection time and the required sample volume increase with the liquid reservoir depth.
After comprehensive analysis, the microfluidic chip with a liquid reservoir depth of 900 µm
was selected as the mixing microfluidic chip of the device.

The relationship between induced voltage and pesticide concentration is shown in
Figure 13. The test at each standard concentration was repeated 3 times, and the average
values of each test were used for linear fitting. The fitted curve indicated that with the
increase of glufosinate-ammonium content, the AChE activity was gradually suppressed,
and the color reaction was inhibited, resulting in the increase of induced voltage. The linear
relationship can be expressed as y = 2.27 + 0.801x, the linearity expression R2 can reach
0.985, while the detection limit is 0.045 mg·L−1.
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Based on the above analysis, the accumulation time required for liquid mixing and
reaction is 60 s at a flow rate of 50 µL·min−1 with a detection sample content of 25.2 µL.
Compared with the existing pesticide residue detector, the detection time is reduced
from more than 10 min to one minute, and the required sample content is very low.
In addition, the detection limit (0.045 mg·L−1) is lower than the traditional pesticide
detector (0.05 mg·L−1), which can meet the demand of pesticide residue detection with
high precision [32,33]. However, all the experiments in this study were carried out at room
temperature. In the follow-up study, an added temperature control function was proposed
to further improve the device’s detection efficiency.
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4. Conclusions

In this study, a colorimetric device for rapid detection of organophosphorus pesticide
residues with high precision based on a microfluidic mixer chip was proposed. The detec-
tion system includes a microfluidic mixer chip and a silicon photodetector. The microfluidic
simulation indicated that the microchannel with the characteristics of width variation and
shape bending had better mixing efficiency. The optimal preparation parameters of the
LCD mask photo-curing process were that the exposure time was 6 s and single layer
thickness was 30 µm. The reaction liquid had the maximum absorption at 407 nm, and
there was a linear relationship between pesticide concentration and induced voltage. The
linearity expression R2 could reach 0.985, the minimum detection concentration of the
system reached 0.045 mg·L−1 and the average detection time reduced to 60 s. The results
provide a theoretical and experimental basis for portable and high-precision detection of
pesticide residues.
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Abstract: We demonstrate the hybrid integration of a lithium niobate microring resonator with a sili-
con nitride waveguide in the vertical configuration to achieve efficient light coupling. The microring
resonator is fabricated on a lithium niobate on insulator (LNOI) substrate using photolithography
assisted chemo-mechanical etching (PLACE). A fused silica cladding layer is deposited on the LNOI
ring resonator. The silicon nitride waveguide is further produced on the fused silica cladding layer by
first fabricating a trench in the fused silica while using focused ion beam (FIB) etching for facilitating
the evanescent coupling, followed by the formation of the silicon nitride waveguide on the bottom of
the trench. The FIB etching ensures the required high positioning accuracy between the waveguide
and ring resonator. We achieve Q-factors as high as 1.4 × 107 with the vertically integrated device.

Keywords: lithium niobate microring resonator; silicon nitride waveguide; photolithography assisted
chemo-mechanical etching

1. Introduction

Lithium niobate (LN) has long been recognized as an important material platform
for integrated photonic devices because of its wide transparent window, high nonlinear
coefficient, and excellent electro-optical property [1]. In particular, the latest advancement
of the fabrication technologies of high-quality photonic micro- and nanostructures on
lithium niobate on insulator (LNOI) has further promoted the development of integrated
photonics on the LNOI platform. The building block photonic structures, such as microres-
onator and optical waveguide, are typically fabricated on LNOI substrate using either
maskless focused ion beam (FIB) milling or lithographic processing involving argon ion
milling [2–11]. Meanwhile, a chemo-mechanical etching process (termed photolithography
assisted chemo-mechanical etching (PLACE) hereafter) has been developed to achieve
ultra-high surface smoothness, resulting in high-quality (high-Q) microdisk resonator
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with a Q-factor of 4 × 107 and ultra-low-loss optical waveguide with a propagation loss
of 0.03 dB/cm [12–14]. So far, a broad range of nonlinear optical processes have been
demonstrated with the ultra-high-Q LN microresonators that were fabricated using the
PLACE technology, ranging from optomechanics [15] and optical frequency comb [16] to
nonlinear frequency conversion [17] and on-chip micro-disk lasing.

Light must be efficiently coupled into the microresonaotors using either a fiber ta-
per [18] or an integrated optical waveguide [19] in order to excite the nonlinear optical
effects. The on-chip integration of the microresonator and the coupling optical waveguide
provides an efficient means for up scaling of the photonic integration circuits (PICs), which
is critical for some applications, such as photonic computation and quantum information
processing [20], etc. However, in the PLACE scheme, the low-loss optical waveguides
and high Q microresonators are both generated using the chemical-mechanical polishing
(CMP) technique. In the CMP process, it is required that the distance between the closely
located photonic structures should be on the micrometer scale, but not the nanometer
scale; otherwise, the LNOI in the narrow gap between the neighboring structures cannot
be efficiently removed by polishing. In this case, the lateral evanescent coupling between a
microresonator and a waveguide is difficult to achieve, simply because of the fact that the
evanescent coupling in the visible and near infrared ranges requires the gap width to be in
the order of a few hundred nanometers. For this reason, on-chip evanescent coupling has
not been realized between an optical waveguide and a microresonator fabricated using the
PLACE technique.

Here, we overcome the difficulty by utilizing a vertical coupling scheme between a
crystalline LN microring resonators and a silicon nitride (Si3N4) waveguide. Si3N4 is also
considered to be an attractive candidate for monolithic integration of photonic circuits
because of its low propagation loss. Importantly, Si3N4 has a refractive index that is close to
that of LN, which makes it easy to fulfill the phase matching condition between the Si3N4
waveguide and LN microresonator. We characterized the integrated device by measuring
the Q-factor of the fabricated LN microresonator, and demonstrated the coupling control
by varying the thickness of the SiO2 cladding layer.

2. Materials and Methods

The microring resonator is fabricated on a commercially available x-cut LNOI wafer
with a thickness of 900 nm (NANOLN, Jinan Jingzheng Electronics Co., Ltd., Jinan, Shan-
dong, China). The LN thin film is bonded to a 2 µm-thick SiO2 layer supported by a
500-µm-thick LN substrate. Figure 1a depicts the configuration of the LNOI wafer, fol-
lowed by the schematic of process flow, as shown in Figure 1b–k. In general, the fabrication
procedures include: (1) the deposition of a thin layer of chromium (Cr) with a thickness
of 400 nm on the surface of the LNOI by magnetron sputtering (Figure 1b); (2) space-
selective ablation of a Cr layer coated on top of the LNOI to generate the pattern of the
microring resonator using a focused femtosecond laser beam (Figure 1c). In this step, the
femtosecond laser ablation was conducted by a commercial laser system (Pharos, Light-
Conversion, Lithuania) at a repetition rate of 500 kHz and a scan speed of 40 mm/s. The
center wavelength of the femtosecond laser was 1030 nm, and the pulse width was set to
be ~270 fs. A 100× objective lens (M Plan Apo NIR, Mitutoyo, Japan) with a numerical
aperture (NA) of 0.7 was employed to pattern the Cr layer in order to obtain a high ablation
resolution. Femtosecond laser ablation was carried out by translating the sample with a
three-dimensional (3D) motion stage (ABL1500-ANT130, Aerotech Inc., USA); (3) etching
of the LNOI layer by CMP (Figure 1d). In this step, the LN without being covered by the
Cr mask will be completely removed, while the LN protected by Cr mask will survive
from the CMP because of the high hardness of Cr; (4) removal of the residual Cr mask
left on the surface of LNOI by chemical wet etching, and further eliminate the roughness
by a second CMP process (Figure 1e); (5) the deposition of the SiO2 film on the LNOI
waveguide to form the cladding layer by plasma enhanced chemical vapor deposition
(PECVD) (Figure 1f); (6) polishing the surface of SiO2 cladding layer with the third CMP
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(Figure 1g); (7) patterning of the SiO2 layer while using focused ion beam (FIB) etching
(Figure 1h). In particular, the depth of the etched trench can be controlled with an accuracy
of ~1 nm using the FIB etching; (8) the deposition of a Si3N4 film on the SiO2 layer by
PECVD to fill the trench fabricated in the SiO2 cladding layer (Figure 1i); (9) removing the
Si3N4 above the SiO2 layer with the fourth CMP (Figure 1j); and, (10) patterning of the
Si3N4 film in the trench using FIB etching to form the waveguide (Figure 1k). More details
of the femtosecond laser micromachining of Cr, the CMP processing, and the FIB etching
can be found elsewhere [12–14]. Figure 1l shows a schematic 3D view of the hybrid LN
and Si3N4 coupling structure.
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waveguide in the vertical configuration. (l) Three-dimensional (3D) diagram of the coupling structure.

3. Results

Figure 2a shows the top-view scanning electron micrograph (SEM) of the vertically
coupled LN microring and Si3N4 waveguide. The profiles of the microring buried beneath
SiO2 layer can be distinguished in the SEM image. The radius of the LN microring is 50 µm.
The cross section of the LN microring, as indicated by the blue dashed area in Figure 2a, is
shown in Figure 2b. In the current design, the LN microring has a trapezoidal cross-section
with a top width of 2.5 µm, a bottom width of 7.5 µm, and a height of 800 nm, which
is covered by a 1.5-µm-thick SiO2 cladding layer. The cross section of the coupling area
(yellow dashed area in Figure 2a) is shown in Figure 2c. The three-layer structure, i.e., LN,
SiO2 and Si3N4 from bottom to top, can be clearly seen. The thickness of the PECVD SiO2
layer was reduced from 1.5 µm to 600 nm by FIB etching for evanescent light coupling. The
rib Si3N4 waveguide was fabricated by FIB etching with a width of 3.5 µm and a rib height
of 550 nm.
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Furthermore, we measured the surface roughness for both the LN microring resonator
fabricated by CMP and the trench in SiO2 layer (i.e., the bottom of the trench) generated
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by FIB etching that are critical in obtaining high Q factors. Figure 3a,b present the SEM
images of fabricated LN microring after CMP (step e in Figure 1) and the etched trench
of the SiO2 layer using FIB etching (step h in Figure 1). Using an atomic force microscope
(AFM), we measured the surface root-mean-square roughness (Rq) in the areas that are
indicated by the red squares in Figure 3a,b respectively. An ultralow surface roughness of
Rq ~ 0.45 nm can be achieved by the CMP processing, while a slightly higher roughness of
Rq ~ 1.22 nm was achieved after FIB etching. Based on the smooth surface morphology, we
can expect a high-Q LN microring resonator.
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We used an experimental setup to examine the coupling effect of the configuration and
characterize the optical mode structure of the LN ring resonator, as schematically shown in
Figure 4. A tunable laser (TLB 6728, New Focus Inc., San Jose, CA, USA) was employed to
couple light into and out of Si3N4 waveguide through the lensed fiber with a taper angle of
90◦. In order to enhance the detection signal, the tunable laser was boosted by an erbium-
ytterbium-doped fiber amplifier (EYDFA, Golight, Inc., Culbertson, NE, USA) before coupling
into the Si3N4 waveguide. The linewidth of the tunable laser is 200 kHz. The polarization
of the pump laser was adjusted by an in-line fiber polarization controller. A photodetector
measured the transmission of resonant mode (New focus 1811-FC-AC, Newport Inc., Irvine,
CA, USA). We used an arbitrary waveform generator (AFG3052C, Tektronix Inc., Beaverton,
DC, USA) to synchronize the tunable laser and oscilloscope signals.

Figure 5a shows the transmission spectrum for the wavelength range from 1537 nm
to 1562 nm. The free spectral range (FSR) of the microresonator was measured to be 3.34
nm. A pair of the splitting whispering-gallery modes at the resonant wavelength around
1543.52 nm was chosen for the measurement of the Q-factor by fitting with a Lorentz
function. The Q factors were measured to be 1.49 × 107 and 1.09 × 107, respectively, as
indicated by the Lorentz curves shown in Figure 5b. The Q factors vary from 2.9 × 106 to
1.49 × 107, which is mainly caused by the different coupling condition of the whispering
gallery modes. The high Q-factor of the LN microresonator indicates that the fabricated
device with the vertical integration configuration functions effectively for evanescent light
coupling between the LN microring and the Si3N4 waveguide.

34



Micromachines 2021, 12, 235Micromachines 2021, 12, 235 5 of 7 
 

 

 
Figure 4. Schematic of experimental testing setup. Inset: optical micrograph of the fiber lens cou-
pling with the Si3N4 waveguide. 

Figure 5a shows the transmission spectrum for the wavelength range from 1537 nm 
to 1562 nm. The free spectral range (FSR) of the microresonator was measured to be 3.34 
nm. A pair of the splitting whispering-gallery modes at the resonant wavelength around 
1543.52 nm was chosen for the measurement of the Q-factor by fitting with a Lorentz func-
tion. The Q factors were measured to be 1.49 × 107 and 1.09 × 107, respectively, as indicated 
by the Lorentz curves shown in Figure 5b. The Q factors vary from 2.9 × 106 to 1.49 × 107, 
which is mainly caused by the different coupling condition of the whispering gallery 
modes. The high Q-factor of the LN microresonator indicates that the fabricated device 
with the vertical integration configuration functions effectively for evanescent light cou-
pling between the LN microring and the Si3N4 waveguide. 

 
Figure 5. (a) Transmission spectrum of the LN microring resonator. (b) The Lorentz fitting of the 
splitting modes at the location of the red dotted box in Figure 4a reveals a Q-factor of 1.49 × 107 
(red solid line) and 1.09 × 107 (green solid line), respectively. 

Finally, we demonstrated that, in our scheme, the coupling efficiency as well as Q-
factor can be tuned by changing the thickness of the SiO2 cladding layer, i.e., the vertical 
distance between the Si3N4 waveguide and the LN microring. The distance was adjusted 
by precisely controlling the FIB etching depth of the PECVD SiO2 layer. When the thick-
ness of the SiO2 cladding layer was set to 1100 nm, the coupling efficiency was relatively 
low, leading to the undercoupling between the Si3N4 waveguide and the LN microring 
and giving rise to a high Q-factor of 6.6 × 106, as illustrated in Figure 6a,d. Subsequently, 
we adjusted the distance to 600 nm, as shown in Figure 6b. The transmission loss of the 
light in the microring was close to the coupling loss between the waveguide and mi-
croring, which indicated that the critical coupling condition was reached. The deepest dip 
can be observed in the transmission curve presented in Figure 6e, and the Q-factor was 
4.5 × 106. In general, the Q factor should be higher for the critical coupling condition than 

Figure 4. Schematic of experimental testing setup. Inset: optical micrograph of the fiber lens coupling
with the Si3N4 waveguide.

Micromachines 2021, 12, 235 5 of 7 
 

 

 
Figure 4. Schematic of experimental testing setup. Inset: optical micrograph of the fiber lens cou-
pling with the Si3N4 waveguide. 

Figure 5a shows the transmission spectrum for the wavelength range from 1537 nm 
to 1562 nm. The free spectral range (FSR) of the microresonator was measured to be 3.34 
nm. A pair of the splitting whispering-gallery modes at the resonant wavelength around 
1543.52 nm was chosen for the measurement of the Q-factor by fitting with a Lorentz func-
tion. The Q factors were measured to be 1.49 × 107 and 1.09 × 107, respectively, as indicated 
by the Lorentz curves shown in Figure 5b. The Q factors vary from 2.9 × 106 to 1.49 × 107, 
which is mainly caused by the different coupling condition of the whispering gallery 
modes. The high Q-factor of the LN microresonator indicates that the fabricated device 
with the vertical integration configuration functions effectively for evanescent light cou-
pling between the LN microring and the Si3N4 waveguide. 

 
Figure 5. (a) Transmission spectrum of the LN microring resonator. (b) The Lorentz fitting of the 
splitting modes at the location of the red dotted box in Figure 4a reveals a Q-factor of 1.49 × 107 
(red solid line) and 1.09 × 107 (green solid line), respectively. 

Finally, we demonstrated that, in our scheme, the coupling efficiency as well as Q-
factor can be tuned by changing the thickness of the SiO2 cladding layer, i.e., the vertical 
distance between the Si3N4 waveguide and the LN microring. The distance was adjusted 
by precisely controlling the FIB etching depth of the PECVD SiO2 layer. When the thick-
ness of the SiO2 cladding layer was set to 1100 nm, the coupling efficiency was relatively 
low, leading to the undercoupling between the Si3N4 waveguide and the LN microring 
and giving rise to a high Q-factor of 6.6 × 106, as illustrated in Figure 6a,d. Subsequently, 
we adjusted the distance to 600 nm, as shown in Figure 6b. The transmission loss of the 
light in the microring was close to the coupling loss between the waveguide and mi-
croring, which indicated that the critical coupling condition was reached. The deepest dip 
can be observed in the transmission curve presented in Figure 6e, and the Q-factor was 
4.5 × 106. In general, the Q factor should be higher for the critical coupling condition than 

Figure 5. (a) Transmission spectrum of the LN microring resonator. (b) The Lorentz fitting of the
splitting modes at the location of the red dotted box in Figure 4a reveals a Q-factor of 1.49 × 107 (red
solid line) and 1.09 × 107 (green solid line), respectively.

Finally, we demonstrated that, in our scheme, the coupling efficiency as well as Q-
factor can be tuned by changing the thickness of the SiO2 cladding layer, i.e., the vertical
distance between the Si3N4 waveguide and the LN microring. The distance was adjusted
by precisely controlling the FIB etching depth of the PECVD SiO2 layer. When the thickness
of the SiO2 cladding layer was set to 1100 nm, the coupling efficiency was relatively low,
leading to the undercoupling between the Si3N4 waveguide and the LN microring and
giving rise to a high Q-factor of 6.6 × 106, as illustrated in Figure 6a,d. Subsequently, we
adjusted the distance to 600 nm, as shown in Figure 6b. The transmission loss of the light in
the microring was close to the coupling loss between the waveguide and microring, which
indicated that the critical coupling condition was reached. The deepest dip can be observed
in the transmission curve presented in Figure 6e, and the Q-factor was 4.5 × 106. In general,
the Q factor should be higher for the critical coupling condition than that obtained in
the undercoupling condition. Here, the slightly lower Q-factor measured in the critical
coupling condition can be attributed to various imperfections in the fabrication process,
which could influence the intrinsic Q of the microring itself beneath the coupling Si3N4
waveguide. When the distance was further reduced to 100 nm, a higher coupling efficiency
was reached at the strong over-coupling, whilst the Q factor decreased to 2.6 × 106, as
illustrated in Figure 6c,f. The Q factor that we mentioned here is loaded Q factor.
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(d–f), respectively.

4. Conclusions

To conclude, we have demonstrated efficient evanescent coupling between the crys-
talline LN microring resonator fabricated by PLACE and the Si3N4 waveguide fabricated
by FIB with a vertical configuration. By controlling the distance between the waveguide
and microresonator, nearly critical coupling condition has been achieved with ultra-high Q
factors, i.e., the Q-factor of the fabricated LN microresonator was measured to be 1.49 × 107.
Furthermore, we demonstrated that the coupling efficiency can be continuously tuned
upon demand by varying the thickness of the SiO2 cladding layer. We should point out
that the coupling efficiency can also be tuned by changing the relative position between
the waveguide and the microring resonator in the horizontal plane. The scheme proposed
in this work is also beneficial for large-scale PIC integration, as multiple microresonators
can be remotely connected on a single chip using the same waveguide and the coupling
efficiency can be individually tuned, as reasoned above. Thus, the scheme provides a
promising photonic integration solution widely adopted by a broad range of LNOI pho-
tonic applications, which range from micro/nano-nonlinear optics and optical interconnect
to on-chip artificial intelligence demonstration, etc.
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Abstract: Polyvinyl Alcohol (PVA) is a promising polymer due to its high solubility with water,
availability in low molecular weight, having short polymer chain, and cost-effectiveness in processing.
Printed technology is gaining popularity to utilize processible solution materials at low/room
temperature. This work demonstrates the synthesis of PVA solution for 2.5% w/w, 4.5% w/w,
6.5% w/w, 8.5% w/w and 10.5% w/w aqueous solution was formulated. Then the properties of
the ink, such as viscosity, contact angle, surface tension, and printability by inkjet and aerosol jet
printing, were investigated. The wettability of the ink was investigated on flexible (Kapton) and
non-flexible (Silicon) substrates. Both were identified as suitable substrates for all concentrations of
PVA. Additionally, we have shown aerosol jet printing (AJP) and inkjet printing (IJP) can produce
multi-layer PVA structures. Finally, we have demonstrated the use of PVA as sacrificial material
for micro-electro-mechanical-system (MEMS) device fabrication. The dielectric constant of printed
PVA is 168 at 100 kHz, which shows an excellent candidate material for printed or traditional
transistor fabrication.

Keywords: aerosol jet printing; dielectric; etching; inkjet printing; polyvinyl alcohol (PVA), polymers;
sacrificial material; micro-electro-mechanical-system (MEMS)

1. Introduction

In 1915, Poly(vinyl alcohol) was discovered by F. Klatte from the precursor Poly(vinyl
acetate) [1]. After that, the preparation of PVA was firstly described by W. O. Herrmann and
W. Haehnel in 1924 [2–4]. However, it cannot be prepared with traditional polymerization
because its monomer vinyl alcohol is not stable and rearranges readily to acetaldehyde. It
is usually manufactured from hydrolysis of polyvinyl acetate, which involves the partial or
total replacement of the ester groups of vinyl acetate by hydroxyl groups under defined
conditions. Later, the PVA is precipitated, washed, and finally dried. The PVA properties
depend on the polymer chain’s length or the degree of polymerization and the degree of
hydrolysis [5,6]. PVA is an example of a water-soluble semi-crystalline synthetic polymer,
and it is also slightly soluble in ethanol. It is important to mention that the higher the degree
of hydrolysis and polymerization, the lower the solubility of PVA in cold water. Polyvinyl
alcohol is a semi-crystalline, non-toxic, water-soluble, and biodegradable polymer. It is
also biocompatible with human tissues and has excellent gas-barrier properties [7]. PVA
has many applications, including but not limited to the manufacturing of cleaning and
detergent products, in the food packaging industry, water treatment, textile, agriculture,
and construction [7–11]. It also has recently attracted an increasing amount of attention
for pharmaceutical uses (i.e., drug delivery) and in medical applications (e.g., wound
dressing, soft contact lenses, and eye drops) [12–15]. PVA films can be produced in either
a melt or solution form. Melt processing is compatible only with low hydrolysis or heavily
plasticized PVA. At the same time, a PVA film can be deposited from the solution form
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through drop casting, spin coating, and electrospinning, etc. [16–18]. However, these
methods have a few limitations in terms of waste of material. In case of spin coating, it has
been reported that about 95% of material is wasted with no design/features/patterning
capability [19–21]. Our work reports the synthesis of PVA and the potential of aerosol jet
and inkjet printing technologies as a mean to provide a novel platform to produce multi-
layer structures. This phenomenon will have a substantial impact on both the material
processing and application perspectives.

Recent developments in the thin-film deposition sector have focused on cheap, simple,
eco-friendly, and energy-saving processes. Printing is a modern fabrication process that
fits perfectly within this framework. The significant advantages of printing technology
are material utilization efficiency, mask-free and additive patterning, large area capability,
compatibility with many substrates, and the low-cost fabrication process [22–27]. Printing
technology is used to successfully deposit conductive and non-conductive nanomaterial,
polymers, ceramic, 1D/2D materials, dielectric, biological, and pharmaceutical-based
materials [28–31].

With the advancement of flexible electronics, low molecular weight and water-soluble
elastic polymers as well as high permittivity dielectrics are in demand for MEMS device
and flexible transistor fabrication [32–37]. Many polymers like polyvinylpyrrolidone (PVP),
polymethylmethacrylate (PMMA), and PVA have been studied for their water solubility,
electrical, and dielectric properties [38]. However, PVA is the most studied polymer due
to its versatile properties. It is highly water-soluble, has a low cost, and has suitable
film-forming properties.

The selection of appropriate sacrificial material is a crucial part of the MEMS fabri-
cation process. The sacrificial material must be deposited and finally removed without
disturbing other layers. Along with developing printed technology, researchers have been
working on selecting appropriate sacrificial materials for years. In [39], the use of sacrificial
layer technique is discussed to create multilayer metalized structure using SU-8 dielectric.
Multilayer suspended structure was successfully fabricated by adopting sputter coating,
which is another form of solution processible technique.

Additionally, the MEMS fabrication process is less standardized than other microelec-
tronics fabrication processes. 3D printed MEMS is a potential candidate among researchers
for a selection of less expensive materials and producing new structures for future appli-
cations [40]. However, it may be difficult to achieve sufficient resolution only with this
technology compared to traditional MEMS fabrication technology [36,37,41]. A fundamen-
tal study has been conveyed to fabricate graphene or graphite-based flexible MEMS devices
which enables future researchers to fabricate 2D material-based MEMS devices [42,43].

This study aims to present the synthesis of PVA solution for printing technology
(aerosol jet and inkjet printing), characterize the solution, and present the application of
PVA for MEMS and transistor device fabrication.

2. Experiments

Ink Formulation: The PVA solution is synthesized by mixing low molecular weight
(<400 kDa) PVA crystal with DI water and heating with a microwave. Different percent-
age of w/w PVA solutions were prepared for two printing techniques. Viscosity of the
PVA solution was varied by changing the percent of PVA powder. It is observed that
0.5%–4.5% w/w PVA is good for inkjet printing technology and aerosol jet technology
with the ultrasonic atomizer. The solution with >4.5% w/w PVA is suitable for aerosol jet
printing with the pneumatic atomizer and other printing methods such as screen printing,
spray coating, bar coating, blade coating, etc. To prepare a 2% w/w 10ml PVA solution,
10 mL of DI water is mixed with 0.2 g of low molecular weight PVA crystal and heated
with a microwave. The microwave’s power setting is kept at 1000 watts, and the solution is
microwaved for 180 s until a homogeneous solution is achieved. Later, the homogeneous
solution is centrifuged for 30 min at 5000 rpm to eliminate the big and clustered polymer
chains. Finally, the solution is filtered using a 0.25–0.45 µm filter before loading it to the
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printer reservoir. Figure 1 shows the 98% hydrolyzed PVA crystal from Sigma Aldrich
(St. Louis, MO 63178, USA) and the in-lab prepared PVA solution.
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Ink Characterization (Viscosity): Ink was prepared with 5 different concentrations;
2.5% w/w, 4.5% w/w, 6.5% w/w, 8.5% w/w, and 10.5% w/w PVA in DI water. An AMETEK
Brookfield (DV2T) (Chandler, AZ 85225, USA) viscometer is used to measure the viscosity
of each solution. Since the instrument gives multiple measured data for the viscosity
measurement for different shear rates, so standard deviation of viscosity is added to Table 1.
The standard deviation in Table 1 column 6 is among all the values of viscosity (at different
set of shear rates) including minimum and maximum viscosity.

Table 1. Viscosity measurement of all five PVA solution.

PVA Percentage (%) Spindle Speed
(rpm)

Shear Rate
(1/s)

Viscosity Minimum
(cP)

Viscosity Maximum
(cP)

Standard Deviation for
Viscosity

(cP)

2.5 50–200 375–1500 4.93 5.00 0.03
4.5 25–100 187.5–750 8.80 9.00 0.08
6.5 15–50 112.5–375 24.2 25.5 0.5
8.5 10–25 75–187.5 34.8 35.3 0.3
10.5 10–25 75–187.5 81 82 1

Viscosity was measured at 25 ◦C, with different spindle speeds and shear rate. Multiple
shear rates were used due to various concentrations of PVA, which results in different
viscosity. Usually, low-viscous inks need higher spindle speed and shear rate to get an
accurate result. Table 1 shows a summary of viscosity measurement.

Contact Angle and Surface Tension (on Kapton and Silicon): Appropriate surface
cleaning is a crucial step to acquire a good quality print. Substrates are cleaned in an air
plasma for 15 mins to remove organic contaminants and physical ablation. The plasma
cleaning process introduces chemical functional groups (carbonyl, carboxyl, hydroxyl) on
the surface to make it hydrophilic. This paper also investigates the effect of plasma cleaning
on contact angle. Since printable PVA is a water-based solution, a hydrophilic surface
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is essential to achieve a good quality print. The analysis of surface tension and contact
angle is carried out to present the degree of hydrophilicity before and after the plasma
cleaning process, which ultimately helped us decide hydrophilicity or hydrophobicity and
the wettability of the printable PVA solution. The literature found that the surface tension
in the range of (25–75) mN/m is adequate to achieve a good liquid tension toward the
surface [40]. Through experimentation the surface tension is found to be between 30 mN/m
to 50 mN/m for both the substrates. Since the expected surface tension is obtained without
plasma treatment, thus plasma treatment is not carried out to measure the surface tension.

On the other hand, contact angle presents the wettability or surface coverage of
a solution. The contact angle between 0◦–90◦ is preferable to achieve a good quality
print. However, a contact angle toward 0◦ will have high wettability, which means it
will spread out easily after printing process. This solution is good to cover large area
printing. In addition, the contact angle toward 90◦ will have less spreading issue and
higher possibility of holding any structure.

Surface tension and contact angle has been measured using a KRUSS Drop Shape
Analyzer (DSA 1000) (Gulf Coast Region, TX 78373, USA). The contact angle and surface
tension measurements were done at 20 ◦C and with a 2 mm syringe tip size. Two different
substrates, Kapton and Silicon, were used to test for all five concentrations of PVA. In
printed electronics, it is essential to check surface tension and contact angle for two reasons;
(i) determine the bonding between solution and substrate material and (ii) determine if
the solution can hold the structure. Figure 2 shows the contact angle of 2.5% w/w PVA on
Kapton without and with plasma treatment. The contact angle is found to be 73.5◦–74.4◦

for without O2 plasma-treated surface and 129◦–130◦ for the plasma-treated one. It is to
be noted that the substrate wettability is useful when the contact angle is between 0◦- 90◦.
So, the Kapton substrates do not need plasma treatment to achieve good quality printing
with PVA.
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Figure 2. The contact angle of 2.5% PVA on Kapton (a) without plasma treatment and (b) with plasma treatment.

Figure 3 shows the contact angle of 2.5% PVA on Silicon, and the angle is found to be
44.3◦–44.4◦ without O2 plasma-treated surface and 62.7◦–69.6◦ for the plasma-treated one.
From these two analyses, it is observed that the O2 plasma improves the contact angle of
the substrate significantly.
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Figure 4 shows the surface tension of 2.5% PVA on Kapton and Silicon. The surface
tension is found to be 42.03 mN/m for Kapton and 32.51 mN/m for Silicon substrate. To
achieve a good inkjet printing with any material, the surface tension has to be in between
(25–75) mN/m and viscosity has to be in between (1–8)cP [44].
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Table 2 shows the summary of contact angles on Kapton and Silicon for all five
concentrations of PVA. It is observed that both substrates show higher surface tension for
higher concentrated or higher viscous PVA. In addition, the contact angle does not vary
much for the Silicon substrate for all concentrated PVA while Kapton has the contact angle
between 0◦–90◦ without a plasma-treated surface, and above 100◦ for a plasma-treated one.
It is possible to achieve good printing with both the substrates, only Kapton does not need
plasma treatment.

Table 2. The summary of the contact angle on Kapton and Silicon without surface treatment.

PVA
Concentration

(%)

Contact Angle
(Kapton)

Contact Angle
(Silicon)

Surface Tension
(Kapton)
(mN/m)

Standard
Deviation for

Surface Tension
(Kapton)
(mN/m)

Surface Tension
(Silicon)
(mN/m)

Standard
Deviation for

Surface Tension
(Silicon)
(mN/m)

2.5 73.5◦–74.4◦ 44.3◦–44.4◦ 42.0 0.6 32.5 0.6
4.5 74.5◦–75◦ 44.3◦–45.2◦ 45.5 0.3 39 2
6.5 77.6◦–78.5◦ 45.3◦–45.5◦ 46 1 44.9 0.9
8.5 80◦–82.3◦ 45.4◦–45.9◦ 48.8 0.8 47 2

10.5 85.2◦–85.5◦ 46.3◦–46.6◦ 50.4 0.8 49.6 0.9
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Aerosol Jet Printing of PVA: An aerosol jet AJ 300 system from the company Optomec
was used to print a 5 mm by 5 mm pattern. The reason for printing a large pattern is to show
the print-quality for large scale printing area. In this work, two different printing methods
have been adopted to print a large area with AJP and small area with IJP. Furthermore, by
developing an appropriate ink waveform and printing parameters, it is also possible to
achieve both large and small area printing with both the deposition system. The aerosol
jet system has two different atomizers called ultrasonic atomizer and pneumatic atomizer.
The ultrasonic atomizer is used for the solutions that has a viscosity range of (1–5) cP, and
the pneumatic atomizer is used for all of the kinds of solution that have a viscosity from
(1–1000) cP. This article attempts to develop appropriate printing parameters and recipe to
print with ultrasonic atomizer.

During the ultrasonic atomization, the solution is agitated by a pressure wave of
appropriate frequency and amplitude. When a suitable pressure wave is applied, a capillary
wave structure forms at the liquid interface with a desire aerosol droplet dimension of 3 µm
to 5 µm. This capillary wave looks like a standing wave, where crests of these waves break
off to form the aerosol droplets. Different sizes of nozzles (e.g., 100 µm, 150 µm, 200 µm,
250 µm, and 300 µm) can be used with AJ 300 system. The polymer chains are tends to
amalgamate, which is why, the 200 µm nozzle is used to deposit the film. The other printing
parameters used during the deposition process are: printing speed 1 mm/sec, sheath gas
flow 5 sccm, atomizer gas flow 50 sccm, atomizer current 627 mA, platen temperature
45 ◦C, and curing temperature 80–90 ◦C for 15 min. Table 3 shows the summary of the
printing parameters for PVA deposition with ultrasonic atomizer.

Table 3. The summary of the printing parameters for PVA deposition with ultrasonic atomizer.

Atomizer Nozzle Size
(µm)

Printing Speed
(mm/sec)

Sheath Gas Flow
(SCCM)

Atomizer Gas
Flow

(SCCM)

Atomizer
Current (mA)

Platen
Temperature

(◦C)

Curing
Temperature

(◦C)

Ultrasonic 200 1 5 50 627 45 80–90

A test pattern size of 5 mm by 5 mm was designed using AutoCAD 2019 (Autodesk,
San Rafael, CA 94903, USA). The file was saved as .dxf format. Then, using manufacturer
provided plug-in, VMTools, the .dxf file was converted to .prg file. The .prg file is the
only file format that is supported by the AJ 300 deposition system. A multi-layer structure
is printed on a Silicon substrate. Figure 5 shows the two layers and four layers of PVA
printed patterns on the substrate. Although, the target length and width are 5 mm by 5 mm,
however, after printing the pattern size is 5.62 mm by 5.68 mm, and 5.93 mm by 5.93 mm
for two and four PVA layers, respectively. It is to be noted that, by appropriate pattern
modification, it is possible to achieve the target pattern size. The maximum size of pattern
that can be printed by an AJ 300 is 300 mm by 300 mm with the highest in-situ platen
temperature of 120 ◦C. For large sized or multi-layer pattern printing, the ink spreading
will increase along with time.

2.5% PVA was also printed on a Kapton substrate. Figure 6 shows the 5 mm by 5mm
pattern printed on both Kapton and Silicon substrate. Both have three printed layers, but
after printing, 6.17 mm by 6.14 mm was found for Kapton, and 5.83 mm by 5.83 mm was
found for the Silicon substrate. So, it can be concluded that the Silicon substrate is superior
to the Kapton substrate from the print-quality perspective.
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Thickness Profile of Printed PVA: KLA Tencor D-300 (Milpitas, CA 95035, USA)
profiler was used to measure the thickness and roughness profile of the printed patterns.
Figure 7 shows the thickness and roughness profile of four printed layers of 2.5% PVA on
the Silicon substrate.
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Inkjet Printing of PVA: The Fujifilm Dimatix DMP-2800 (Santa Clara, CA 95050, 
USA) deposition system allows fluidic materials on 8 by 11-inch substrate with a maxi-
mum substrate height of 25 mm. The deposition head utilizes a disposable piezo inkjet 
cartridge. The platen of the system is vacuum controlled with an adjustable temperature 
up to 60 °C. The ink-dispensing mechanism by piezo inkjet cartridge head is activated by 
four different voltage phases, which can be adjusted up to 40 V to achieve good jetting. 
The voltage phases break down a solution into droplets to start printing/jetting process. It 
is very difficult to handle long chain polymers with inkjet printing because the highest 
voltage of DMP-2800 cannot break the long polymer chains to make it into droplets form. 
However, PVA is a short chain polymer, hence it is possible to break it’s polymer chain 
with the voltage. Although, due to the amalgamation tendency, the nozzles tend to get 
clogged very frequently. PVA test print is carried out for two different types of pattern: 
For smaller area coverage and for larger area coverage, (i) 5000 µm × 150 µm line and (ii) 
5000 µm × 5000 µm square, respectively. 

Figure 8 shows the inkjet printed PVA on a Silicon substrate. Figure 8a is the single-
layer printed line with an average thickness of 3.5 µm and roughness (Ra) of 0.84 µm 
(Figure 8b). Additionally, Figure 8c shows the multilayer printed PVA with an average 

Figure 7. The thickness and roughness profile of 2.5%, and four printed layers of PVA.

The average thickness and roughness were found to be 5.7 µm and 1.8 µm, respectively.
Table 4 shows the summary of thickness and roughness profiles for different printed layers
on Silicon. It is observed from the table that the spreading and roughness both increased
with the increment of printed layers.

Table 4. Thickness and roughness profiles for different printed layers of PVA.

Printed Layers
(on Silicon)

Targeted Pattern
(mm × mm)

Achieved Pattern
(mm × mm)

Thickness
(µm)

Roughness
(µm)

1 5 × 5 5.44 × 5.44 1.8 0.45
2 5 × 5 5.62 × 5.68 2.53 0.7
3 5 × 5 5.83 × 5.83 3.73 0.86
4 5 × 5 5.93 × 5.93 5.68 1.8

Inkjet Printing of PVA: The Fujifilm Dimatix DMP-2800 (Santa Clara, CA 95050,
USA) deposition system allows fluidic materials on 8 by 11-inch substrate with a maximum
substrate height of 25 mm. The deposition head utilizes a disposable piezo inkjet cartridge.
The platen of the system is vacuum controlled with an adjustable temperature up to
60 ◦C. The ink-dispensing mechanism by piezo inkjet cartridge head is activated by four
different voltage phases, which can be adjusted up to 40 V to achieve good jetting. The
voltage phases break down a solution into droplets to start printing/jetting process. It
is very difficult to handle long chain polymers with inkjet printing because the highest
voltage of DMP-2800 cannot break the long polymer chains to make it into droplets form.
However, PVA is a short chain polymer, hence it is possible to break it’s polymer chain
with the voltage. Although, due to the amalgamation tendency, the nozzles tend to get
clogged very frequently. PVA test print is carried out for two different types of pattern:
For smaller area coverage and for larger area coverage, (i) 5000 µm × 150 µm line and (ii)
5000 µm × 5000 µm square, respectively.

Figure 8 shows the inkjet printed PVA on a Silicon substrate. Figure 8a is the single-
layer printed line with an average thickness of 3.5 µm and roughness (Ra) of 0.84 µm
(Figure 8b). Additionally, Figure 8c shows the multilayer printed PVA with an average
thickness of 5.5 µm and roughness (Ra) of 1.14 µm (Figure 8d). It is observed that the
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printed PVA has perfect coverage for the smaller area with low surface roughness, and it
has some dewetting and increased roughness issues for larger area coverage.
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The recipe used to start jetting the PVA is the default Fujifilm Dimatix jetting waveform.
Figure 9 shows the jetting condition of PVA solution with the drop watcher of DMP-2800.
The nozzles showed here are from 5 to 10 with a jetting velocity of about 4 m/sec. In
Table 5, it is seen that the thickness of the single layer deposited PVA is about 3.5 µm. We
have used only a single printed layer of 2.5% PVA solution to create a suspended structure
for MEMS device application. Typically for a standard MEMS device, the distance between
the top and bottom electrode should be (0.5–4) µm. Ideally, the lower the gap between
top and bottom electrode, the lower the actuation voltage. In this work, with 2.5% PVA
solution one printed layer of PVA gives about 3.5 µm thickness, and that is why the print
is limited to single layer only. For the concentrations > 2.5%, the thickness is assumed to
be > 4 µm. Thus, higher concentration of PVA is not taken into consideration to create the
suspended structure for the proposed application.
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Table 5. Summary table of characterized printed PVA.

Targeted Pattern Achieved Printed Layers Thickness (µm) Standard Deviation for
Thickness (µm)

5000 µm × 150 µm line 5250 µm × 190 µm line 1 3.5 0.8
5000 µm × 5000 µm square 5255 µm × 4060 µm square 2 5.5 1

The other parameters used to achieve good jetting is presented in Table 6. The param-
eter values for nozzle size, jetting frequency, nozzle voltage, platen temperature, cartridge
temperature, and meniscus is 10 pL, 2 kHz, 40 V, 50 ◦C, 30 ◦C, and 3, respectively.

Table 6. Additional inkjet printing parameters to print PVA.

Nozzle Size Jetting Frequency Nozzle Voltage Platen Temperature Cartridge Temperature Meniscus

10 pL 2 kHz 40 V 50 ◦C 32 ◦C 3

PVA as Sacrificial Material for MEMS Device Fabrication: Figure 10 shows the
schematic of a typical double clamped MEMS device where (a) shows the device schematic
with sacrificial layer and (b) is the final device after removing the sacrificial layer. The
sacrificial layer is an essential part of MEMS device fabrication and it is not a part of the final
device. This layer is used to make a suspended MEMS cantilever structure, then removed
by an etching process. In this work, printed PVA is introduced as a good alternative to other
sacrificial materials to make a suspended structure for the MEMS cantilever application.

It is to be noted that, this work does not present a complete MEMS device structure. It
only shows how PVA can be used as a material that can help create a suspended structure
using a safe and simple etching process.

Figure 11a shows the top view and the schematic that is used to make a suspended
structure. The cross-section region is illustrated in Figure 11b, while Figure 11c,d show the
elaborated cross-section view of the structure before and after the removal of sacrificial
layer. It is important to highlight that this structure is not a complete MEMS structure; here
the printed PVA is portrayed as a sacrificial material which can be used in MEMS device
fabrication in future work.
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Figure 10. The schematic of a typical double clamped micro-electro-mechanical-system (MEMS)
device structure. (a) MEMS device structure before the removal of sacrificial layer; (b) MEMS device
structure after the removal of sacrificial layer.
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Figure 11. Schematic of a suspended structure where printed PVA used as a sacrificial material. (a) schematic and top view
of the suspended structure; (b) the region from where the cross-section was taken, (c) structure before the final removal of
the PVA sacrificial layer and (d)final suspended structure after the removal of sacrificial layer.
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3. Results

Etching of PVA Layer: A DMP-2800 deposition system can handle materials with
viscosity up to 12 cP, which is why 2.5% PVA solution is chosen to deposit sacrificial layer.
A single layer of PVA with a thickness of 3.5 µm is deposited in between a top mesh
suspended structure (as cantilever) and bottom anchors as clamper. Later, the PVA layer
is removed using only hot DI water (80 ◦C–90 ◦C) without disrupting Ag layers. Table 7
shows the etching time and rate of 2.5% PVA layers with different thicknesses. It is to be
noted that, with the increase of thickness, etching time increased and etching rate decreased
due to the creation of strong polymeric bonding.

Table 7. Etching rate for PVA layers of different thicknesses.

PVA Layer
Thickness (µm) Etching Solution Etching Time Etching Rate

1 DI water with 110 ◦C 40 s 0.025 µm/s
4.5 DI water with 110 ◦C ~7 min 0.714 µm/min
9.5 DI water with 110 ◦C ~15 min 0.66 µm/min
15 DI water with 110 ◦C ~25 min 0.6 µm/min
23 DI water with 110 ◦C ~37 min 0.55 µm/min

PVA is used as a sacrificial material to create a free-standing mesh structure. Figure 12
shows the printed mesh structure (a) before and (b) after the removal of middle PVA layer.
The FEI Helios NanoLab 400 Dual Beam system (Hillsboro, OR 97124-5793, USA) with a
fully digital Field Emission Scanning Electron Microscope (FE SEM) is used to take the
imaging. An Everhart–Thornley detector with a voltage, current, and magnification of 8.00
kV, 0.17 nA, and 122 x, respectively, is used during imaging. A higher current and exciting
voltage would improve the imaging quality; however, a low exciting current is used since
PVA is a non-conductive polymer and higher current will destroy the sample.
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The SEM image shows a mesh double clamped suspended cantilever structure where
printed PVA is sandwiched between top mesh structure and bottom double clamped
anchors. In Figure 12a, the printed PVA is between mesh structure and anchors. In this
image, PVA is deposited between top mesh structure (where mesh structure deposited by
solution processible silver ink) and bottom anchor structure (anchors also deposited by
silver ink). The substrate is not visible at all, because extended part of deposited PVA is
covering the substrate region. It is important to emphasize that the four windows are not
precise enough, not because of the non-accurate deposition of PVA layer, but because the
windows are designed too small (50 µm by 50 µm) and it is very challenging to fabricate
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these small features with printing technique. The spreading of printed silver is responsible
for the non-uniform squares. On the other hand, Figure 12b shows the suspended and
free-standing mesh structure after the fully removal of PVA sacrificial layer. Additionally,
in this image, substrate is also fully visible as the PVA layer is completely gone due to
water etching.

It is to be noted that the mechanical structure or the cantilever of MEMS devices must
be free-standing as this will be a movable part. PMMA is the most widely used sacrificial
material for traditional MEMS fabrication techniques. However, PMMA is a long-chain
polymer, and it is not suitable for printing technology. PVA is a short-chain polymer with
low molecular weight; thus, PVA is used and suggested as a good alternative of PMMA as
sacrificial material for printing technology.

PVA as Dielectric Material for Transistor Fabrication: A Hermes Mercury Probe
802–150 (Materials Development Corporation, Chatsworth, CA 91311, USA) is used to
measure the dataset. The equipment measures capacitance of thin film on Si wafer using a
mercury dot to form another electrode. It creates a MOS capacitor. From there, the dielectric
constant is calculated using the following formula,

C = ε0εr Area/Thickness (1)

where εr is the dielectric constant.
The printed thin film of PVA on Si wafer acts as metal-oxide-semiconductor (MOS)

capacitor when attached to Hermes equipment’s probe and back contact. When the DC
voltage sweep is applied during CV measurement at low frequency, the MOS capacitor has
depletion, accumulation, and an inversion zone.

The dielectric constant of printed PVA has been calculated from capacitance vs. DC
bias voltage measurement. Figure 13 shows the capacitance vs. DC bias voltage at 100 kHz.
The DC bias voltage is applied from −20 V to 20 V, and the highest capacitance measured
is 4 × 10−10 F. From that measurement, the dielectric constant of printed PVA is calculated
to be 168.

1 

 

 

Figure 13. Capacitance Vs. bias voltage measurement.
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4. Conclusions

We have demonstrated the synthesis, characterization, and application of printable
PVA by Aerosol Jet Printing (AJP) and Inkjet Printing (IJP) technologies. Five different
percentage of PVA of 2.5% w/w, 4.5% w/w, 6.5% w/w, 8.5% w/w, and 10.5% w/w aqueous
solution were formulated and characterized with respect to viscosity, contact angle, surface
tension, and printability. We have demonstrated that the PVA solution can be used to
produce a multi-layer structure with patterning by AJP and IJP printing technology. This
polymer is also promising to use as a sacrificial material for MEMS device fabrication.
Additionally, the dielectric constant of printed PVA film is 168 at 100 kHz, which means it
can be an excellent candidate material for printed or traditional transistor fabrication.
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Abstract: Typical pneumatic soft micro actuators can be manufactured without using heavy driving
components such as pumps and power supplies by adopting an independent battery-powered mech-
anism. In this study, a thermopneumatically operated soft micro bellows actuator was manufactured,
and the standalone operation of the actuator was experimentally validated. Thermopneumatic
actuation is based on heating a sealed cavity inside the elastomer of the actuator to raise the pressure,
leading to deflection of the elastomer. The bellows actuator was fabricated by casting polydimethyl-
siloxane (PDMS) using the 3D-printed soluble mold technique to prevent leakage, which is inherent
in conventional soft lithography due to the bonding of individual layers. The heater, manufactured
separately using winding copper wire, was inserted into the cavity of the bellows actuator, which
together formed the thermopneumatic actuator. The 3D coil heater and bellows allowed immediate
heat transfer and free movement in the intended direction, which is unachievable for conventional
microfabrication. The fabricated actuator produced a stroke of 2184 µm, equivalent to 62% of the
body, and exerted a force of 90.2 mN at a voltage of 0.55 V. A system in which the thermopneu-
matic actuator was driven by alkaline batteries and a control circuit also demonstrated a repetitive
standalone operation.

Keywords: thermopneumatic; micro actuator; soft bellows actuator; independent actuation; poly-
dimethylsiloxane; 3D printing; standalone

1. Introduction

Soft actuators are manufactured from soft materials with high compliance and degrees
of freedom to handle unpredictable and dynamic tasks in unstructured environments [1–3].
The introduction of soft materials such as polydimethylsiloxane (PDMS) [4], polyurethane
(PU) [5], and thermoplastic polyurethane (TPU) [6], which have the advantages of elasticity,
easy processing (e.g., injection or casting), and low cost, inherently provides greater flexi-
bility in comparison to the typical robot, which is made of a rigid material [7]. Fang et al.
produced an assistive device that helped knee rehabilitation training using TPU fabric.
Calderón et al. developed a soft robot composed of a silicone elastomer (Ecoflex 00-50) by
mimicking an earthworm [8,9]. Wang et al. reported a soft grasping robot with a hinge
using PDMS. In particular, PDMS has been used in biomedical applications that include
lab-on-a-chip that deals with biological specifications and wearable devices attached to the
skin, thereby proving its biocompatibility over the past decades [10–13].

Various driving methods have been developed for soft actuators, which include
pneumatic pressure, cable-driven tendon, and electroactive polymer (EAP) [14]. Pneumatic
actuation applies air pressure to inflate a membrane with a low Young’s modulus; therefore,
it requires an external drive source such as a compressor, pump, or syringe [15,16]. The
cable-driven actuation produces a bend in the actuator when pulling the bendable cable
embedded in the soft actuator by an external motor [17]. EAP is a soft material that
generates mechanical deformation when stimulated by an electric field. However, to
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produce a noticeable deformation, a high voltage of several kV is required, for which a bulky
power supply is required [18]. Thermopneumatic soft actuators are being developed that
increase pressure by heating the internal air or fluid with built-in heaters, thereby switching
to mechanical strokes [19]. Here, the thermopneumatic actuators can be configured by
heaters and power supplies so that they offer favorable alternatives for miniaturization
and standalone operation to relieve the payload without the need for additional devices
for driving.

In this study, the micro thermopneumatic bellows actuators with standalone drives
were designed, constructed, and evaluated by miniaturizing the 3D bellows actuators
developed primarily for pneumatic driving and inserting 3D heaters for low voltage
operation. The heater supplies heat energy by using Joule heating when the current passes
through a conductive wire. The thermal energy supplied to the sealed internal air of the
bellows actuator increases pressure and exerts force from the inside of the bellows actuator,
generating movement in the intended direction as the folded bellows expands.

To manufacture the micro bellows actuator, the 3D-printed soluble mold technique
was used to realize the fully-3D micro body beyond the limited 3D (2.5D) [20] structure
of the conventional soft lithography technique [21,22]. Because the process of stacking
separate thin structures is excluded, this fabrication technique, which uses sacrificial molds
printed with build and support materials to cast liquid polymer, has the ability to minimize
unnecessary bonding while also achieving the desired 3D structure.

It is desirable that the microheater takes a 3D shape so that it can extend the heating area
to effectively heat the inner space of the micro bellows actuators. Therefore, the thermopneu-
matic soft micro bellows actuator was implemented by inserting a heater manufactured by
winding a copper wire in the form of a 3D coil having a low resistivity for low-voltage driving.
To analyze the thermodynamic and mechanical responses of the actuator, the temperature
of the internal cavity was estimated by measuring the resistance change of the heater. The
fabricated thermopneumatic bellows actuator was operated by an electric current to the heater
using a direct current (DC) power supply, and the displacement and force were measured
according to the rise in temperature of the sealed cavity. Finally, the standalone operation
of the proposed thermopneumatic bellows actuator was demonstrated using an embedded
control circuit driven by batteries.

2. Design and Fabrication
2.1. Design

To fully describe the design and operational principle of the proposed device, Figure 1
shows the structure of the thermopneumatic bellows actuator used in this work with
the design parameters. Among the design parameters of the cross-section, as shown in
Figure 1a, the bellows angle (θ) was determined to be 20◦ with the largest displacement
ratio estimated by a numerical simulation performed by varying the bellows angle between
10◦ and 30◦, as shown in the previous study [23]. The bellows thickness (t) for thermopneu-
matic actuator was 250 µm, considering the empirical limitations of the 3D printing and
casting process. Polyamide-imide enameled copper wire of a diameter (d) of 200 µm was
used for coil heaters. The coil heater diameter (D) was set to 1000 µm by the wire diameter
and winding method of the copper wire, which is discussed in Section 2.2. Finally, the
bellows inner diameter (w) was designed to be 1100 µm to prevent interference caused by
contact with the heater during operation. The bellows actuator had five repeated bellows.

The working principle of the thermopneumatic actuation is that the internal air of the
bellows actuator expands when heated by a heater, causing deflection of the bellows. The
thermodynamic relation between the absolute temperature T, pressure P and volume V of
a system is given by the well-known ideal gas equation:

PV = nRT (1)
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where n is the number of moles of the gas and R is the gas constant. The variation of
volume and pressure by changing the temperature is then given by:

P0V0

T0
=

P1V1

T1
(2)

where V1 and P1 are the volume and pressure at a set temperature T1, whereas V0 and P0
are the volume and pressure at room temperature T0, which is 293.15 K. As the temperature
increases, the volume of the air expands and the pressure of the air increases causing
a deformation in the actuator. Therefore, the force F exerted by the bellows actuator is
expressed as:

F = (P1 − P0)S =

(
P0V0T1

V1T0
− P0

)
S (3)

where S is the effective area where the bellows head contacts the object. Since PDMS is
hyperelastic, the pressure of the cavity according to the ideal gas law does not accurately
account for the changes in PDMS features when it expands [24].
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Figure 1. Concept of thermopneumatic bellows actuator. (a) Schematic cross-section showing the main design parameters
of bellows angle (θ = 20◦), bellows thickness (t = 250 µm), bellows height (h = 655 µm), wire diameter (d = 200 µm), coil
heater diameter (D = 1000 µm), and bellows inner diameter (w = 1100 µm). The coil is double wound inside the bellows.
(b) Temperature distribution of thermopneumatic bellows actuator using conjugate heat transfer module. The results are
obtained by setting the power of the heater to 0.98 W, ambient temperature to 20 ◦C, and convection heat transfer coefficient
to 5 W/(m2·K). (c) Simulated deflection plots of the thermopneumatic bellows actuator using solid mechanics module. Wire
frame outlines the resting actuator. Deflected actuator is shown with a color map depicting von Mises stress. (Red and blue
indicate 280 kPa and 0 Pa, respectively.) The second-order Ogden model was used to evaluate the mechanical motion of
PDMS bellows.

For numerical analysis of the motion of the designed thermopneumatic bellows
actuator, COMSOL Multiphysics® (Stockholm, Sweden) was used to calculate the heat
distribution of the entire actuator by the heater using the conjugate heat transfer module.
The mechanical motion according to the thermal expansion of the air was sequentially
calculated using the solid mechanical module given in Figure 1b–c. Using a simplified
heater with an axisymmetric structure, the movement of the actuator was recorded as the
maximum displacement when it reached the steady state which was 60 s after supplying
power to the Joule heater through a time-dependent study. In the heat distribution analysis,
the heat transfer coefficient of the convective heat flux generated on the bellows surface
was set to 5 W/(m2·K), and the ambient temperature was set to room temperature (20 ◦C).

When heated at high speed, PDMS was reported to be thermally decomposed at
530 ◦C [25]. When the heater applied 0.98 W of power to produce the highest heat within
the limit of the PDMS deformation, the maximum temperature of the heater and the inner
PDMS surface of the bellows were estimated to be 541.87 ◦C and 421.77 ◦C, respectively. In
addition, the average temperature of the heated air of the entire cavity was 324.99 ◦C, re-
sulting in a pressure of 12.62 kPa, which was consistent with previously reported work [23].
As shown in Figure 1c, the pressure generated by thermal expansion caused the soft PDMS
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bellows to unfold. In other words, the von Mises stress of 281.50 kPa was applied to the
edge of the folded bellows, operating vertically against the direction in which the bellows
were folded, and consequently resulting in the intended stroke of 1976 µm.

2.2. Fabrication

The thermopneumatic bellows actuator was fabricated using a technique of chemically
removing the mold after casting PDMS, an elastomer [26]. As shown in Figure 2a, after
designing with 3D CAD (Inventor®, Autodesk, Mill Valley, CA, USA) the mold was printed
with a 3D printer (3Z STUDIO, Solidscape, Merrimack, NH, USA) using a build material
and a support material that filled the empty space of the mold to support the structure
during stacking of each printed layer. The printed output was dipped in a dewaxing
solvent (BIOACT® VSO, Petroferm, Warren, NJ, USA) that flowed at 400 rpm at 50 ◦C
and selectively removed the support material for 18 h, after which it was dried for 3 h
in a vacuum chamber as shown in Figure 2b. There were 20 etch holes connecting the
outer walls of the hexahedron mold with the edges of the inner bellows. The etch hole was
designed to be 400 µm × 200 µm to help with the inflow of the dewaxing solvent but to not
interfere with the appearance of the bellows. In Figure 2b, the central part was connected
and fixed to the outer shell structure by supporting bridges (not represented in the figure)
located at the bottom of the mold.
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remove air bubbles, and then poured into the empty space of the mold. The mold filled 
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Figure 2. Fabrication process of cross-sectional thermopneumatic bellows actuator. (a) The actuator was printed through
a 3D printer as a mold composed of build and support material. (b) Support material was dissolved through etch holes
placed around the edge. (c) Polydimethylsiloxane prepolymer was poured and cured after vacuum. (d) PDMS bellows
actuator after dissolving the mold. (e) 3D coil heater implanted inside the bellows actuator. (f) A thermopneumatic actuator
after sealing with the PDMS plug.

A PDMS prepolymer (Sylgard 184, Dow Corning, Midland, MI, USA), which was
mixed with a curing agent in a 15:1 weight ratio, was placed into a vacuum chamber to
remove air bubbles, and then poured into the empty space of the mold. The mold filled
with PDMS was degassed again inside the vacuum chamber for 2 h in order that PDMS
could be fully filled inside the mold, and then it was cured in an oven at 75 ◦C for 24 h
(Figure 2c). Next, the mold was placed in acetone for 3 h to dissolve, followed by cleaning
with deionized (DI) water, after which a single body bellows actuator consisting of PDMS
was formed (Figure 2d). It should be noted that the 3D-printed soluble mold technique
fabricated 3D elements in a single body by excluding aligning and bonding steps of soft
lithography, which were required for multiple separate layers. In addition, the use of
3D printers allowed faster prototyping than the typical microfabrication based on the
soft lithography.

The Joule heater located inside the actuator was made of copper wire covered with
enamel. Although several types of commercially available copper wires were tested, copper
wires with a diameter of 0.15 mm or less, heated up to approximately 300 ◦C and broke. The
Joule heater made of a 0.2 mm diameter copper wire maintained the mechanical stiffness
for uniform heat transfer at the center of the bellows and retained a 3D coil shape without
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bending. It was also experimentally confirmed that the heater was reusable after the electric
power was applied at the required temperature for the actuator. After the copper wire with
a diameter of 0.2 mm was cut to a length of 50 mm to maintain a resistance of 50 ± 1 mΩ,
the coil heater was formed by double winding the copper wire around a 0.2 mm diameter
stainless steel pole, with an outer coil diameter of 1.0 mm. The manufactured heater
was used as the actuator element only if the resistance measured using a milliohmmeter
(MO-2012, LUTRON, Taipei, Taiwan) was uniformly within ±2%.

The 3D heater supplying the heat energy to the cavity inside the bellows actuator
was inserted 5.0 mm from the bellows entrance and placed in the center of the cavity
(Figure 2e). To tightly block the bellows entrance after the heater was inserted, a cylinder-
shaped PDMS plug with an outer diameter equal to the inner diameter of the actuator
entrance was manufactured separately and inserted into the bellows entrance. The plug
had an oval center hole with a 0.4 mm long axis that allowed the heater to be connected
externally. The liquid PDMS was covered with the gap between the actuator and the plug
and cured in an oven at 75 ◦C for 30 min to seal the cavity of the actuator (Figure 2f).

The fabricated thermopneumatic bellows actuator using the 3D-printed soluble mold
technique is shown in Figure 3. The micro thermopneumatic bellows actuator has a volume
of 26.4 mm3 and mass of 42 mg, which could operate as a thermopneumatic mechanism by
applying low power at the level supplied by a battery. By cutting the fabricated actuator,
as shown in Figure 3b into a plane perpendicular to the entrance, it was confirmed that the
heater did not physically interfere with the bellows edges.
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with the coil heater.

3. Experimental Results
3.1. Temperature Characteristics

Methods for temperature detection are divided into contact and non-contact types [27].
The non-contact temperature sensors, such as infrared (IR) thermometers, can only mea-
sure the surface temperature of an object. Because the cavity inside the thermopneumatic
bellows actuator is surrounded by PDMS, the IR thermometer has a limitation in accurately
measuring the temperature of the closed air in the cavity. On the other hand, contact tem-
perature sensors such as thermocouples, resistance temperature detectors, and thermistors
that require insertion inside the actuator cause the size of the actuator to increase owing
to the space occupied by the sensor, and further require additional equipment to read the
sensor. Alternatively, the temperature of the cavity with a volume of 12.7 mm3 inside the
micro actuator was analyzed by measuring the temperature of the heater itself because the
cavity was heated to the same level as the heater in 1.52 s. To measure the temperature
of the heater, it was experimentally matched with the relationship of the resistance and
temperature of the heater before inserting the heater into the actuator. R-T (resistance-
temperature) relationship of the heater was measured by employing a linear regression
on the collected data from an IR camera (Seek Thermal Compact PRO, Santa Barbara, CA,
USA) for the temperature and a digital multimeter (TX3 True RMS Digital Multimeter,
Tektronix, Beaverton, OR, USA) for the resistance outside the bellows actuator (Figure 4a).
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The resistance of the heater was 48 mΩ at room temperature (20 ◦C) and 96 mΩ at 300 ◦C.
Consequently, the heater temperature above 300 ◦C, which was outside the measurement
range of the IR camera, was estimated using the experimental relationship between the
resistance and the temperature of the heater given R = 0.1715 T + 44.796. After inserting
the heater into the bellows actuator, it was possible to measure the internal temperature of
the bellows in real time through the resistance of the heater, as shown in Figure 4b. When
0.50 V was applied to the heater, the heater inside the bellows actuator was heated to 492 ◦C,
and 12.6 s was taken to reach a steady state. The resistance of the heater according to the
temperature was used to analyze the mechanical motion of the actuator using COMSOL®

and to reduce the discrepancy with the measurement result.
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Figure 4. Temperature characteristics of a microheater. (a) Calibration of microheater through linear regression. R-squared
of the linear regression is 0.9818. (b) Temperature–time curves under voltages of 0.5 V, measured based on the relationship
between the resistance and temperature of the heater.

3.2. Displacement Characteristics

Figure 5 shows the increased displacement of the thermopneumatic bellows actuator
by applying a voltage of 0.55 V at 0.05 V intervals. It was observed when a voltage of 0.60 V
or more was applied to the heater, a pressure exceeding the ultimate tensile strength of
PDMS was generated inside the actuator, resulting in damage to the bellows actuator. The
displacement, therefore, was measured for a voltage less than 0.60 V. The displacement
was measured perpendicular to the plane from the head of the bellows using an optical
microscope (UM12, Microlinks Technology, Kaohsiung, Taiwan), and then the recorded
image frames were analyzed using a custom-built Python-based image processing tool.
The expected and measured displacements as a function of the supplied voltage are plotted
in Figure 5b. When a voltage of 0.55 V was applied, the actuator showed a displacement of
average of 2184 µm from the five samples. There was an average error of 16.2% compared to
the predicted value. This is most likely because the measured performance of the actuator
is affected by the mixing ratio of the base and agent mixture of PDMS. Also, the elastic
properties of the fabricated PDMS have a discrepancy owing to the inconsistency with the
parameters of the hyperelastic Ogden model for the numerical analysis [28,29].

The movement of the actuator reached a steady state after 15.24 s of applying a constant
voltage. Therefore, in order to verify the repeated operation of the thermopneumatic
bellows actuator, the displacement was measured by applying a pulse of 0.50 V with a
33% duty ratio with a heating time of 60 s (including a retention driving) and a cooling
time of 120 s (Figure 5c). The displacement took 2.69 s longer to reach the steady-state
response compared to the temperature of the inner heater using the heater resistance, as
shown in Figure 4b. This is consistent with the calculated result that it took an average of
1.52 s for the air in the cavity to heat up to the same temperature as the heater. Therefore,
it was confirmed that the increased temperature of the heater immediately heats the
air in the actuator cavity, resulting in the mechanical motion of the actuator. It was
observed that the actuator showed a 9.4% decrease in displacement after 10 repetitive
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operations, and a 12.8% decrease after 15 repetitions. The thermopneumatic driving
method inherently increases the temperature of the PDMS bellows, causing a decrease in
the ultimate tensile strength [30]. Thus, it is most likely that degradation by heat caused a
decrease in performance of the actuator.
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Figure 5. Displacement response generated by Joule heating. (a) Images of a thermopneumatic bellows actuator in stop
motion due to a voltage applied at 0.10 V intervals from 0 V to 0.55 V. The scale bar is 2.0 mm. (b) Steady-state displacement
of thermopneumatic bellows actuator versus applied voltage to the heater. Voltage was applied to the heater at intervals of
0.05 V up to the maximum operating voltage of 0.55 V. (c) Displacement of thermopneumatic bellows actuator when two
cycles of 0.50 V pulse voltage with 180 s, duty ratio of 33% were applied.

In this paper, we built the bellows actuators based on PDMS, which has been verified
for decades for biomedical applications. However, considering only thermal degrada-
tion, materials that are more thermally stable than PDMS such as α, ω-Trimethylsiloxy-
poly(dimethyl-methylchloromethyl) siloxane (PDCMS) and polydimethylsiloxane/zeolitic
imidazolate framework (PDMS/ZIF) can be applied for the thermopneumatic bellows actu-
ators [31,32]. Changes in the design parameters of the actuator can also result in thermally
stable behavior of a specific stroke. As the number of bellows increases, the displacement
of the bellows actuator increases. Thus, by driving at a voltage lower than the voltage that
could cause the thermal degradation and also increasing the number of bellows sufficient
to achieve the required stroke, the exposure to high temperatures in PDMS can be reduced,
thereby preventing the reduction of the ultimate tensile strength in PDMS. More impor-
tantly, the 3D-printed soluble mold technique, which is developed to produce a bellows
actuator, readily enables a variety of soft polymer actuators or design changes without
fabrication process revision, except for selecting the appropriate dissolving solvent [23].

Several studies have reported the PDMS membrane with thickness ranging from
tens of µm to hundreds of µm to pneumatic actuation without side effects from gas
permeation [10,33]. In particular, according to S Sawano, the 110 µm thick PDMS membrane
pump exhibits only about 2% deflection change over 1 h and about 13% over 10 h due to
the gas leakage [33]. Since the bellows actuator in this paper consists of a PDMS membrane
(250 µm in thickness) that is more than twice as thick, it is relatively insensitive to the gas
leakage caused by the pores inside the PDMS. In addition, the bellows actuator maintains
the internal cavity pressure continuously by the supply of the electrical power for the
required displacement. After the driving power is switched off, the pressure inside the
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cavity is lowered by air temperature cooling, not by the leakage, which in turn the actuator
is restored to its original state. As a result, the operation of the bellows actuator is governed
by the pressure formed by the electrical power supplied, while the gas leakage is negligible.

3.3. Force Characteristics

As shown in Figure 6, the force exerted by the actuator in the stroke direction according
to the driving voltage was compared with the expected result. The tail of the actuator
was fixed to the clamp, and the head, which was the part where the actuator deformed,
was positioned such that it touched an electronic scale. The measured weight according
to the force applied vertically by the actuator’s expanding head was calculated as the
exerted force by multiplying with the acceleration due to gravity. As the internally applied
pneumatic pressure was applied to the walls of the inner space of the actuator, it was
directly transmitted in the form of force exerted by the bellows actuator, resulting in a
linear response. The measured force had an average error of 12.2% when compared with
the numerically calculated force. It seemed that the heat conduction occurred between
the end of the bellows and the thermal conductive surface of the scale, thus resulting in
a discrepancy between them. The exerted force of 90.2 mN demonstrated that a single
actuator with a thermopneumatic actuation mechanism has sufficient force to push an
object [34].
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Figure 6. Steady-state force characteristics. (a) Experimental data (dot) and model prediction (solid line) of the thermopneu-
matic actuator, voltage was applied up to the maximum operating voltage of 0.55 V, and the force was measured at 0.05 V
intervals. (b) Measuring the vertical force applied during expansion when 0.55 V, the maximum operating voltage of the
thermopneumatic actuator, is applied. Inset shows measured mass in gram.

3.4. Standalone Operation of Thermopneumatic Bellows Actuators

The power supply can provide stable voltage and current to drive the thermopneu-
matic bellows actuator. However, compared to the entire volume and weight of the micro
actuator, the commercially available power supply is generally heavy. In addition, the
external power units must be wired to an outlet. To relieve the bulky payload, a thermop-
neumatic bellows actuator system for standalone driving was built with batteries and a
control circuit. The standalone system depicted in Figure 7 and Video S1 is composed of an
MCU (ATTINY13A-SSU, Microchip Technology, Chandler, AZ, USA), a switching MOSFET
(FDS6680A, Fairchild Semiconductor, Sunnyvale, CA, USA), button cell batteries (LR732),
and an alkaline battery. To supply a voltage of 0.40 V to the heater, a 1.5 V AAAA battery
for the heater drive was connected to the thermopneumatic bellows actuator through the
switching MOSFET.
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4. Conclusions

Soft micro bellows actuators with thermopneumatic actuation for independent driving
were designed, fabricated, and evaluated. The 3D thermopneumatic bellows actuator was
manufactured using the 3D-printed soluble mold technique in a single body; therefore,
no degradation of performance due to air leakage occurred until the fracture stress of the
PDMS itself was reached. The performance of the actuator was evaluated by supplying
a voltage of up to 0.55 V to prevent the thermal degradation of PDMS. It was observed
that the thermopneumatic bellows actuator showed displacement up to 2184 µm and
operated repeatedly. It was also confirmed that a standalone operation was possible by
configuring the actuator with a control circuit and batteries instead of bulky external devices
by changing the operation mechanism from pneumatic to thermopneumatic method. This
implies that an autonomous micro soft robot can be constructed that achieves various
motions by arranging several actuators using accurate adjustment of large displacements
in an intended direction.
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Abstract: The paper is focused on the development and optimization of strontium ferrite nanomate-
rial and photosintered flexible thin films. These magnetic thin films are characterized with direct
current (DC) and high frequency measurements. For photosintered strontium ferrite samples, we
achieved relative complex permeability of about 29.5-j1.8 and relative complex permittivity of about
12.9-j0.3 at a frequency of 5.9 GHz.

Keywords: ferrite materials; magnetic thin films; strontium ferrite nanomaterial; relative permeabil-
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1. Introduction

Ferrite materials, e.g., spinels and garnets, have attracted research interest in recent
times because of their excellent microwave frequency characteristics such as low magnetic
loss. Bulk ferrite materials have been widely used in the manufacture of microwave devices
such as modulators, circulators, etc. [1]. However, thin films of ferrite materials have unique
electrical, mechanical, and optical properties compared to their bulk counterparts. In many
cases, these unique properties are a consequence of film thicknesses being below the length
scale of magnetic domains in a material. As a result, desirable magnetic properties of ferrites
can be engineered at the submicron level and are readily controlled. For example, the
magnetic properties of zinc-ferrite thin film have been reported to show a sharp deviation
from the bulk [2]. Furthermore, the permeability of a 0.6 µm a nickel-zinc ferrite thin film
deposited on a 2 mm glass substrate by spin-spray exhibits a higher permeability than
the Snoek’s limit of bulk Ni-Zn [3]. Ferrite magneto dielectric materials are promising for
antenna miniaturization and enhanced performance at microwave frequencies [4]. The
measured properties of magnetic thin films can provide deeper insight into the fundamental
structure and behavior of the materials. For example, soft magnetic thin films with high
permeability and permittivity at MHz and GHz frequencies have received much recent
research attention [5,6] because of the rapid growth of microwave technology sectors
(e.g., WiFi and 5G). There are several techniques for determining the permeability and
permittivity of magnetic thin films. Some are single frequency techniques while others are
techniques that provide information over a broad frequency range [7]. In this work, we
investigated thin ferrite materials properties such as permeability and permittivity at both
direct current (DC) and high frequencies.

DC characterization of ferrite films was considered as fundamental research. In
turn, it is also important to know the characteristics of ferrite materials at high frequency.
Investigation at high frequency is a possible pathway for the future application of mag-
netic waveguide design in the radio frequency band of interest (i.e., C-band). Nicolson
and Ross [8] developed a technique for determining permittivity and permeability from
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measurements of the reflection and transmission coefficients of a material sample placed
in a transmission line. Weir [9] applied this technique to measurements made using a
network analyzer. The basic concept is to measure the S-parameters of a sample placed
in a transmission line and determine the intrinsic properties required to produce these
measurements.

We developed ferrite materials and deposited them on flexible Kapton films. The
ferrite thin films were examined with X-ray diffraction (XRD) to observe the material
crystallinity. The XRD confirmed that the ferrite thin films had good crystallinity and
indicated a high-quality film. We characterized properties of the ferrite thin films under DC
and high frequency measurements. The results show high magnetic permeability and elec-
trical permittivity, which supports the XRD assessment indicating high film quality. These
high-quality ferrimagnetic thin films appear promising for flexible microwave devices due
to their high permeability.

2. Materials and Methods

Hexaferrites such as Sr- and Ba-doped hexaferrites together with bismuth ferrite, have
many properties, which make them suitable for GHz devices [10,11]. We will now describe
our synthesis process for the materials we studied.

2.1. Synthesis of Strontium Hexaferrite

To synthesize nano particulate strontium hexaferrite, a Pechini sol–gel chemistry was
used. Iron nitrate nonahydrate and strontium chloride were dissolved in water at a 12:1
molar ratio to produce strontium ferrite hexaferrite, SrFe12O19. Citric acid and ethylene
glycol were added, which undergo a transesterification reaction forming a covalent polymer
network to ensnare the dissolved metal ions. To this solution, 1 M sodium hydroxide was
added dropwise initiating the reaction and causing red brown solids to precipitate out of
solution as the reaction became progressively basic. Enough sodium hydroxide was added
to achieve a pH between 13 and 14 to ensure conversion. The precipitated particulates
were collected by centrifugation and rinsed several times with water to remove the NaCl
byproduct. To achieve crystallinity, the dried powder was annealed in air at 500 ◦C for 1 h. It
is during this annealing stage where the polymeric precursor previously formed with citric
acid and ethylene glycol keeps the metal ions homogeneously dispersed throughout the
network and slows particle growth or “ripening” under the high temperature conditions.
In Figure 1, the SEM images show the particles to be 50–100 nm and have a quasispherical
appearance.
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2.2. Paste Formulation and Application of Strontium Ferrite Thin Films

The ferrite nanopowders were formulated into a paste consisting of terpineol (solvent),
BYK 111 (dispersant), Pycal (plastisizer), polyvinyl pyrrolidone (PVP, binder) and the ferrite
powder added to a mass fraction of between 60% and 80%. The mixture was then ball
milled to achieve a homogeneous consistency. This paste was deposited onto Kapton and
polyethylene terephthalate (PET) substrates by a simple doctor blade process. The applied
films were dried in an oven at 100 ◦C to remove solvent. Figure 2 details the process.
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before and after spreading by doctor blade onto a plastic substrate.

2.3. Photosintering of Strontium Ferrite Thin Films

The deposited films were photosintered with a PulseForge® 1300 (NovaCentrix,
Austin, TX, USA) using various voltages and pulse durations to determine the amount
of incident photonic energy needed to reflow the particle grains and transform the dried
particle film into a bulk material. A variety of single to multi pulse sequences with gradu-
ally increasing pulse durations up to 10 milliseconds were attempted at voltages ranging
from 400 to 700 V. Longer pulse durations divided by 25–100 micropulses were found
to be the most effective. An example sequence that delivers a photonic energy of 16.5
J/cm2 at 575 V, 8 millisecond duration, divided in 100 micropulses and 50% duty cycle,
which is the percentage of time the light is on during the entire sequence is shown in
Figure 3. The expected temperature peak was 2200 ◦C and cools to a room temperature in
around one second. The PulseForge® Simpulse® software (NovaCentrix, Austin, TX, USA)
predicts a peak temperature of 1900–2530 ◦C for a voltage between 525 and 700 V keeping
all other parameters the same as shown in Figure 3. This corresponds to an optical energy
delivered per area between 13.8 and 24.9 J/cm2 as the voltage increased. High temperature
is required to effectively reflow the ferrite grains, which have a high melting point. Iron
oxide powders are reported to have melting points between 1530 ◦C and 1570 ◦C.
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Figure 3. (Left) Screenshot of an example pulse sequence used on the PulseForge® 1300 to photosinter
strontium ferrite thin films. (Right) SimPulse® predicted temperature profile for the pulse indicated.

For green films 10 micron thickness and below, it was found that a single sequence as
shown in Figure 3 was sufficient to completely solidify, but thicker films 20 microns and
above required lower voltages 450 V and for the sequence to be repeated multiple times with
a few seconds between each sequence to prevent overheating of the substrate. This way the
sinter can penetrate the thicker layers without melting the plastic substrates. SEM images
found in Figure 4 show a deposited nanoparticle film before and after photosintering.
The images on the left in Figure 4 are a top-down and cross section of the “green”, as the
deposited film shown in Figure 2. The film appeared granular and a crack formed upon
drying can be seen traversing the film on the top-down image. The images to the right in
Figure 4 were the corresponding photosintered films. The grains were clearly reflowed
as evidenced by the smooth appearance to form a bulk material. The film appeared to
lose 4-6 microns of film thickness due to ablation at the surface and densification. The
granular layer just below the reflowed film in the photosintered cross section image was a
fumed nano silica layer that is applied to PET printing media films (Novele™) to allow the
reflowed material to bind strongly to the substrate.
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3. Results
3.1. DC Characterization

We characterized the magnetic and electrical properties of strontium ferrite materials
at DC. The DC measurement provides data for analysis of the static properties of the films.
Magnetic properties of ferrite materials were evaluated using various characterization
approaches. The X-ray diffraction (XRD) was used for assessing the crystallinity of the
ferrite materials. The relative permeability and relative permittivity were analyzed using a
vibrating sample magnetometer (VSM) and a mercury probe station respectively. Sheet
resistance of the thin film was measured by the Van Der Pauw method at room tempera-
ture and environment using the Karl Suss four-point probe station and Keysight B1500A
semiconductor device analyzer that uses tungsten probes.

3.1.1. XRD Analysis

X-ray diffraction (XRD) is a technique that gives us crystal structure. The intensity of
the scattered X-rays was plotted as a function of the scattering angle, and the structure of
the material was determined from the analysis of the location, in angle, and the intensities
of scattered intensity peaks [12].

Both the raw synthesized strontium ferrite (Sr-ferrite) powder annealed at 500 ◦C and
the fabricated thin film samples (as made and photosintered using a PulseForge 1300) were
analyzed by a Rigaku SmartLab X-ray diffractometer (XRD) to determine the crystalline
phases. Figure 5 displays the presence of multiple peaks between 30 and 40 and 2θ confirms
the introduction of an additional structural phase of the ferrite material because the known
undoped ferrite phases (i.e., nano magnetite (Fe3O4) and maghemite (Fe2O3)) are both
known to only yield one strong peak in this region [13,14]. Further, the primary peak
from the XRD of the synthesized strontium ferrite powder revealed that the coprecipitated
strontium ferrite annealed at 500 ◦C did not match the XRD reported in the literature for
strontium hexaferrite nanopowder; instead, matching the XRD for Fe2O3 as seen in Figure
5. Further, the larger magnitude of the hump in the 15◦ region compared to the literature
values of the hexaferrite was indicative of substantial inclusion of amorphous structure
in the synthesized powder. The lattice mismatch and additional amorphous structure
of the synthesized compared to the literature XRD was reasonable due to the annealing
temperature (500 ◦C) used for the synthesized powder being substantially lower than what
is reported for the literature reference (850 ◦C).
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Figure 6 shows the XRD for the as made strontium ferrite film followed by two samples
independently photosintered at 525 V, two samples independently photosintered at 550 V
and a final film photosintered at 575 V. The same sequence was used for each photosintered
film (see Figure 3) by gradually increasing the voltage, the photonic energy and peak
temperature was gradually increased. The predicted temperature for these sequences was
2000 ◦C. Going from the as made film to photosintered, the XRD did not change peak
position, however, some peaks increased in intensity. There was no clear trend as the
highest and lowest intensity for the peak just below 25◦ (2θ angle) was reached with the
lowest voltage of 525 V.
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The XRD pattern in Figure 6 shows that the peaks became more intense and narrower
as the voltage increased, which is an indication of an increase in crystal domain size. At
the same, the diminishing height of the broad hump located at 2θ below 15◦ indicates a
diminished volume of polycrystalline domains, which together with the increase in crys-
talline peak intensity indicates the conversion of polycrystalline volumes into crystalline
ones. Given the stoichiometry of this Sr-Fe-O material system, these adjacent crystalline
peaks were best identified as the 23.15◦ (006) peak of Sr-hexaferrite (SrFe12O19) and 24.20◦

(012) peak of hematite (α-Fe2O3), which would correspond to a combination of hexaferrite
and hematite grains in the material. Similar inclusions of hematite impurities are observed
elsewhere in the literature during Sr-hexaferrite synthesis [15].

3.1.2. VSM Analysis of Permeability

A microsense LLC or EZ9-HF VSM was used to measure the permeability behavior of
magnetic ferrite materials. It operates on Faraday’s law of induction, which states that a
changing magnetic field will yield an electric field potential.

We used the system at low temperature range from −195 to 50 ◦C. The sample having 7
mm length, 6 mm width, and 128.5 micron thickness was mounted on the 8 mm transverse
rod of the VSM. The applied field was varied from −21000 Oersted(Oe) to 21000 Oe in the
sweep mode. The measured magnetic moment in emu vs. applied field is given in Figure 7.
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In Figure 7, the green colored hysteresis is as measured results from the VSM using
the EasyVSM Software (MicroSense, LLC, Lowell, MA, USA). This data shows a slope
after it reaches saturation. As a result, the red hysteresis is calculated by subtracting the
background signal and correcting the field lag and signal slope.

In Figure 8, the absolute permeability was the highest slope in hysteresis loop, which
was 1.10 × 10−5 H/m. The relative permeability was calculated using the ratio of absolute
permeability and permeability of air, where the permeability of air was 1.25663753 × 10−6

H/m. Thus, the measured relative permeability was 8.75.
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3.1.3. Hermes Probe Station Analysis

The Hermes probe station is a specialized sample stage for probing thin film reactance
(C, L, and R) without a top contact. Liquid mercury is applied via vacuum to a surface
of the specimen and the back of the specimen was used as the other electrical contact.
The thin films were deposited on silicon wafers to measures the permittivity at 0–10 MHz
using this probe. The absolute permittivity and relative permittivity can be derived from
ε = C×d

A and εr =
ε
ε0

where d is the thickness of the sample, area A = 4.7 × 10−7 m2 and
ε0 = 8.85 × 10−12 F/m. As the thin film was on Si wafer, it behaved as a MOS capacitor
when connected to the Hermes probe. When DC bias voltage was applied the MOS
capacitance will undergo accumulation, depletion and inversion mode. In accumulation
and inversion mode charge carriers in Si substrate will be directly under the dielectric
thin film, so it will give the exact capacitance (maximum capacitance in C–V curve) of the
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dielectric thin film. Whereas in the depletion mode, the charge carriers will be below the
depletion layer; so here the total capacitance will be a series combination of both the thin
film and depletion layer (minimum capacitance in the C–V curve). The relative permittivity
of the Sr-ferrite film was measured using 802-150 MDC Mercury Probe station. Taking the
maximum capacitance value in C–V curve with DC bias voltage from −5 to 5 V, the relative
permittivity of Sr-ferrite film was found 6.48 at 1 kHz and 6.9 at 100 kHz.

3.2. Microwave Frequency Characterization

Since ferrimagnetic materials have promise in microwave frequency applications, we
characterized the ferrimagnetic thin films within C-band (5.85–7.8 GHz) using the standard
waveguide designated WR-137. The permeability was the most important parameter
to define, because it governs the interaction between the electromagnetic wave and the
material and was thus the origin of all magnetic phenomena. Therefore, we characterized
permeability and permittivity at 5.85–7.8 GHz.

3.2.1. Waveguide Signal Perturbation: Basic Principle

Many methods are available to characterize thin films at microwave frequencies. An
older and simpler approach is to insert the sheet of the film into a rectangular waveguide
measure the S-parameters of the system over the frequency range of interest. A segment
of a rectangular waveguide where a sample has been placed, filling the waveguide and
leaving no air gaps is a typical measurement configuration.

Figure 9 shows such a segment whose axis is in the x-direction, as is the propagation
direction. The electric fields at the three sections of the transmission line are EI, EII, and EIII,
respectively. L is the length of the under-test unit, and the total length of the waveguide
can be expressed as LTotal = L + L1 + L2.
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S-parameters describe the input–output relationship between ports (or terminals) in
an electrical system [16]. The S-parameters of the testing structure were measured directly
using a vector network analyzer and served as the input for further calculation.

Nicolson–Ross–Weir (NRW) algorithm

The electric and magnetic behavior of a low-conductivity material was determined
by two complex parameters, permeability, µ, and permittivity, ε. The Nicolson–Ross–Weir
(NRW) algorithm [9] was used in order to calculate the permeability and permittivity of
the ferrite film.

The Nicolson–Ross–Weir (NRW) algorithm combines and derives formulas for the
calculation of permittivity and permeability.

X =

(
S11

2 − S21
2
)
+ 1

2S11
(1)
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γ = X ±
√

X2 − 1 (2)

where γ is a complex number, which was used to describe the behavior of an electromag-
netic wave along a transmission line. γ is also known as the reflection coefficient. The
appropriate sign is chosen so that γ ≤ 1 in order to express the passivity of the sample. The
transmission coefficient is

T =
(S11 + S21)− γ

1 − (S11 + S21) ∗ γ
(3)

The complex permeability is calculated from

µr =
1 + γ

(1 − γ) ∗ ∆ ∗
√

1
λ0

2 − 1
λC

2

(4)

and the complex permittivity from

εrµr = λ0
2(

1
∆2 +

1
λC

2 ) (5)

where εr is the relative permittivity, µr is the relative permeability, λC is the cutoff wave-
length of the transmission line section, and λ0 the free space wavelength. Meanwhile,
ε0 and µ0 are the permittivity and permeability of the free space.

Further,
1

∆2 = −[
1

2πD
ln (

1
T
)]

2
(6)

where D is the thickness of sample, and 1
∆ = 1

λg
where λg is the transmission line guide

wavelength [17].
Equation (6) has an infinite number of roots since the imaginary part of the logarithm

of a complex quantity T is equal to the angle of the complex value plus 2πn, where n is
equal to the integer of L

λg
. The unwrapping method can be used to solve the problem of

phase ambiguity [17].
This method with a network analyzer has three kinds of errors, systematic, random,

and drift. Multiple measurements were taken to average out the random errors. The drift
errors were minimized by the control of lab temperature and humidity. System errors were
generated in the measurement setup due to coax cables, coax-to-waveguide adapters, etc.
To de-embed these effects, mechanical calibration kit was used to calibrate the system to the
point at the end of coax cables. The entire system without the sample was first measured
and de-embed from the results with the sample inserted into the waveguides.

3.2.2. Experimental Setup

Measurements of the microwave properties of thin films were performed with the
waveguide technique. Since the experimental setup involves several components such
as cables and connectors, proper care has to be taken to ensure that the entire system
remains stable over the measurement period. First, a bare commercial Kapton substrate
was measured. The system errors were reflected and evaluated in the measured parameters
of the commercial Kapton substrate. The samples examined were on a Kapton substrate
one with an air-dried strontium ferrite thin film and one with a photosintered strontium
ferrite thin film. The bare Kapton substrates had a thickness of 127 microns. Samples of
these films were cut into a size suitable for insertion into a WR-137 waveguide shown in
Figure 10 and covered the entire waveguide cavity with the film. The measurement was
calibrated by normalizing to an air-filled cavity. Two independent scattering parameters
S11 and S21 data were measured with a Keysight N9917A vector network analyzer (VNA)
at 5.9 GHz.
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The parameters measured by the vector network analyzer were used to derive the
real and imaginary parts of permittivity and permeability of the sample using the NRW
algorithm. The accuracy of the constitutive material properties depends on the accuracy
with which the parameters are measured.

3.2.3. Experimental Results

Since the ferrimagnetic films were deposited on the Kapton film, the Kapton film
was characterized first. The Kapton film was inserted between two pieces of WR-137
waveguides, which were tightened up to avoid an air gap. The S parameters were measured
with the Keysight N9917A vector network analyzer after a two-port calibration. Then the
measured data were plugged into the NRW algorithm program to obtain the permeability
and permittivity values. The relative permeability was calculated to be 1.15 at 5.9 GHz,
which gave us an error below 15%. The error mainly came from the calibration of equipment
and the air gap between the waveguides.

The strontium ferrite as-made thin film was deposited on top of Kapton. It was air
dried with a thickness of 31 micron. The strontium ferrite thin film was then inserted
between two pieces of WR-137 waveguides. Two samples were measured, and the values
were averaged. The as-made air-dried strontium ferrite thin film had a measured relative
complex permeability of 11.4-j3.6 and relative complex permittivity of 4.9-j0.9 at 5.9 GHz.

Another set of strontium ferrite thin film were photosintered right after deposition.
The strontium ferrite thin film had a thickness of 22 microns. Two samples were measured,
and the values were averaged. We found that the sintered strontium ferrite thin film had a
relative complex permeability of 29.5-j1.8 and relative complex permittivity of 12.9-j0.3 at
5.9 GHz.

The measured data show that the photosintered strontium ferrite thin film had higher
relative permeability and relative permittivity, which comes from the denser structure after
photosintering.

4. Discussion

In summary, strontium ferrite nanomaterial was developed, and the material was
deposited into thin films on flexible Kapton substrates for evaluation. DC and high fre-
quency characterization of the strontium ferrite materials were carried out. The Sr-ferrite
samples, which were photosintered, show a comparatively high relative complex perme-
ability of 29.5-j1.8, and relative complex permittivity of 12.9-j0.3 at 5.9 GHz. In Ref. [10],
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powder strontium ferrite sample with an average grain size of about 50–100 µm and density
1.300 g/cm3 was analyzed. The transmission/reflection technique and the cavity resonators
technique were used to determine the permeability and permittivity. Measurements re-
vealed that the real permittivity of strontium ferrite powder was in the range from 2.597
to 2.712 and it had an average real permeability of 1.063. The photosintered strontium
ferrite thin film demonstrated in this work had much higher permittivity and permeability.
This high relative permeability and relative permittivity would make this film a strong
candidate to demonstrate a possible pathway for future microwave applications such as
C-band communication waveguides. These higher magnetic properties of ferrimagnetic
strontium ferrite will also be suitable for antenna design and application.

Author Contributions: Conceptualization, A.F. and M.Y.C.; methodology, A.A., L.W., A.F. and
M.Y.C.; investigation, A.A., B.M. and L.W.; writing—original draft preparation, A.A., L.W. and
M.Y.C.; writing—review and editing, M.Y.C.; supervision, A.F. and M.Y.C.; funding acquisition, A.F.
and M.Y.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the U.S. Department of Transportation under award number
6913G619P800003.

Institutional Review Board Statement: Ethical review and approval were not applicable for studies
not involving humans or animals.

Informed Consent Statement: Patient consent was not applicable for studies not involving humans.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would acknowledge Karl Stephan and Cecil Rich Compeau for the
helpful discussion in microwave characterization.

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

References
1. Frans, T. New Developments in Ferromagnetic Materials. Nature 1948, 161, 666. [CrossRef]
2. Chen, J.; Srinivasan, G.; Hunter, S.; Babu, V.S.; Seehra, M.S. Observation of superparamagnetism in rf-sputtered films of zinc

ferrite. J. Magn. Magn. Mater. 1995, 146, 291–297. [CrossRef]
3. Chao, L.; Sharma, A.; Afsar, M.N.; Obi, O.; Zhou, Z.; Sun, N. Permittivity and permeability measurement of spin-spray deposited

Ni-Zn-ferrite thin film sample. IEEE Trans. Magn. 2012, 48, 4085–4088. [CrossRef]
4. Youngs, I.; Bowler, N.; Lymer, K.P.; Hussain, S. Dielectric relaxation in metal-coated particles: The dramatic role of nano-scale

coatings. J. Phys. D Appl. Phys. 2005, 38, 188. [CrossRef]
5. Stamps, R.L. Dynamic magnetic properties of ferroic films, multilayers, and patterned elements. Adv. Funct. Mater. 2010, 20,

2380–2394. [CrossRef]
6. Seemann, K.; Leiste, H.; Krüger, K. Ferromagnetic resonance frequency increase and resonance line broadening of a ferromagnetic

Fe–Co–Hf–N film with in-plane uniaxial anisotropy by high-frequency field perturbation. J. Magn. Magn. Mater. 2013, 345, 36–40.
[CrossRef]

7. Clarke, R.N. (Ed.) A Guide to the Characterisation of dielectric materials at RF and microwave frequencies; The Institute of Measurement &
Control (UK) & NPL: London, UK, 2003; ISBN 0904457389. Available online: http://eprintspublications.npl.co.uk/id/eprint/2905
(accessed on 31 December 2020).

8. Nicolson, A.M.; Ross, G.F. Measurement of the intrinsic properties of materials by time domain techniques. IEEE Trans. Instrum.
Meas. 1970, 19, 377–382. [CrossRef]

9. Weir, W.B. Automatic measurement of complex dielectric constant and permeability at microiwave frequencies. Proc. IEEE 1974,
62, 33–36. [CrossRef]

10. Bahadoor, A.Y.; Afsar, M.N. Complex permittivity and permeability of barium and strontium ferrite powders in X, KU, and
K-band frequency ranges. J. Appl. Phys. 2005, 97, 10F105. [CrossRef]

11. Kumar, A.; Rai, R.C.; Podraza, N.J.; Denev, S.; Ramirez, M.; Chu, Y.H.; Martin, L.W.; Ihlefeld, J.; Heeg, T.; Schubert, J.; et al. Linear
and nonlinear optical properties of Bi FeO3. Appl. Phys. Lett. 2008, 92, 121915. [CrossRef]

12. Inaba, K. High Resolution X Ray Diffraction Analyses of (La,Sr)MnO3/ZnO/Sapphire(0001) Double Heteroepitaxial Films. Adv.
Mater. Phys. Chem. 2013, 3, 72–89. [CrossRef]

13. Ahmadi, A.; Ghanbari, D.; Nabiyouni, G. Facile synthesis of hexagonal strontium ferrite nanostructures and hard magnetic poly
carbonate nanocomposite. Main Group Met. Chem. 2017, 40, 9–18. [CrossRef]

14. Esparza, R.; Rosas, G.; Perez, R. Effect of the surfactant on the growth and oxidation of iron nanoparticles. J. Nanomater. 2015, 12,
989–995. [CrossRef]

75



Micromachines 2021, 12, 42

15. Kiani, E.; Rozatian, A.S.; Yousefi, M.H. Synthesis and characterization of SrFe12O19 nanoparticles produced by a low-temperature
solid-state reaction method. J. Mater. Sci. Mater. Electron. 2013, 24, 2485–2492. [CrossRef]

16. Chen, L.F.; Ong, C.K.; Neo, C.P.; Varadan, V.V.; Varadan, V.K. Microwave Electronics Measurement and Materials Characterization;
John Wiley & Sons Ltd.: Hoboken, NJ, USA, 2004. [CrossRef]

17. Vicente, A. The Step by Step Development of NRW Method. In Proceedings of the SBMO/IEEE MTT-S International Microwave
and Optoelectronics Conference, Natal, Brazil, 29 October–1 November 2011; pp. 738–742. [CrossRef]

76



micromachines

Article

DNA Printing Integrated Multiplexer Driver Microelectronic
Mechanical System Head (IDMH) and Microfluidic
Flow Estimation

Jian-Chiun Liou 1,*, Chih-Wei Peng 1, Philippe Basset 2 and Zhen-Xi Chen 1

Citation: Liou, J.-C.; Peng, C.-W.;

Basset, P.; Chen, Z.-X. DNA Printing

Integrated Multiplexer Driver

Microelectronic Mechanical System

Head (IDMH) and Microfluidic

Flow Estimation. Micromachines 2021,

12, 25. https://doi.org/10.3390/

mi12010025

Received: 29 November 2020

Accepted: 24 December 2020

Published: 29 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Biomedical Engineering, Taipei Medical University, Taipei 11031, Taiwan;
cwpeng@tmu.edu.tw (C.-W.P.); hoppyshi@gmail.com (Z.-X.C.)

2 ESYCOM, Université Gustave Eiffel, CNRS, CNAM, ESIEE Paris, F-77454 Marne-la-Vallée, France;
philippe.basset@esiee.fr

* Correspondence: jcliou@tmu.edu.tw

Abstract: The system designed in this study involves a three-dimensional (3D) microelectronic
mechanical system chip structure using DNA printing technology. We employed diverse diameters
and cavity thickness for the heater. DNA beads were placed in this rapid array, and the spray flow
rate was assessed. Because DNA cannot be obtained easily, rapidly deploying DNA while estimating
the total amount of DNA being sprayed is imperative. DNA printings were collected in a multiplexer
driver microelectronic mechanical system head, and microflow estimation was conducted. Flow-
3D was used to simulate the internal flow field and flow distribution of the 3D spray room. The
simulation was used to calculate the time and pressure required to generate heat bubbles as well as
the corresponding mean outlet speed of the fluid. The “outlet speed status” function in Flow-3D
was used as a power source for simulating the ejection of fluid by the chip nozzle. The actual chip
generation process was measured, and the starting voltage curve was analyzed. Finally, experiments
on flow rate were conducted, and the results were discussed. The density of the injection nozzle was
50, the size of the heater was 105 µm × 105 µm, and the size of the injection nozzle hole was 80 µm.
The maximum flow rate was limited to approximately 3.5 cc. The maximum flow rate per minute
required a power between 3.5 W and 4.5 W. The number of injection nozzles was multiplied by 100.
On chips with enlarged injection nozzle density, experiments were conducted under a fixed driving
voltage of 25 V. The flow curve obtained from various pulse widths and operating frequencies was
observed. The operating frequency was 2 KHz, and the pulse width was 4 µs. At a pulse width of
5 µs and within the power range of 4.3–5.7 W, the monomer was injected at a flow rate of 5.5 cc/min.
The results of this study may be applied to estimate the flow rate and the total amount of the ejection
liquid of a DNA liquid.

Keywords: DNA printing; flow estimation; MEMS

1. Introduction

Inkjet print head technology is very important, and the huge development of inkjet
technology mainly started with the development of the principle of inkjet print head
technology. Contains large-scale droplet generator for studies of inkjet printing [1–8]. The
continuous inkjet system has the advantages of high frequency response and high-speed
printing. However, the structure of the inkjet print head of this method is more complicated,
and it requires a pressurizing device, a charging electrode, and a deflection electric field,
which is difficult to mass produce. The inkjet print head of the on-demand inkjet system is
simple in structure, easy to realize the multi-nozzle of the inkjet head, easy to digitize and
color, and the image quality is relatively fine, but the general ink droplet ejection speed is
low [9–11].

The total number of nozzles of the hot bubble inkjet head can reach hundreds or
even thousands. The nozzles are quite fine, which can produce rich harmony colors and
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smoother mesh tone. The ink cartridge and the nozzle form an integrated structure, and
the inkjet head is updated at the same time when the ink cartridge is replaced, so that
there is no need to worry about the nozzle clogging, but it causes waste of consumables
and relatively high cost. The on-demand inkjet technology ejects ink droplets only in the
graphics and text parts that need to be ejected, and no ink droplets are ejected in the blank
areas. This jetting method does not need to charge the ink droplets, and also does not need
to charge electrodes and deflection electric fields. The nozzle structure is simple, and it
is easy to realize the multi-nozzle of the nozzle, and the output quality is more refined;
through pulse control, digitization is easy. However, the ejection speed of ink droplets is
generally low. There are three common types: thermal bubble inkjet, piezoelectric inkjet,
and electrostatic inkjet. Of course, there are other types.

The realization principle of piezoelectric inkjet technology is: placing many small
piezoelectric ceramics near the nozzle of the print head, the piezoelectric crystal will
deform under the action of an electric field. Extruded from the ink cavity, ejected from
the nozzle, the pattern data signal controls the deformation of the piezoelectric crystal,
and then controls the amount of ink ejection. Drop-on-demand hybrid printing using
piezoelectric MEMS printhead [12]. The realization principle of thermal bubble inkjet
technology is: under the action of heating pulse (recording signal), the temperature of the
heating element on the nozzle rises, causing the ink solvent nearby to vaporize to generate
a large number of nucleated small bubbles. The volume of the inner bubble continues to
increase. When it reaches a certain level, the pressure generated will cause the ink to be
ejected from the nozzle, and finally reach the surface of the substrate, reproducing the
pattern information [13–18].

The meanings of “3D product printing” and “incremental rapid manufacturing” have
evolved and refer to all incremental product manufacturing technologies. Although this has
a different meaning from the previous production, it still reflects the common feature of the
3D work production process, which is stacking materials under automatic control [19–24].

This development system is thermal bubble jet technology. It is to design different
heater diameter and cavity thickness to deploy DNA beads in this rapid array, and to
evaluate the spray flow rate. The boost circuit system in the DNA jet chip is the signal
source for driving large flow. The purpose is to adjust the amount of DNA solution sprayed
and the output power. When the input voltage needs to be converted to a higher output
voltage, a boost converter is the only choice. The boost converter achieves the purpose of
boost output by charging the voltage through the internal metal oxide semiconductor field
effect transistor (MOSFET), and when the MOSFET is turned off, the inductor is discharged
through load rectification.

The conversion process between charging and discharging the inductor will reverse
the direction of the voltage through the inductor, and then gradually increase the voltage
higher than the input operating voltage. The switching duty cycle of the MOSFET definitely
determines the boost ratio. The rated current of the MOSFET and the boost ratio of the
boost converter determine the upper limit of the load current of the boost converter; the
rated voltage of the MOSFET determines the upper limit of its output voltage. Some boost
converters integrate the rectifier and MOSFET to provide synchronous rectification. The
integrated MOSFET achieves accurate zero current turn-off, making the boost transformer
more efficient. Real-time monitoring of the input power through the maximum power
point tracking unit. When the input voltage reaches the maximum input power point,
the boost converter starts to work, making the boost converter suitable for DNA printing
on glass substrates with maximum power output point. Through the constant on-time
generating circuit, the on-time is not affected by temperature and the corner angle of the
chip, which enhances the stability of the system.

The technology employed in an inkjet print head is critical. The tremendous advances
in inkjet technology primarily began with the development of theories behind inkjet print
head technology, including the large-scale droplet ejector used in inkjet printing [1–8]. A
continuous inkjet system has the advantages of high-frequency response and high-speed
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printing. The total number of the nozzles on the inkjet head can reach hundreds or even
thousands, and these nozzles are exceedingly intricate. A nozzle can generate rich and
harmonious color and smooth mesh tone [9–11]. Inkjets can be categorized into three major
types: thermal bubble inkjet, piezoelectric inkjet, and electrostatic inkjet. Other types are
also in use. Piezoelectric inkjets function as follows: Many small piezoelectric ceramics
are placed near the nozzle of the inkjet head. Piezoelectric crystals deform under the
electric field. Subsequently, ink is squeezed from the ink cavity and ejected from the nozzle.
The data signal of the pattern controls the deformation of the piezoelectric crystals and
then controls the amount of ink ejected. Piezoelectric microelectronic mechanical system
(MEMS) inkjet heads are used for hybrid printing [12]. Thermal bubble inkjet technology
functions as follows: Under a heating pulse (i.e., the recording signal), the temperature of
the heating component on the nozzle increases, evaporating the ink solvent nearby, thereby
generating a large amount of small nucleated bubbles. The volume of the internal bubbles
continuously increases. When it reaches a certain level, the pressure generated leads to the
ejection of the ink from the nozzle and the ink reaching the surface of the substrate, thereby
presenting patterns and messages [13–18].

The evolution of three-dimensional (3D) product printing and rapid prototype tech-
niques involves the production technology of all rapid prototypes. Although the rapid
prototype technique differs from conventional production, it shares some characteristics
of the production process of 3D product printing. Specifically, it stacks materials under
automatic control [19–24].

The system developed in this study employed thermal bubble ejection technology.
Different diameters for the heater and different cavity thickness were employed to deploy
DNA beads in this rapid array. Subsequently, the spray flow rate was evaluated. The
boosted circuit system in a DNA jet chip is the signal source for driving large flow. The
goal is to adjust the amount of DNA liquid being sprayed and the output power. When the
input voltage must be modified to a higher output voltage, a step-up converter is the only
option. A step-up converter charges the internal metal oxide semiconductor field effect
transistor (MOSFET) to enable an increased output voltage. When the MOSFET is turned
off, inductance is discharged through load rectification. The process of changing an inductor
between charging and discharging alters the direction of the voltage through the inductor.
The voltage gradually increases to the point that it exceeds the input operating voltage.
The duty cycle of the MOSFET’s switch determines the boost ratio. The rated current
and the boost ratio of the step-up converter of the MOSFET determines the upper limit of
the load current of the step-up converter. The rated current of the MOSFET determines
the upper limit of its output voltage. Some step-up converters integrate rectifiers and
MOSFET to provide synchronous rectification. An integrated MOSFET can realize precise
zero current shutdown, thereby making the set-up converter more efficient. The maximum
power point tracking unit was used to monitor input power in real time. When the input
voltage reaches the maximum input power point, the step-up converter starts operating.
The step-up converter is used on the glass substrate with a maximum power output point
for DNA printing.

2. MEMS Chip Design for Bubble Jet

This study designed five types of liquid ejection chamber structures by manipulating
certain parameters, such as heater size, heater number, and loop resistance. Table 1 lists
the measurement results. That system analyzed the loop resistance of different heaters.
Because it passes through each single circuit series using two sets of heaters to complete
the 100-heater design, when designing 100 heaters, the total loop resistance must be one
heater larger than the total loop resistance of 50 heaters. In this study, during the process
of bubble ejection from the MEMS chip, the sheet resistance of the resistance layer was
29 Ω/m2. Therefore, the total loop resistance of Model A was the largest. It was twice that
of the normal size models (Models B1, C, D, and E). The total loop resistance of Models
B1, C, D, and E was approximately 29 Ω/m2. According to Table 1, its error range was
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within the allowed design value. Thus, the single chips of each type designed in this study
had the same production procedure results, and they were used for subsequent flow rate
measurement.

Table 1. List of resistance measurement of single circuit resistance.

Type A B1 C D E

Heater Size (µm × µm) 105 × 105 105 × 105 78.75 × 105 105 × 78.75 132 × 132
Heater Number 100 50

Loop Resistance (Ω) 60.1 32.1 25.6 42.2 32.3

Once the power in the DNA-sprayed chip was confirmed to be normal, the character-
istics of the growth of the heater bubbles were tested and verified. The film thickness and
film quality of the DNA-sprayed chip affect the operating conditions and spraying quality
of the heater; therefore, understanding the bubble growth phenomenon and its growth
characteristics helps clarify the operating conditions as well as the characteristics of the
DNA-sprayed chip in this study.

The designed system adopted the open liquid supply method to observe the bubble
growing conditions. For image observation, the synchronous flash method, employing
light-emitting diodes (LED, Nichia NSPW500GS-K1, 3.1 V White LED 5 mm), was used
to generate a synchronous delayed light source. The system also used a charged-coupled
device (CCD, Flir Grasshopper3 GigE GS3-PGE-50S5C-C) to capture images. Figure 1
demonstrates the process of a bubble from nucleation, growth, bubble generation, to
dissipation. The system confirmed the growth and dissipation process of bubbles, which
can be used for observing starting voltage. Regarding the supply method of liquid in the
microchannels, the time when the LED blinks was set as the time required to generate
the largest bubble (15 µs). This design prevents incorrect judgments resulting from of an
unsuitable blinking time as well as the inability to capture bubble images.
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In the open pool experiment, we set the operating frequency at 5 KHz. By adjusting
the pulse width, we measured the starting voltage of various heaters. Table 2 presents the
testing results.

Table 2. Open pool test starting voltage results.

Voltage (V)
Pulse Width (µs)

2 µs 2.5 µs 3 µs 4.5 µs 5 µs 5.5 µs 6 µs 6.5 µs

A Type - - - 29.56 V 28.55 V 27.73 V 26.96 V 26.23 V
B Type 21.53 V 19.64 V 18.36 V - - - - -
C Type 21.27 V 19.50 V 18.33 V - - - - -
D Type 18.13 V 16.53 V 15.40 V - - - - -
E Type 27.52 V 25.38 V 23.62 V - - - - -

Application-specific integrated circuit (ASIC) chip was used in the DNA liquid ejection
system. This system was developed with the aim to design a specific ASIC chip with
different apertures and cavity thicknesses to place DNA beads in this rapid array.

This study aimed to develop a unique circuit system to manage the digital register for
use in designing and producing ASIC chips for DNA liquid ejection. The system structure
comprises serial input data and parallel output data. The “register digital circuit” function
generates location “A” to search for the activity nozzle. The register serves as a bistable
multivibrator model system.

The proposed technology was compared with the regular scan sequence, and the
system with the novel technology only required approximately half the time of the con-
ventional sequence. The serial input data and parallel output data are connected with a
shift register (Figure 2). The input is a serial data bit, which is fed to the parallel-bit data
output and connected to the boost circuit. Once the information has been input, the system
transmits several serial data bits. The system can obtain the first-level parallel data output.
Each trigger is a rising edge trigger model.
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3. Experiment and Results

We employed Flow-3D to simulate the internal flow field and flow rate distribution in
a 3D spray room. The simulation procedure was used to calculate the time and pressure
to generate thermal bubbles. Also, the corresponding mean outlet speed state of the fluid
was calculated. The “outlet speed state” function in Flow-3D served as the power source
for spraying liquid into a monomer. The actual chip generation process and the starting
voltage curve were measured and analyzed. Finally, this study presents the flow rate
experiment as well as the results and discussion.

3.1. Flow-3D Simulation

The software simulation was based on the actual DNA liquid cavity calculation to
simulate the ejection cavity with single-channel supplying liquid. The geometric shape of
the ejection cavity is illustrated in Figure 3.
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Figure 3. The geometry of the jet cavity. (a) The actual DNA liquid chamber, (b) the three-dimensional view of the
microfluidic single channel. A single-channel jet cavity with 60 µm diameter and 50 µm thickness, with an operating
frequency of 5 KHz, in (a) three-dimensional side view (b) X-Z two-dimensional cross-sectional view, at 10, 20, 30, 40 and
200 µs injection conditions.

The diameter of the ejection outlet was 60 µm. The thickness of the ejection orifice
(volcano) was 50 µm. The process thickness of the dry film layer was 60 µm. The bottom
design of the ejection cavity was 120 µm × 120 µm. The area of the heater was 105 µm
× 105 µm. Under the operating frequency of 5 KHz, the 3D side view and the X-Z two-
dimensional (2D) section view were analyzed. Simulation spraying was conducted for
10, 20, 30, 40, and 200 µs. This simulation calculated the area of the top of the thermal
resistance. Initially, the mean droplet tip speed was estimated at 10 m/s, and the length
of the tail of a droplet was approximately 300 µm. A 200-µm X-Z section view revealed
the simulation results. The liquid clearly reached the fluid outlet. The liquid was in a
stable state, indicating that the liquid had filled up the cavity as expected. The cavity had a
uniquely designed shape. The simulation results revealed the behavior of the geometric
shape of the 3D ejection cavity. The simulation results under a 5-kHz operating frequency
revealed no shortage of DNA liquid. Therefore, the tail of the DNA droplet had the lowest
quality and was easily affected by the asymmetry of the flow field force, resulting in an
off-track flying trajectory.

Figure 3 reveals an obvious deflection in the droplet tail of the supplied liquid at 40 µs.
As the flight time increased, the horizontal displacement deflection became more substan-
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tial. In inkjet printers or other industrial-use inkjet printing processed, the asymmetrical
geometric shape of the relative ejection direction (Z-axis direction) must be redesigned to
restore the ejection cavity. The direction-related problem did not affect the realization of
the planned goals. Figure 4 reveals that, with an orifice diameter of 60 µm and a thickness
of 50 µm, the 2D X-Y cross section was higher. The 2D cross-sections before and after the
fluid ejection cavity was ejected under instant flow field could be clearly observed. In
addition to the orifice, liquid droplets were ejected. The fluid ejection cavity pushes the
liquid from the single channel. The results revealed that at 20 µs, the thermal air bubbles
enter a state of dissemination. During that stage, fluid starts to refill, and the speed vector
passes inside the cavity and points at the outlet channel. During the 30-µs and 40-µs
stage, because liquid has been ejected from the orifice, a certain amount of liquid enters
the nozzle, and the cavity is not completely filled with liquid. Under this circumstance,
external air passes the orifice and enters the cavity while waiting for the fluid to pass the
refilled object, and then wait to flow out through the outlet. If air is not completely ejected,
it may block the bubbles. Bubbles may also occupy the injection cavity; hence, during the
next injection, an adequate volume of liquid cannot be ejected. In addition, because fluid
attenuates the tremendous amount of heat generated from the heater, it has a cooling effect.
Therefore, the injection cavity inside the chip may accumulate heat. This harmful cycle
reduces the ejection performance, finally resulting in the inability to eject liquid droplets;
the excessive internal heat also damages the chip. Microfluid channels are not ideal for
the injection cavity design. This may be because the inside retains bubbles, resulting in
reduced performance. If the heater does not immediately cease operation, the excessive
temperature can damage the chip. A major part of the overall design parameters is focused
on addressing this concern.

Micromachines 2021, 12, x  8 of 17 
 

 

. 

Figure 4. Calculate and simulate the injection of water in a single-channel injection chamber with a nozzle diameter of 60 
μm and a thickness of 50 μm, at an operating frequency of 5 KHz, in the X-Y two-dimensional cross-sectional view, at 10, 
20, 30, 40 and 200 μs. 

Figure 5 depicts the calculation results of the 2D X-Z cross section. At 100 μs and 200 
μs, the fluid injection orifice did not completely fill the chamber. This may be because the 
size of the single-channel injection cavity was unsuitable for the highest operating fre-
quency of 10 KHz. Thus, subsequent calculation simulations employed 5 KHz as the ref-
erence operating frequency. The calculation simulation results were calculated according 
to the operating frequency of the impact. Figure 6 illustrates the injection cavity height as 
60 μm and 30 μm and reveals the 2D X-Y cross section. At 100 μs and 200 μs, the fluid 
injection orifice did not completely fill the chamber. In those stages, the fluid was still 
filling the chamber, and the flow field was not yet stable. 

 
Figure 5. Calculate and simulate water in a single-channel jet cavity with a nozzle diameter of 60 
μm and a thickness of 50 μm, with an operating frequency of 10 KHz, in the XZ two-dimensional 
cross-sectional view, at 10, 20, 30, 40, 100, 110, 120, 130, 140 and 200 μs injection situation. 

Figure 4. Calculate and simulate the injection of water in a single-channel injection chamber with a nozzle diameter of
60 µm and a thickness of 50 µm, at an operating frequency of 5 KHz, in the X-Y two-dimensional cross-sectional view, at 10,
20, 30, 40 and 200 µs.

Figure 5 depicts the calculation results of the 2D X-Z cross section. At 100 µs and
200 µs, the fluid injection orifice did not completely fill the chamber. This may be because
the size of the single-channel injection cavity was unsuitable for the highest operating
frequency of 10 KHz. Thus, subsequent calculation simulations employed 5 KHz as the
reference operating frequency. The calculation simulation results were calculated according
to the operating frequency of the impact. Figure 6 illustrates the injection cavity height
as 60 µm and 30 µm and reveals the 2D X-Y cross section. At 100 µs and 200 µs, the fluid
injection orifice did not completely fill the chamber. In those stages, the fluid was still
filling the chamber, and the flow field was not yet stable.
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Figure 6. Calculate and simulate water in a single-channel spray chamber with a spray hole diameter
of 60 µm and a thickness of 50 µm, with an operating frequency of 10 KHz, in an XY cross-sectional
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3.2. Starting Voltage Curve

The DNA printing integrated multiplexer driver MEMS head (IDMH) follows the
0.35-um 2P2M processing model standard complementary metal–oxide–semiconductor
(CMOS) design rules to establish the model (Figure 7). This study involved high-pressure
processing. For systems based on the 0.35-um DPDM 12 V/12 V or 12 V/5 V mixed
model processing model design and allocating high voltage circuit, this study design may
serve as a basic allocation guide. This study investigated the differences from the original
0.35-um CMOS mixed-mode (DPDM, 5 V) design principles. That is, during this process,
we specified NDD, PDD, HV_OX rules, and high voltage equipment rules. Basically, the
low voltage (LV) part adopts the 5-V logic, and its allocation rules are the same as those for
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the Taiwan Semiconductor Manufacturing Company common 0.6-um DPDM (including
the PO1/PO2 capacitor options) ASIC design rules.
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The measurement of the starting voltage curve was conducted on the ASIC on the
actual manufactured MEMS chip. Figures 8 and 9 reveal the starting voltage and energy of
the Type A chip, respectively. That chip was designed using dual heaters in series. The
figures reveal that the starting voltage of the chip decreased as the pulse width increased.
From the energy perspective, an increase in pulse width increased the required energy.
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Figure 8 depicts the starting voltage graphs of Type B and Type E chips. The nozzle
density of these two chips was 50, and their resistance was 35 Ω. As the pulse width
increased, the starting voltage of Type B and Type E chip decreased. From the energy
perspective, an increase in pulse width increased the required energy (Figure 9). The Type
E design required more energy than did Type B. Although the two designs have the same
circuit resistance and the same heater resistance (with an L/W value of 1), the area of
Type E is greater than that of Type B. Therefore, regarding the power density of the work
performed by the heater, when the same driving pulse voltage was input into these two
heater designs, the power density of the work performed by the Type E heater was higher
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than that of Type B. Type B was designed very high; thus, the starting voltage curve of
Type E is higher than that of Type B. Figure 8 illustrates the starting voltage of chip Type C
and Type D. Both chips have a long heater design, and they have the same heater area. The
L/W value of these two models was 0.75 and 1.33, respectively. The figure indicates that as
the pulse width increased, the starting voltage of Type C and Type D declined. The starting
voltage of Type D was higher than that of Type C. Concerning energy, an increase in pulse
width increased the required energy (Figure 9). The energy required for the Type C design
is higher than that of Type D.
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3.3. Flow Experiment and Results Discussion

This study endeavored to estimate the amount of DNA being ejected and the amount
of the DNA sample for testing. Therefore, we conducted tests on power conditions and
DNA flow.

The spray DNA chip composed of 50 nozzles could be placed rapidly, and the heater
area was increased. The maximum flow rate was 3.5 cc/min, and the DNA chip ejection
speed was increased. In this study, we increased the density of the unit area nozzles without
increasing the size of the chip, and the microchannel design method was used to expand
the original two-line nozzles into four-line nozzles. The number of nozzles used on the
spray DNA chip was substantially increased from 50 to 100. The increase in nozzle number
was for testing maximum flow. The Type A chip had an increased density and 100 nozzles.
On a chip with increased nozzle density, we first used chip No. B2-01 to conduct a flow
test. We fixed the driving voltage at 25 V for the experiment, and we observed the flow
curve under various pulse widths and operating frequencies (Figure 10).

An experiment was conducted to analyze different pulse widths. When the pulse
width was 4 µs, the flow rate of the injected monomer linearly increased at a frequency of
1–2 KHz. The linear slope was 2.22. When the frequency was 2.5 KHz, the flow rate no
longer increased linearly. When the operating frequency was increased to 3 KHz, the flow
rate began to decrease. When the pulse width was 5 µs, the linearly increased frequency
was only 1.5 KHz, and the linear slope was 2.68. When the pulse width was increased to
6 µs, the linearly increased frequency was smaller than 1.5 KHz, and the linear slope was 3.

We observed the experimental results under an operating frequency of 15 KHz
(Figure 11). The volume of the spray dots increased from 330 pl under a pulse width
of 4 µs to 500 pl. At 6 µs, the volume increased with the pulse width. The ejection rate
of the ejection point’s volume, in contrast to the chamber capacity, increased from 40% to
58%. The experimental results indicated that an increase in energy increased the pressure
of bubbles and more liquid was expelled.
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Figure 11. A Type-Sample01 drop volume.

We observed the flow rate changes under various power conditions, with an operating
frequency of 2 KHz and a pulse width of 4 and 5 µs. With power ranging from 4.3 W to
5.7 W, the flow rate of the injected monomer was 5.5 cc/min (Figure 12). The experimental
parameter was the maximum yield of the DNA liquid.
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This study tested the total flow rate of the ejected DNA chip. First, we injected a
monomer in chips in the B1-oo series. Under an operating frequency of 2 KHz, various
operating voltages were employed to test the flow rate. The results revealed that the
amount of injected monomer was closely related to the provided power from the outside
environment (Figure 13). Although the injected monomer had a different pulse width
energy, under the same power condition, the energy obtained from injecting the monomer
was the same. The bubbles generated on the heater had the same instant pressure. There-
fore, the introduced flow rate was similar. The figure revealed that the flow rate increased
with the added power. At a power condition of 4.5 W, the system had a maximum flow
rate of 3.5 cc/min. When the power exceeded that level, the flow rate decreased.
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Figure 13. B1-00 flow test.

We employed the same experimental procedures for C Type-01 and D Type-02 flow
rate test chips. The results are presented in Figures 14 and 15, respectively. Under the
condition of a fixed operating frequency of 2 KHz, the amount of monomer injected
changed according to the external power (Figure 14). The maximum flow rate (3.5 cc/min)
of the injected monomer appeared when the power was 4.5 W. Figure 15 revealed the same
result: The maximum flow rate (2.5 cc/min) of the injected monomer in D Type-02 was
achieved under the power of 4.2 W. At 4-W added power, another D Type-02 chip achieved
its maximum flow (3 cc/min).
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to the input parameters. 

Figure 15. D Type-02 flow test.

In the aforementioned experiments, the chip types were heaters (size: 105 µm × 105 µm)
with a nozzle density of 50. The nozzle outlet size was 80 µm for all chip designs. On
the basis of the aforementioned results, the maximum flow rate for all B1 series chips was
limited to 3.5 cc/min. The required power for generating the maximum flow rate was
3.5–4.5 W.

In an effort to increase the amount of monomer being injected, we first considered
expanding the size of the heater. The unit heater size of chip No. E1-00 was increased
from 105 µm × 105 µm to 132 µm × 132 µm. The size of the microfluid flow channel
was increased from 120 µm × 120 µm to 150 µm × 150 µm. The injection cavity volume
increased by 56%. The number of monomer injection nozzles was maintained at 50 for the
experiment. Figure 16 reveals the flow rate test results. Under an operating frequency of
3 KHz and pulse width of 3 µs, the flow rate of the nozzle under 20–25 V of driving voltage
range could be observed. The flow rate increased with the voltage. In excess of 25 V, any
further voltage increase reduced the flow rate. When the pulse width was changed to
3.5 µs, the flow rate’s increase range was reduced to 20–23 V. When the voltage exceeded
23 V, the flow rate began to decrease. The pulse width was contained to increase to 4 and
5 µs, and the increased voltage range was further reduced.

Micromachines 2021, 12, x  14 of 17 
 

 

 
Figure 15. D Type-02 flow test. 

 
Figure 16. E1 type flow test. 

We observed flow performance under various pulse widths under 20 V of driving 
voltage. As the pulse width increased from 3 μs to 3.5 μs, 4 μs, and to 5 μs, the corre-
sponding flow rate increased from 0.75 cc/min to 23 cc/min, 2.7 cc/min, and to 3.1 cc/min. 
Figure 17 depicts the correlation between power and flow rate. Flow rate was still affected 
by power. The figure reveals that as the power increased, the flow rate increased from 0.75 
cc/min to 3.5 cc/min until the power reached 6.5 W. When power increased further, the 
flow rate did not increase with the energy, revealing that the maximum flow rate of this 
design is 3.5 cc/min.  

The summary of the experimental results is obtained from increasing the number of 
nozzles, increasing the input signal frequency, pulse width, the reduced heater size, and 
decreasing the input voltage (power) data to obtain the optimal DNA spray. DNA is not 
easy to obtain, it is estimated the amount of DNA sprayed outcomes from the data (in-
creased number of nozzles, reduced heater size) while quickly deploying DNA according 
to the input parameters. 

Figure 16. E1 type flow test.

We observed flow performance under various pulse widths under 20 V of driving volt-
age. As the pulse width increased from 3 µs to 3.5 µs, 4 µs, and to 5 µs, the corresponding
flow rate increased from 0.75 cc/min to 23 cc/min, 2.7 cc/min, and to 3.1 cc/min. Figure 17
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depicts the correlation between power and flow rate. Flow rate was still affected by power.
The figure reveals that as the power increased, the flow rate increased from 0.75 cc/min
to 3.5 cc/min until the power reached 6.5 W. When power increased further, the flow rate
did not increase with the energy, revealing that the maximum flow rate of this design is
3.5 cc/min.
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The summary of the experimental results is obtained from increasing the number
of nozzles, increasing the input signal frequency, pulse width, the reduced heater size,
and decreasing the input voltage (power) data to obtain the optimal DNA spray. DNA is
not easy to obtain, it is estimated the amount of DNA sprayed outcomes from the data
(increased number of nozzles, reduced heater size) while quickly deploying DNA according
to the input parameters.

Spraying was conducted using a special 3D MEMS structure. DNA spraying technol-
ogy can be employed to test the relationship between the flow rate of DNA on the glass
slide and time. Because DNA cannot be obtained easily, rapidly deploying DNA while
calculating the amount of DNA being sprayed is essential. Microarray biochip sample
spots can probe clusters composed of DNA, RNA, peptide proteins, antibodies, cells, or
human tissues. The sampling material was determined by the biological characteristics
to be measured. For example, the DNA chips for testing the single nucleotide A, T, C, or
G (single nucleotide polymorphism) are sample points of different single-stranded DNA
sequence fragments being grouped; in this case, DNA sequences were used. The paring
principle of AT and CG. When the designed single-stranded DNA sample spot can be
paired with the sample and emit fluorescence, it indicates that the DNA sequence was
changed by a single nucleotide, and the change in the DNA sequence can be used to explore
the chromosome genome diversity of species (including humans). Another example is
the protein biochip for detecting food-specific allergens. The conventional method is to
place dozens to hundreds of different food allergen sampling point on a standard-size 1”
× 3” glass. A probe design of 200–500 microns and its fluorescence strength can be used to
screen and test dozens to hundreds of different food allergens.

Conventional experimental procedures require a long time to extract and purify DNA
(DNA separation), removing polymerase chain reaction inhibitors to obtain DNA. Although
DNA extraction is feasible, during the extraction process, precious samples may be lost.
Human operation may lead to experimental errors and sample cross contamination. DNA
nucleic acid is highly valuable. Through this experiment, we can precisely estimate the
total amount of DNA required for thousands of spots on the microarray biochip sprayed
with DNA.
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4. Conclusions

This study provided a DNA printing IDMH and conducted microfluidic flow es-
timation. Under the designed DNA spray cavity and 20 V of driving voltage, the flow
performance of different pulse widths was discovered to increase with the pulse width. The
E1 type flow rate test revealed that as the corresponding flow rate increased to 3.1 cc/min,
the flow rate was affected by changes in power. As the power increased, the flow rate in-
creased from 0.75 cc/min to 3.5 cc/min, up to a power of 6.5 W. If the power was increased
further, the flow rate did not increase with the energy. This reveals that this table design is
the largest. The flow rate was 3.5 cc/min.

In a specifically designed DNA spray room structure with an operating frequency of
2 KHz and pulse widths of 4 µs and 5 µs, we observed changes in flow rate under various
power conditions. Within the power range of 4.3–5.87 W, the flow rate of the injected
monomer was 5.5 cc/min. This did not change as the power increased. DNA is precious
and cannot be obtained easily. Through this experiment, we can precisely estimate the total
amount of DNA required for thousands of spots on the microarray biochip sprayed with
DNA
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Abstract: In this paper, an efficient passive wireless harmonic communication system is proposed
for the real-time monitoring of the pressurized pipelines. A pressure sensor is fabricated using the
additive manufacturing technique and a harmonic radio frequency (RF) tag is designed to operate at
the fundamental frequency (f>) of 2 GHz that shifts the phase of the back reflected RF signal according
to the applied pressure ranging from 0 to 20 psi. A power efficient phase modulation with virtually no
losses is achieved using a hybrid coupler-based phase shifter that efficiently reflect back the incoming
signal using an end coupled reactive impedance element/sensor. The phase delay introduced by
the reactive element gets doubled with the second harmonic communication, which increases the
sensitivity by a factor of two. The concept of harmonic backscattering is exploited to reduce the effects
of multi-path interference and self jamming, as well as improving the signal-to-noise ratio (SNR).

Keywords: passive; pipeline; pressure; reactive impedance sensor; structural health monitoring;
wireless

1. Introduction

Pipelines are the safest and economically viable arterial networks for transporting natural gases
and oils across the globe. The pipeline network expands at a faster rate due to the projected growth
in population and increased rate of urbanization, creating a demand in supply of natural gas for
domestic and industrial use [1]. The natural gases are gathered, transported, and distributed at
various pressure levels via metals, composites, and plastic pipelines. Any material subjected to a
high or a low cyclic pressure over a prolonged period of time induces a stress on the material. This
stress over time compromises the safety and reliability of the pipeline and may lead to a catastrophic
failure [2–4]. In order to prevent such failures, there is a growing need for the development of
economical, real-time, scalable, structural integrity monitoring, and sensing system for the pipeline
infrastructure implemented in refineries, chemical plants and manufacturing facilities.

Related Work

In literature, a number of structural health monitoring (SHM) techniques exist to evaluate
the integrity of pipes aiding in improving safety and lifespan of the pipeline infrastructure [5,6].
The different indicators that are monitored for elucidating the pipeline health are cyclic pressure,
surface temperature, humidity, and vibration [5,6]. Among these indicators, pressure is the most
important and found to be the primary cause of damage to the pipelines [7].

A number of techniques have been proposed to monitor the pipeline pressure; such as piezo
based resistive sensors, micro-electromechanical systems (MEMS)-based capacitive sensors, and fiber
Bragg grating (FBG)-based negative pressure sensors [7–10]. The fabrication process of all the sensors
is very complex, which either requires a hefty clean room process or very expensive tools for precision.
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For example, the MEMS-based capacitive sensors require expensive substrate material, chemical
etching, wire bonding, and separate housing [10]. Additive manufacturing is a viable alternative
of this process, which has been previously proven for electronic system and component design [11].
Three-dimensional printing technique was previously used for designing multiple components in a
pressure sensor [12–14]. However, a fully 3D-printed pressure sensor is still a feat to achieve. Most of
the published research is focused on various other applications and gas pipeline is not the primary
focus, which leads to over complexity, limited communication range, and scalability issues.

One of the major limitations of these sensor units is that a direct wired connection is required for
data acquisition. The direct probing or wired connection limits the application of the sensors and poses
a problem for inaccessible environments, like under ground buried pipelines or large infrastructure
with a requirement of thousands of sensing nodes.

A number of wireless sensing approaches have been proposed as an alternate solution to overcome
the disadvantages of the wired sensing methods [15,16]. The wireless methods monitor the pressure in
the pipeline by deploying a large number of active sensor nodes. The integrated nodes on the surface
of the pipes transmit the data wirelessly to the interrogator. The disadvantage of active sensors is the
need for an on-board battery, charging and/or replacement requirements increase the implementation
and maintenance cost of the system [15–17]. Battery-free, low-cost, real-time sensing is ideal to provide
a robust and economical system with longer life span and lower maintenance [18,19].

Inductor-capacitor (LC) resonator-based passive sensor tags have been proposed in literature for
monitoring the pressure based on capacitive loading, which in turn shifts the resonance frequency [20].
LC resonant sensors operate in near-field configuration and have a limited interrogation distance [21].
The conventional far-field passive pressure sensors operate at a single frequency, which are prone to
clutter due to multi-path interference and have a lower signal-to-noise (SNR) due to self-jamming [18].
To overcome these limitations, the harmonic communication approach is desired, that eliminates
self jamming, reduces multi-path interference, lowers down phase noise, and increases the SNR.
Harmonic-based sensors have been reported in literature for sensing temperature, and pH [22,23].
In this work, a passive harmonic RF tag with integrated pressure sensor is presented for the first time
for the real-time monitoring of the pipeline infrastructure.

In this paper, a harmonic RF system is proposed for gas pipeline infrastructure that consists
of an RF tag coupled with a pressure sensor and an RF interrogator. The harmonic RF sensor tag
has a receiver (2 GHz) and transmitter (4 GHz) antenna, a harmonic doubler, and an integrated
pressure sensor with the phase shifter. The integrated pressure sensor is designed with a cavity
based parallel plate reactive impedance element/sensor that changes its reactance with the change in
applied pressure from 0–20 psi. The designed sensor is fabricated using the additive manufacturing
technique, which uses thin liquid crystalline polymer (LCP) substrate as its diaphragm. The phase
shifter translates the change in reactance to the change in received 2 GHz signal’s phase, with the power
efficient modulation technique, which is backscattered at harmonic frequency of 4 GHz. A schematic
of the proposed sensing system over the pipeline infrastructure is shown in Figure 1.

Figure 1. Proposed passive wireless sensing system for the pipeline infrastructure.
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2. Design and Setup

The design of passive wireless harmonic system includes: (A) 3D printed pressure sensor (B)
passive harmonic RF sensor tag, and (C) harmonic RF interrogator.

2.1. 3D Printed Pressure Sensor

The designed pressure sensor is an air cavity based parallel plate capacitor, where one electrode
has a fixed position and second electrode is deformable due to the pressure as shown in Figure 2.
The air cavity in between electrode acts as dielectric medium and holds 1 atmospheric pressure
or reference pressure. The pressure is applied through a tunnel directly onto the diaphragm with
copper electrode.

Figure 2. Air cavity-based fully 3D printed pressure sensor.

The pressure sensor is fabricated in three parts, as shown in Figure 3. The first component has
the air cavity with the fixed electrode and electrical access holes for rigid coaxial cable. The copper/
fixed electrode is plated into the cavity’s bottom of the 3D printed part. The second component is the
deformable electrode, which is realized using 18 μm-thick LCP film with copper plating. The LCP film
is fixed on top of the cavity, such that it makes an electrical connection with the outer shell of the rigid
coaxial cable. The third component is a pressure tunnel that directs the pressure onto the electrodes
and hold the LCP film in its place. The top part has four alignment legs, which perfectly fits with the
bottom component. An extra layer of polymer resin is coated on top of the fully assembled pressure
sensor and cured under ultraviolet (UV) light, for eliminating any pressure leaks into or from the air
cavity and acts as a seal of the pressure sensor. The outer resin layer also holds the three separately
fabricated components together and replace any use of extra adhesive.

Figure 3. Exploded view of 3D printed pressure sensor with three main components.
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Figure 4 shows a fully assembled view of the fabricated pressure sensor, where three components
fit perfectly and allow a coaxial cable to make electrical connection with the electrodes for reactance
measurement. The total volume of the fabricated sensor is 10 × 13 × 6 mm3. The diameter of the
pressure tunnel is 6.6 mm and the depth of the pressure cavity is 1 mm. The change in pressure
deforms the LCP electrode and reduces the separation of two electrodes, therefore a change in electrical
response, which can be measured using an impedance analyzing equipment.

Figure 4. Fully assembled 3D printed pressure sensor with component annotation and dimensions.

A sealed cavity-based sensor with deformable diaphragm in parallel plate configuration is used to
measure the pressure, ranging from 0 to 20 psi. The pressure sensor is integrated inside a polypropylene
plastic pipe and probed using an SMA connector from the outside, as shown in Figure 5A. A vector
network analyzer (VNA) is used in a direct wired configuration to measure the impedance of the
pressure sensor at 2 GHz, as shown in Figure 5B.

The measured impedance is plotted on a normalized smith chart for varying pressure, as shown
in Figure 6. The reactive impedance changes from 10.23–17.80 Ω for the applied pressure. A small
series resistance is observed in the acquired data, which is due to the parasitics associated with the
high frequency and losses from the cable. The direct wired measurements support the hypothesis
of significant change in reactive impedance due to pressure difference in between sealed cavity and
pipeline pressure. Moreover, it provides an insight into the parasitic real impedance of the sensor and
provide data for simulating ideal phase shift for a given range of impedance.

Figure 5. (A) Pressurizing chamber (pipe) with integrated pressure sensor, (B) Schematic of the
measurement setup, and (C) Fabricated pressure sensor.
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Figure 6. Measured impedance at 2 GHz for pressure range from 0 to 20 psi with a direct wired
connection using vector network analyzer (VNA).

2.2. Passive Harmonic RF Sensor Tag

The passive harmonic RF tag uses a reactance-based phase shifting mechanism for wirelessly
measuring the change in the applied pressure. The hybrid coupler is used as a phase shifter, which is a
four port reciprocal device with an input, output, isolation, and coupled ports. The phase shifter is
designed and simulated using ANSYS HFSS® (2019, ANSYS, Inc., Canonsburg, PA, USA) on an FR-4
substrate with dielectric constant (nA ) of 4.4, thickness of 1.52 mm and a loss tangent (tan X) of 0.02.
The phase shifter operates at 2 GHz with a 3 dB coupling factor and a 20 dB isolation.

The phase shifter’s input is connected to a 2 GHz patch antenna for receiving the interrogation
signal. The received RF signal is fed to the output and the coupled ports of the coupler, to which a
reactive impedance pressure sensor is connected. The RF signal at the output and the coupled ports
experience a total internal reflection due to the termination by a reactive sensor element. The internally
reflected signal is received from the isolated port without any internal power loss, but with a shifted
phase according to the reactance. The isolated port is connected to a non-linear device (Schottky diode),
which generate a second harmonic signal at 4 GHz. The Schottky diode (BAT 15-03) doubles the
shifted phase along with a frequency. The phase modulated 4 GHz output of the frequency doubler is
transmitted back using a patch antenna. The schematic of the designed harmonic RF tag is shown in
Figure 7 along with the dimensions.

The fundamental and the harmonic antennae are designed in cross-polarization for increasing
the SNR and minimizing the interference at the interrogator. The simulated and the measured
frequency responses for both the fundamental and the harmonic patch antenna are shown in Figure 8.
The measured response closely matches the simulated response, and the observed minimal differences
are due to fabrication tolerances.
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Figure 7. Schematic of the pressure sensing harmonic RF tag along with its dimensions. Signal received
using 2 GHz antenna forwarded to the hybrid coupler for phase shift according to the integrated
pressure sensor and the second harmonic signal with double shifted phase, generated using diode
frequency doubler, is transmitted out using 4 GHz patch antenna.

Figure 8. Simulated and measured frequency response; (A) Fundamental (2 GHz) and (B) Harmonic
antenna (4 GHz).
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2.3. Harmonic RF Interrogator

The harmonic RF interrogator is designed to communicate with the passive phase shifting-based
RF tag. The interrogator generates an RF signal using a VNA with a signal strength of 13 dBm at
2 GHz and it is transmitted towards the harmonic RF tag using a Vivaldi antenna. The harmonic RF
tag receives the fundamental frequency and backscatters the pressure sensor information modulated
onto the 4 GHz harmonic signal. The harmonic interrogator receives the modulated signal using a
Vivaldi antenna in a cross-polarized configuration. The received harmonic signal is amplified using
LNA’s (ZX60-53LNB-S+ and ZX60-43-S+) with a total amplification of 34 dB. The amplified 4 GHz
signal is fed into the RF port of the mixer for down converting it to a 2 GHz signal. A reference signal
is extracted from the 2 GHz transmission signal using an RF splitter and fed into the LO port of the
mixer. The down converted output signal at 2 GHz with the modulated phase information is acquired
using VNA at the IF port of the mixer. The schematic of the harmonic RF interrogator communicating
with the harmonic RF sensor tag is shown in Figure 9.

Figure 9. Schematic of the harmonic RF Interrogator consist of a VNA for RF source and phase
measurement unit, transmitting and receiving antennas, and miscellaneous RF peripheral circuits for
communicating with the harmonic RF sensor tag.

3. Results

Initially, a simulation-based validation study is performed in order to test the phase shifting
mechanism using a reactive element. A four port phase shifter is designed in Keysight’s ADS RF
simulation software (2017, Keysight Technologies, Santa Rosa, CA, USA ) with a coupled reactive
impedance element. The range of reactive impedance is referenced from the previous direct wired
measurements shown in Figure 6. The reactive elements are connected to the two of the four ports of
hybrid coupler, while using two leftover ports as input and output of 2 GHz signal. The S-parameter
study is used in ADS for validating the phase shifting mechanism. The simulated transmission
coefficient (S21) of the phase shifter is shown in Figure 10. The phase of the transmitted signal at 2 GHz
is changed from −176.21◦ to 155.2◦ (ΔΦ = 28.55◦) with a change in coupled reactance from 6.82–36.73 Ω.
The simulated phase shift due to reactive impedance is significant for practical implementation and
can be easily detected using a standard phase measurement device. Moreover, the transmitted power
at 2 GHz remains unchanged, shows no loss at the operating frequency for the entire range of the
changing reactive impedance. Pressure information is modulated on the 2 GHz signal in the form of a
phase with no power loss is a significant feat for passive RF tag technology, where a small amount of
energy saving can lead to a huge improvement in range or signal-to-noise ratio. In this paper, the no
power loss advantage is exploited for better harmonic generation using the Schottky diode, where the
frequency conversion losses are inversely proportional to the input power of the signal [24].
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Figure 10. Simulated frequency response of the designed phase shifting hybrid coupler with a variable
reactance from 6.82 Ω to 36.73 Ω: (A) No power loss is observed at 2 GHz due to changing reactance,
(B) A total phase shift of 28.55◦ is observed at 2 GHz due to changing reactance.

The proposed technique is validated by performing two experiments. First, the phase shifter is
designed in Ansys HFSS for 2 GHz and fabricated on a FR-4 board for validating the simulation results.
The fabricated phase shifter’s response, without a transmitter or a receiver antenna, is measured using
the VNA at 2 GHz. A power combiner is used to connect a single reactive element (varactor diode) with
the two ports of the phase shifter. The reactive impedance of the varactor diode is varied by applying a
bias voltage from 0 V to 1.5 V. The change in phase, due to the change in reactance, of the transmission
coefficient (S21) at 2 GHz in direct wired configuration, is shown in Figure 11. The 1.5 V change in
bias potential leads to a change of 18.28◦ in phase. The fabricated phase shifter performed in a similar
way to the simulated results. Next, receiver and transmitter patch antennae are connected to the
phase shifter with a harmonic doubler and the wireless phase measurement experiment is performed.
The harmonic RF sensor tag is placed at a separation of 8 inches from the interrogator antenna for
wireless communication. The wirelessly acquired phase change due to applied bias voltage is shown
in Figure 11. A phase shift of 36.78◦ is observed for the wireless configuration, which is approximately
double the single frequency wired configuration. In Figure 11, both responses are the average plots
of three repetitions and error bars represent the standard deviation between all readings. A constant
phase offset with reference to 0◦ is added in both the wired and the wirelessly acquired data.
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Figure 11. Measured phase change due to variable reactance (introduced with direct current (DC)
biasing the varactor diode) in a wired configuration (ΔΦ = 18.28◦) using a single frequency approach
and wireless configuration (ΔΦ = 36.78◦) using the harmonic frequency approach.

Second, a pressurized pipeline setup is designed to test the harmonic RF tag with integrated
pressure sensor. A section of polypropylene pipe, 24 inches in length and 2 inches in diameter, is sealed
using threaded polypropylene caps.

An 1/8 inch precision flow valve is connected to both the ends of the pipe for controlling the
pressure. A high pressure nitrogen cylinder is used to pressurize the pipe through a compressed
yor-lok fitting coupled to a precision flow valve. Due to the safety of research lab and personnel,
natural gas pressure pipe application is demonstrated using nitrogen gas. A 20 psi safety valve is
connected that sets the limit on the maximum applied pressure. The designed pressure sensor can
also work at higher pressure ranges, but due to safety, the upper limit is set to 20 psi for this work.
The working principle of the designed sensor is demonstrated for a limited pressure range from 0
to 20 psi. The integrated pressure sensor inside the pipeline is connected to the designed harmonic
RF tag, as shown in Figure 12. The harmonic RF tag is capable of receiving RF signal at 2 GHz and
modulate the phase of output signal according to the applied pressure.

Figure 12. Pressurized polypropylene pipeline setup with the fabricated harmonic RF sensor tag for
real-time wireless communication.

Discussion

In our experiment, the applied pressure range is from 0 to 20 psi. Due to applied pressure, the
harmonic RF interrogator, placed at 18 inches’ distance from RF tag, measured a phase shift of 16.6◦

in the received signal at 4 GHz. The wirelessly measured phase is shown in Figure 13, where the
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measurements are acquired at an interval of 5 psi. All measurements are performed thrice for checking
the repeatability and standard deviation at each acquisition point, as shown in Figure 13. The plotted
average data of three repetitions show a linearity of 0.9915 (R2), which is comparable to existing
commercial pressure sensors [25].

Figure 13. Phase change is wirelessly measured using harmonic RF interrogator due to applied pressure
ranging from 0 to 20 psi. The linearity of change in phase due to pressure is represented using coefficient
of determination (R2 = 0.9915).

The designed harmonic RF sensor tag has a sensitivity of detecting a minimum change of 1 Ω
in reactive impedance at 2 GHz and is compatible with other types of reactive impedance based
sensors for measuring higher pressure or other physical parameters such as temperature, moisture, etc.
The interrogation range of the system can be further enhanced by radiating the maximum allowable
power of 4 W, whereas in this work, only 19 mW was used. A maximum communication range of 15 ft
can be achieved with 36 dBm (4W) transmitted power at 2 GHz, 20 dB doubler diode conversion loss
and −90 dBm receiver sensitivity at 4 GHz.

The 3D printed pressure sensor eliminated the complex fabrication requirement in clean room,
while providing similar capability such as piezo-based resistive sensors, MEMS-based capacitive
sensor, or FBG-based pressure sensors [7–10]. The passive wireless feature successfully communicated
the pressure information from pipe to interrogator, while eliminating the battery requirement and
lowering down the maintenance cost [18].

4. Conclusions

In this paper, a low cost 3D pressure sensor and passive wireless sensing mechanism is presented
for monitoring the structural integrity of the gas pipelines. The developed harmonic pressure sensing
system has a good sensitivity (1 Ω) towards reactive impedance, better linearity (R2 = 0.9915), a higher
SNR, lower modulation losses, and a longer communication range. The harmonic communication
eliminates the self-jamming, reduces the multi-path interference, and doubles the measurement
sensitivity (phase change) due to applied pressure. The coupler-based phase shifting mechanism
efficiently modulated the pressure information on carrier harmonic frequency. The demonstrated
detection range of applied pressure from 0 to 20 psi is practical for natural gas distribution and main
pipeline infrastructure.

Furthermore, the logical next step of this research is to expand the application to higher pressure
ranges and study the performance of sensor in liquid medium while focusing on the effects of
non-dissolved particles. The developed long range wireless sensing platform allows a continuous, safe,
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reliable, and real-time monitoring of the pipeline and provides a cost-efficient solution for operations
in refineries and chemical plants.
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Abstract: Polymethylmethacrylate (PMMA) is one of the most important thermoplastic materials and
is a widely used material in microfluidics. However, PMMA is usually structured using industrial
scale replication processes, such as hot embossing or injection molding, not compatible with rapid
prototyping. In this work, we demonstrate that microfluidic chips made from PMMA can be 3D
printed using fused deposition modeling (FDM). We demonstrate that using FDM microfluidic chips
with a minimum channel cross-section of ~300 µm can be printed and a variety of different channel
geometries and mixer structures are shown. The optical transparency of the chips is shown to be
significantly enhanced by printing onto commercial PMMA substrates. The use of such commercial
PMMA substrates also enables the integration of PMMA microstructures into the printed chips,
by first generating a microstructure on the PMMA substrates, and subsequently printing the PMMA
chip around the microstructure. We further demonstrate that protein patterns can be generated within
previously printed microfluidic chips by employing a method of photobleaching. The FDM printing
of microfluidic chips in PMMA allows the use of one of microfluidics’ most used industrial materials
on the laboratory scale and thus significantly simplifies the transfer from results gained in the lab to
an industrial product.

Keywords: 3D printing; polymethylmethacrylate; additive manufacturing; microfluidics; fused
deposition modeling

1. Introduction

Three-dimensional (3D) printing has gained great importance for rapid prototyping of microfluidic
devices in the past decade, since it allows the fabrication of microfluidic chips on the laboratory
scale, with the possibility to test a great variety of different chip designs early on in the development
process [1–4]. Different printing technologies have been examined for 3D printing of microfluidic
devices, such as stereolithography (SL), inkjet printing, multi-jet printing, two-photon polymerization,
suspended liquid subtractive lithography and fused deposition modeling (FDM) [2,5–8]. On the
laboratory scale these 3D printed microfluidic devices have been used in a great variety of applications:
for mixers, droplet or gradient generators or active components like valves or pumps [9–12].

However, one major issue for most rapid prototyping methods in microfluidics, including 3D
printing, is the conversion of a laboratory prototype to an industrial scale product [13]. 3D printing of
microfluidic chips has so far been mainly realized using stereolithography printing, since it remains
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the method of choice for high-resolution 3D printing with affordable machinery. However, SL usually
requires photocurable resins (mostly acrylic or epoxy based) which are strongly cross-linked thermosets,
rendering them unsuitable for industrial replication processes like injection molding or hot embossing,
which require thermoplastic materials. Due to the high surface-to-volume ratio in microfluidics, the
chip material plays a major role. Therefore the transfer between lab-processes and industrial scale comes
with a change in the final system behavior, which is a major issue [13]. One option to solve this problem
is the use of 3D printing methods, which can process industrially relevant thermoplastic polymers
already on the laboratory scale. FDM is such a 3D printing method in which a thermoplastic filament is
melted, extruded through a nozzle and solidified by cooling. Furthermore, FDM is interesting since it is
capable of multimaterial printing [14]. The complexity of FDM printed systems can be even extended
by integration of components like membranes or electrodes by pausing the process, integrating the
external components of choice before continuing the print (so called print-pause-print) [14]. Using
FDM printing a variety of microfluidic concepts like mixers or chemical reactionware have already
been realized [15,16]. Recently FDM printing has been used to fabricate simple channel geometries
with sub-100 µm [17].

In theory, a wide range of thermoplastic materials can be processed using FDM, but only few
materials have been studied. Most microfluidic chips are printed using poly (lactic acid) (PLA) or
acrylonitrile-butadiene-styrene (ABS). FDM printing of cycloolefin copolymers (COC), thermoplastic
urethane (PLU) or polypropylene being a notable exception [15,17]. Polymethylmethacrylate (PMMA)
is one of the most important thermoplastic materials in microfluidics due to its high optical transparency
and low autofluoresence combined with a high biocompatibility [18]. Furthermore, it is a rather
hydrophilic material, making it interesting for capillary-driven microfluidic systems. However,
PMMA is usually structured using industrial scale polymer structuring like injection molding or hot
embossing [19,20]. Rapid prototyping of PMMA has been mainly conducted using subtractive processes
like laser structuring or high-precision milling, as well as laboratory-scale imprinting technologies,
such as solvent replication or room temperature imprinting [21–24]. PMMA prepolymers consisting of
the monomer methylmethacrylate (MMA) and the polymer PMMA have been used for replication
of microfluidic PMMA chips with high resolution from a variety of different master structures like
polydimethlysiloxane (PDMS) or stainless steel [25,26]. Recently, we have introduced Liquid PMMA,
a photocurable PMMA prepolymer which can be structured with tens of micron resolution using direct
lithography [27]. However, all these rapid prototyping processes are only capable of fabricating open
2.5-dimensional microfluidic structures, which need to be closed during a subsequent bonding step.
Furthermore, the integration of microstructures and biomolecular patterns is becoming increasingly
important. Protein patterns with specific shapes and patterns are capable of inducing specific cellular
responses and are important for the study of cellular behavior. Structured biochemical functionalization
by means of photobleaching was established in the last decade and was already used for different
substrate materials, like functionalized glass slides, polymer films and cellulose paper [28–30].

PMMA has so far not been studied as a material for FDM printing of microfluidic chips, which,
however, could allow the direct printing of embedded microfluidic chip structures. In this work,
we demonstrate that microfluidic PMMA chips can be directly printed using FDM with a minimum
channel width of 300 µm. To ensure a high optical transparency in the region of interest, we evaluated
two strategies: direct FDM printing on the print bed and printing on top of a commercial PMMA
substrate. We further evaluate the influence of the nozzle distance on the transparency of the printed
PMMA. Further, we show that high-resolution microstructures like microscale line-patterns can be
integrated within the printed PMMA chip and that the microchannels can be easily functionalized
with biomolecules. The FDM printing process allows the fabrication of a fully functional embedded
microfluidic chip within 1 h, thus demonstrating that an industrially relevant thermoplastic polymer
material can be structured using 3D printing. This effectively allows a direct transfer of results gained
in the laboratory to an industrial scale.
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2. Materials and Methods

2.1. Printing Materials

PMMA filament was purchased from materials4print, (Bad Oeynhausen, Germany).
Methylmethacrylate (MMA) technical grade was purchased from VWR, (Darmstadt, Germany).
Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO), biotin (5-fluorescein) conjugate (F5B),
streptavidin-Cy3 in buffered aqueous solution (STV-Cy3), phosphate buffered saline (PBS) and
2,2′-azobis(2-methylpropionitrile) (AIBN) were purchased from Sigma Aldrich, (Taufkirchen, Germany).
PMMA substrates were purchased from Röhm GmbH (Darmstadt, Germany).

2.2. Fused Deposition Modeling

All designs were created using Autodesk Inventor Professional 2019 and exported as STL files.
The STL files were imported into PrusaSlicer-2.1.0-rc for the slicing process. The FDM printer Prusa i3
MK3S (Prusa Research, Prag, Czech Republic) was used for printing. The printing parameters have
been optimized to 3D print microfluidic channels with a minimum channel width of 300 µm. The
parameters of the printing process were as follows: layer height: 50 µm (first layer: 100 µm), infill:
100%, printing speed: 30 mm/s and nozzle temperature: 230 ◦C. The bed temperature was increased
significantly compared to other commercial filaments like PLA to 115 ◦C for the first layer to reduce
warping effect, i.e., delamination from the print bed. During the print, the bed temperature was
lowered to 110 ◦C for all following layers. A 45◦ angle was set for the infill orientation. Infill/contour
overlap was set to 25% to reduce air gaps between the printed features. All parts were printed with
a 0.4 mm nozzle. For high transparency of the printed microfluidic chips, the z-axis distance to the
printing bed was reduced by doing a first layer calibration. The nozzle was moved 100 µm closer
to the print bed compared to the standard printing distance. The specified standard z-axis distance
of the nozzle is usually adjusted until the polymer sticks nicely to the print bed and is only slightly
squished. Reducing the z-axis nozzle distance even more than specified results in broader strands,
which make the FDM printed PMMA appear more homogenous and transparent (see Section 3.1).
To reduce sagging during the 3D printing of embedded channels, the material extrusion was reduced
by 60% while bridging the channel structures (bridge flow ratio: 0.4). By keeping the printing speed at
30 mm/s the bridging PMMA strands are stretched upon deposition which prevents excessive sagging.
To evaluate different channel geometries, a series of embedded channels with different cross-section
geometries were printed and compared to their original CAD geometry. The accuracy of the printable
channel widths and heights were evaluated by printing open and embedded channels with varying
channel widths from 0.2–1 mm and compared to the original CAD dimensions. Evaluation of the
channel sizes and geometries was executed using a light microscope of type VHX 6000 (Keyence,
Osaka, Japan).

To obtain microchannels with an improved transparency in the region of interest, the channels
were printed directly on commercial PMMA substrates with a thickness of 2 mm. A similar strategy
has been previously described for the fabrication of channels in PLA [31]. The channels were designed
to be open at the bottom side, which is printed directly on the substrate. The printed PMMA structure
bonds to the PMMA substrate to form sealed microfluidic channels. The z-axis printing height of the
chip was adjusted during slicing to allow printing on the 2 mm PMMA substrate (z-offset: 2 mm).
After heating and calibration, the printer was shortly paused to align and stick the substrates to the
print bed.

2.3. PMMA Precursor Preparation

A thermally polymerized PMMA precursor was prepared by adapting a protocol described by
Qu et al. [25]. The thermal initiator AIBN was dissolved in technical MMA (0.3 mg/mL) and the mixture
was polymerized by heating the mixture to 93 ◦C within 20 min. After 15 min at this temperature
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the polymerization was stopped by cooling to room temperature with an ice bath. The mixture was
blended with 1 wt% BAPO.

2.4. Casting Process

Thermally prepolymerized PMMA precursor was polymerized for 10 min between a commercial
PMMA substrate and a metal microstructure using a UV-light source (Superlite 400, Lumatec,
Oberhaching, Germany) at 415 nm (exposure intensity: 5.8 mW/cm−2). A rectangular structure
(2 × 12 mm2) was cut out from a stripe of scotch tape (48 µm thickness), which was used as both mold
and spacer between the metal microstructures and the PMMA substrate.

2.5. Microfluidic Experiments

In order to connect the inlets and outlet, tubing connectors were directly printed onto the
microfluidic chips. Dispensing needles (1”, Vieweg, Kranzberg, Germany) were plugged into the
printed connectors and fixed using epoxy glue. Colored water was pumped through the microfluidic
channels using a syringe pump (Legato 210, KDScientific, Holliston, MA, USA) with a pump rate of up
to 10 mL/min.

2.6. Contact Angle Measurements

Contact angles were measured with an OCA15 Pro (Data Physics, Filderstadt, Deutschland)
using the sessile drop method. Static contact angles were measured using 5 µL water droplets at a
temperature of 25 ◦C.

2.7. UV-Vis Measurements

Optical transmission of commercial PMMA and FDM printed PMMA with variable thickness was
measured using a UV-visible spectrophotometer (Evolution 201, Thermo Fisher Scientific, Waltham,
MA, USA).

2.8. Autofluorescence Measurements

Fluorescence intensity was characterized for commercial PMMA substrates and 3D printed PMMA
with a thickness of 2 mm using an inverted fluorescence microscope (DMi8, Leica, Wetzlar, Germany)
with Cy5, Cy3, FITC and DAPI filters and 130 ms exposure.

2.9. Biofunctionalization

The immobilization of proteins inside of FDM printed microfluidic channels was done similar to a
previously described protocol [28]. F5B (80 µM in PBS) was injected into the channel and exposed
for 3 min to 5 min at 490 nm (exposure intensity: 7.7 mW·cm−2). After exposure with a custom build
lithography system based on a digital mirror device the channels were rinsed with distilled water,
PBS and, again, distilled water [28]. The patterns were visualized by incubating the microchannel
with STV-Cy3 (5 µg/mL) for 30 min. Afterwards the channels were again rinsed with distilled water
and PBS. The biomolecule patterns were visualized using an inverted fluorescence microscope (DMi8,
Leica, Germany). Images were analyzed using ImageJ 1.53a. Regions of interest (ROI) were selected
for background and signals (triangle shapes) and were analyzed in terms of brightness. Mean values
of all ROI of background and signals respectively were averaged and average values were used to
calculate signal-to-noise ratio (S/N).

3. Results and Discussion

We optimized the printing process to fabricate microfluidic chips in PMMA. Furthermore, several
microfluidic devices were fabricated and assessed. The integration of high-resolution microstructures
and biofunctionalization inside the channel was demonstrated.
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3.1. Optimum Printing Parameters and Transparency Optimization

To print PMMA microfluidic chips with an optical transparency in the region of interest, we studied
two different printing strategies: (1) standard printing procedure with direct printing on the print
bed and (2) printing onto a commercial PMMA substrate. Both strategies and the respective printed
microfluidic channels are shown in Figure 1a,b. First, we printed PMMA microfluidic chips using the
standard printing setup, where the PMMA is deposited directly on the print bed. To ensure a completely
sealed microfluidic structure, the printed channels are embedded in the PMMA chip, which is printed
using 100% infill for high transparency. A minimum of two layers (0.15 mm) were deposited before
printing the actual channel structures. This allows printing of embedded, leak-proof and transparent
microfluidic chips, as shown in Figure 1b. However, the deposited PMMA strands from the two bottom
layers are clearly visible and therefore reduce the transparency of the printed microfluidic chips. In the
second strategy, we printed an open channel structure directly onto a commercial, highly transparent
PMMA substrate. The heated PMMA structure bonds to the commercial PMMA substrate upon
deposition and therefore allows printing of fully functional, embedded and transparent microfluidic
channels. The absence of FDM printed PMMA layers between the printed channel structures and the
commercial PMMA substrate allows 3D printing of PMMA microfluidics with a higher transparency
than with the standard printing procedure.
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Principle of printing microfluidic PMMA channels. PMMA was either directly printed on the print 
bed (I) or printed on top of a commercial PMMA slide (II). (b) Comparison of two identical 
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Figure 1. Fused deposition modeling of microfluidic chips in polymethylmethacrylate (PMMA). (a)
Principle of printing microfluidic PMMA channels. PMMA was either directly printed on the print bed
(I) or printed on top of a commercial PMMA slide (II). (b) Comparison of two identical microfluidic
chips directly printed on the print bed and printed on a commercial PMMA substrate, respectively.
As can be seen, the transparency in the region of interest is increased by printing on a commercial PMMA
substrate (scale bars: 10 mm). (c) Increasing the optical transparency by reducing the nozzle distance:
(I) standard configuration, (II) printing with a reduced nozzle distance which flattens the extruded
filament. The nozzle is moving in the z-direction. The images show the 3D printed cross-section of
the first layer calibration (scale bar: 100 µm). (d) Comparison of microfluidic channels printed with
standard configuration and with reduced nozzle distance. As can be seen the transparency is increased
for the printing setup with reduced nozzle distance (scale bar: 10 mm).

We further optimized the printing process to improve the overall transparency of the FDM
printed PMMA. It was found that the z-axis distance of the nozzle for printing the first layer has
a significant impact on the observed transparency of the FDM printed PMMA. Printing with the
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standard parameters for z-axis distance, specified by the Prusa manual, PMMA with poor optical
transparency is obtained. Reducing the first layer z-axis distance of the nozzle by 100 µm compared
to the standard parameters (Prusa manual) results in PMMA microfluidic devices with significantly
higher transparency (see Figure 1c,d). The reduced nozzle distance results in slightly broader deposited
PMMA strands that fuse together without having gaps in between thus increasing the transparency of
the FDM printed component significantly.

We printed different channel cross-sections to evaluate the printing accuracy of these cross-sections
and to determine the best cross-section for printing more complex embedded microfluidic channels.
The CAD design and its respective printed PMMA chip can be seen in Figure 2a,b. FDM printing of
a square cross-sections results in an excessive sagging of the top layer, which will clog the channel
if small channel sizes are printed. The same effect was found for circular cross-sections. A major
improvement was found when adding a triangular shaped roof on top of the square cross-section.
The roof hereby compensates for the sagging effect and results in the square channel cross-sections.
A similar optimization was found for elliptical and diamond shaped channels. Since the additional
roof resulted in the most accurate microfluidic channels, all further structures were printed using
this design.
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geometries reaching into the channel (see Figure 3c). All three designs were printed using the roof-
shaped channel cross-section CAD design. The mixers in Figure 3a,c show effective mixing of blue 
and yellow colored water. To demonstrate the feasibility of truly three-dimensional geometries, we 
also printed a 3D microfluidic spiral with 1.2 mm cross-section, which is intertwining around a 
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Figure 2. Characterization of the channel cross-section of a printed PMMA chip. (a) Image of the
design of the printed channel cross-sections. (b) Different channel cross-sections with a channel
width/diameter of 600 µm printed in PMMA. (c) Fused deposition modeling (FDM) printed embedded
channels with a square cross-section for analysis of the printed channel height. Due to sagging the
channel height deviates strongly from the original CAD design. (d) FDM printed embedded channels
with a roof shaped cross-section for analysis of printed channel height and width. The addition of the
roof compensates the sagging resulting in square channels. (e) Open square cross-section channels
for analysis of the channel height and width. (f) Comparison of channel heights of embedded FDM
printed channels using square and roof shaped cross-sections shown in (c,d) and open channels shown
in (e) with the designed CAD heights. (g) Channel width of open and embedded roof shaped FDM
printed channels from (d,e) compared to the designed CAD widths. (Scale bars (a–e): 500 µm).
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The accuracy of the printed channel dimensions was evaluated by printing open and embedded
(roof and square cross-section) test channels of 1 mm, 800µm, 600µm, 400µm and 300µm channel width
and height, respectively (Figure 2c–e). The measured height of the resulting channel cross-sections
compared to the CAD dimensions are shown in Figure 2f. Printing embedded square cross-sections
resulted in excessive sagging which reduced the accuracy of the printed height compared to the CAD
design significantly. Adding a roof on top of the square cross-section compensated for the sagging and
allowed 3D printing of square channels with their channel heights corresponding to the square CAD
design without the added roof. The open channels showed nearly no deviation from the CAD design.
Both the open and embedded roof cross-section showed a high accuracy down to a channel height of
300 µm.

We further compared the width of the resulting channel cross-sections to the CAD dimensions
(see Figure 2g). The actual printed channel widths of the open and roof-shaped cross-section channels
are only slightly smaller than their respective CAD dimensions. This small deviation can be explained
by the employed printing setup. Due to the reduced nozzle distance, used for printing of high
transparency structures, the deposited PMMA strands are pressed to a slightly broader size than
estimated by the slicing software. Printing of channels with a width and height below 300 µm resulted
in partial clogging and was therefore not further investigated.

3.2. 3D Printed Microfluidic Devices

We printed several exemplary microfluidic devices to demonstrate the versatility of FDM 3D
printing of PMMA (see Figure 3). An exemplary serpentine microfluidic mixer with a channel diameter
of 600 µm was printed. It shows effective mixing along the channel cascade, resulting in a color
gradient from yellow to blue (see Figure 3a). We further printed a simple microfluidic spiral with a
channel width of 600 µm using the roof-shaped channel cross-section CAD design (see Figure 3b). We
also show an enhanced mixer which consists of a 2 mm wide channel with 600 µm periodic geometries
reaching into the channel (see Figure 3c). All three designs were printed using the roof-shaped channel
cross-section CAD design. The mixers in Figure 3a,c show effective mixing of blue and yellow colored
water. To demonstrate the feasibility of truly three-dimensional geometries, we also printed a 3D
microfluidic spiral with 1.2 mm cross-section, which is intertwining around a straight channel (see
Figure 3d). To test their performance, the printed channels were flushed with liquid at a flow rate of
up to 10 mL/min for several minutes. No leakage occurred during these experiments and none of the
channels showed clogging.

3.3. Integration of High-Resolution Microstructures

For a broader application scope, we investigated the potential to incorporate microstructures
within 3D printed channels. In order to do so, a process was developed to allow for the integration
of microstructures into the FDM printed microfluidic structures (see Figure 4a). To generate the
desired microstructures, we used a photocurable PMMA prepolymer, which was structured on top of
a commercial PMMA substrate. This PMMA substrate was then used as the PMMA substrate plate for
FDM printing. This requires careful alignment of the PMMA substrate with the PMMA microstructure
in the FDM printer to allow a precise print-on process. We first replicated a microscale lines-and-space
structure using the PMMA prepolymer (Figure 4b), and then printed a channel around it, resulting in a
channel with integrated microstructures (see Figure 4c). By doing so, we achieved the integration of
high-resolution PMMA microstructures within the FDM printed PMMA channels.
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3.4. Characterization of Printed PMMA

The wetting behavior of the chip material is important in microfluidics, to enable, e.g., filling of
the channels and thus capillary-driven microfluidics in general. Therefore, the contact angle of water
was measured on a commercial PMMA substrate and on a 3D printed substrate to characterize the
wetting behavior. The printed PMMA and the commercial PMMA showed a water contact angle of 69◦,
respectively. These values are in good accordance with literature references which have been reported
to be between 65◦ and 72◦ [32] and underline the hydrophilic character of the material.

The optical transmission of the 3D printed PMMA with the different nozzle distances described in
Section 3.1, was characterized using UV/Vis measurements (see Figure 5a). Samples with a thickness of
100 µm, 400 µm and 1 mm were measured. The transparency was compared to the optical transmission
of commercial PMMA with a thickness of 2 mm, which was used as the substrate for 3D printing
of microfluidic channels directly on top of the substrate. The optical transparency of FDM printed
PMMA parts was increased by using a printing strategy with reduced nozzle distance compared to
the standard distance. The optical transmission, however, is still below that of commercial PMMA
substrates. This is why for applications where high optical transmission is required in the region of
interest, the demonstrated strategy of printing on top of a commercial PMMA substrate is preferred.
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To ensure the applicability of 3D printed PMMA for fluorescence-based assays, the influence of
autofluorescence of the material was investigated using an inverted fluorescence microscope. The
printed and the commercial substrate show comparable low autofluorescence values (see Figure 5b).

3.5. Biofunctionalization Inside the Printed Microfluidic PMMA Chips

Protein patterns with specific shapes and patterns are capable of inducing specific cellular
responses and are important for the study of cellular behavior. To demonstrate the possibility to locally
create these patterns within the printed PMMA channels, we used a fast protein patterning method
based on the immobilization of fluorescently labeled molecules via photobleaching which we have
previously reported [28]. The photochemical immobilization of fluorescently labelled biomolecules is
based on the transformation of fluorophores into reactive radicals as a consequence of photobleaching
upon irradiation at the absorption wavelength. The radical species, which are only formed in the
exposed areas, react with functional groups and thus bond covalently to the surface. The method is
shown in Figure 6a. In this work, we created the pattern directly within the channel by printing a
microfluidic PMMA channel on top of a transparent PMMA substrate (shown in Figure 6b), filling
it with fluorescently labelled biotin (F5B) and illuminating it with a maskless projection lithography
system. The patterns of photobleached F5B were visualized by staining with STV-Cy3. Biomolecule
patterns with feature sizes of 125 µm were fabricated inside the microfluidic channel showing the facile
biofunctionalization of 3D printed PMMA microfluidics (Figure 6c,d).
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Figure 6. Biofunctionalization inside the 3D printed PMMA channel. (a) Fluorescently labelled
biomolecules can be covalently bound to surfaces by photobleaching the fluorophore upon exposure
with light patterns. (b) 2 mm wide embedded PMMA channel printed on a PMMA substrate with
biofunctionalization inside the printed channel indicated by dotted lines (scale bar: 10 mm). (c) The
bottom surface of the 3D printed channel on top of the commercial PMMA slide was functionalized
with different biotin patterns by photobleaching of F5B. Patterns were illuminated for 3 min (patterns 1
and 2) and 5 min (patterns 3 and 4). The patterns were visualized via staining with STV-Cy3 (scale bar:
750 µm). Signal-to-noise ratios were calculated for all four images and were on average 29 for 3 min
illumination and 11 for 5 min. (d) Close-up of patterns which were illuminated for 3 min.

4. Conclusions

In this work, we demonstrated that microfluidic PMMA chips can be fabricated down to channel
diameters of 300 µm using a benchtop FDM machine. It was shown that the transparency of the
printed chips can be significantly improved by using a commercial PMMA substrate as the bottom
substrate for the printing process. The 3D printed PMMA was compared to commercial PMMA
and shows the same low autofluorescence and hydrophilic wetting behavior, which is important for
biocompatibility and channel wetting. We demonstrated that the integration of microstructures, as well
as biofunctionalization in 3D printed PMMA channels, is possible. We showed that high-resolution
microstructures can be produced using a simple prepolymer-casting process and that these structures
can be easily integrated into the channel by directly printing onto the structured PMMA substrate. We
have also shown that patterns of biomolecules can be attached to the commercial PMMA substrate
using a photobleaching process. This effectively enables the formation of microfluidic channels with
high-resolution biofunctionalization within the channel itself.

This work will allow the use of PMMA, one of the most important and industrially-relevant
thermoplastic polymer materials in microfluidic mass-market manufacturing, in early stages of
component development, where rapid prototyping and 3D printing facilitate fast design iterations and
rapid experimental verifications. This closes an important gap in the academia-to-industry transition by
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allowing usage of the same material both during early-stage lab-scale development and industrial-scale
mass-market production.
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Abstract: Laser technologies for fast prototyping using metal powder-based materials allow for faster
production of prototype constructions actually used in the tooling industry. This paper presents the
results of measurements on the surface texture of flat samples and the surface texture of a prototype
of a reduced-mass lathe chuck, made with the additive technology—powder bed fusion. The paper
presents an analysis of the impact of samples’ orientation on the building platform on the surface
geometrical texture parameters (two-dimensional roughness profile parameters (Ra, Rz, Rv, and so on)
and spatial parameters (Sa, Sz, and so on). The research results showed that the printing orientation
has a very large impact on the quality of the surface texture and that it is possible to set digital models
on the building platform (parallel—0◦ to the building platform plane), allowing for manufacturing
models with low roughness parameters. This investigation is especially important for the design and
3D printing of microelectromechanical systems (MEMS) models, where surface texture quality and
printable resolution are still a large problem.

Keywords: additive manufacturing technology; powder bed fusion; 3D printing; surface geometrical
parameters (SGP); lathe chuck jaws

1. Introduction

1.1. 3D Printing

Additive manufacturing technologies were developed in the latter part of the 20th century,
when the first additive technology was introduced—stereolithography [1]. In the subsequent years,
we could notice the dynamic development of additive production technologies [2], manifested in many
patent publications, such as FDM (fused deposition modeling) [3], SLS (selective laser sintering) [4],
LOM (laminated object manufacturing) [5], SLM (selective laser melting) [6], and 3DP (3D printing) [7].
There are several ecological, environmental friendly additive manufacturing technologies such as FEF
(freeze-form extrusion fabrication) [8,9].

Rapid prototyping of tools used in conventional production technologies such as machining,
casting [10–12], or injection moulding allows for immediate subsequent printing necessary after testing.
Moreover, additive technologies enhance optimization of production and enable fast adaptation of
new solutions. Together with development of the technology, the increased precision of manufactured
devices, as well as progress in laser technology, a dynamic evolution of additive technologies
applications took place. In particular, this applies to powder-based technologies such as SLM, SLS,
laser engineered net shaping (LENS), and so on. In many cases, studies confirm that the manufactured
models can be characterized by significant density and ideal mechanical properties. Owing to the
lack of uniform procedures concerning the studies that are available in the case of conventionally
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manufactured models, the development of additive technologies has partially decelerated. Owing to
the layered nature of the manufacturing process, as presented above, with different methods of
construction and connection of layers, the properties of the manufactured models depend on the
correct selection of technological parameters [13] and further finishing processes [14]. There are
numerous studies aimed at the determination of the impact of technological manufacturing processes
parameters on properties and accuracy of manufactured models, as presented in the following
publications [15–20]. Additive technologies can be classified based on many criteria [21], one of which
is the type of input material used. In the case of this kind of classification, one differentiates the
following technologies: powder-based (SLS, SLM, 3DP, and so on), liquid-based (SLA - stereolitography,
PJ - PolyJet, PJM – PolyJet Matrix, MJM – Multi Jet Modeling, DODJET, FEF - freeze-form extrusion
fabrication, and so on), and solid state material (FDM, FFF (fused filament fabrication), LOM,
and so on) [22]. Each of the above-mentioned methods has its own advantages and drawbacks that
will depend on the method of connecting layer and the delivery of the model and auxiliary material.
Therefore, the application of the mentioned technologies differs as well. The following part of the paper
explores additive technologies that use metal powder as a starting material. Within the last decade,
a new type of additive production has been advanced, especially using FDM technology consisting of
the construction of a physical object on other pre-existing models [23–26].

Additive technologies in the case of rapid tooling applications are broadly used for construction
of casting moulds and models, 3D sand mold printing technology [27,28]; injection moulds, SLM and
SLS (metal); and the printing of tools of complicated shapes (such as needed in the medical industry).
Moreover, additive technologies using metal-based materials are commonly applied for the production
of prototypes and fully functional elements in the automotive and aviation industries [29–31] as well as
in robotics [32]. Current metal powder-based technologies are widely used in the odontology industry,
where it is not necessary to construct large, rather but strong and corrosion-resistant dentures [33–35].
The medical industry pays even more attention to the application of additive technologies. This is
highly related to the option to use three-dimensional models obtained directly from X-rays and
computer tomography. Additive manufacturing technologies are also used in the food industry [36].

1.2. Literature Review

MEMS (microelectromechanical systems) is a potential application of 3D printing technology using
metal-based materials [37–39]. In this application, models produced with 3D printing technologies,
from both metal-based materials and plastics, must be characterized by appropriate surface quality
and dimensional accuracy. The parameters of the surface layer obtained by additive technologies are
largely influenced by technological parameters (e.g., grain size, layer thickness, printing direction,
temperature, laser power, laser speed, cooling time) and the resolution of selected machines/3D printers.
In the paper [37], the authors presented the possibilities of using 3D printing technology and selected
machines for building MEMS models. The article mainly analyzes materials based on plastics and
describes the disadvantages and advantages of currently used machines/printers in the context of the
use of 3D printing to build MEMS models. It seems that increasing the accuracy of 3D printers is a
natural consequence of their technological development, which will definitely increase the practical
potential and uses 3D printing in MEMS production.

Studies related to the determination of geometrical texture quality of a model manufactured using
both conventional and generative technologies utilizing strong, corrosion-resistant materials have been
described in a few research papers.

In the papers of [40–42], different measurement systems have been used in order to analyse the
measurement technology impact on the obtained results. The authors used both contact and optical
measurement methods, considering X-ray computer tomography and multiscale 3D curvature analysis.

The authors of [43] carried out studies on models made using SLM technology and the powder
AlSi10Mg. In the designed model, they determined basic parameters of geometrical texture on various
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surfaces oriented under variable angles in relation to the building platform. A measurement of the
selected model dimensions was also performed.

Studies consisting of the analysis of geometrical texture quality of the models made using metal
powders and SLM technology as well as the analysis of measurements methodology have been
described in a few research works by [44–46].

The presented studies, based on the analysis of the impact of model orientation on the building
platform on their SGPs (surface geometrical parameters), present actual application of the additive
technologies in the construction of tools used in conventional methods of production, which must
satisfy specified quality requirements of the top layer. The technological top layer plays a key role in
the wearing process of mating machine parts. Additionally, it is responsible for a series of functional
properties that condition the correct operation of the designed mechanisms. This is very important
in the case of manufacturing prototypes, which are subjected to numerous tests that require the
implementation of further design changes. Moreover, the quality of the top layer determines the further
processes of model cleaning and type of finishing. It is also important that, in many cases, such as the
production of elements of complicated internal shapes (e.g., turbine blades with complicated cooling
channels), there is no option to perform finishing, which proves the presented studies concerning the
impact of model orientation during construction to be considered as reasonable.

The influence of finishing on the surface roughness is presented in [47]. The authors of this work
come to the fundamental conclusion that the finishing treatment significantly improves the surface
roughness in relation to the surface obtained through additive technology and recommends finishing
treatment after the additive shaping process. The results of roughness measurements for samples made
with SLM technology and then machined mechanically (finish machining), dragging with a ceramic
tool (drag finish), and vibration treatment (vibratory surface finish) are presented in this paper. The best
results were obtained for drag finish. The roughness parameter Ra was used to evaluate the roughness.
It should be emphasized here that, in conventional machining of machine elements, the roughness
parameters Ra and Rz are used most often to assess surface roughness, because this is related to the
path of the cutting edge of the tool on the surface of the workpiece. Usually, these are regular scratches,
for example, after turning. The surface of the material created as a result of additive technology is more
complex and more parameters characterizing its shape are needed to evaluate it. Surface roughness
is just one of the elements of the assessment of the surface layer of elements produced by additive
technologies. The quality of the laser-sintered powder is much more complex. Test methods and results
for 316L steels are presented in paper [48]. Among other things, surface roughness was investigated,
as well as two parameters Ra and Rq, for samples from 316L steels. Moreover, its corrosion resistance
in biomedical applications is presented in [49]. The structure and tendency for corrosion of selectively
laser-formed, additive fused (AM) 316 L stainless steel (AM 316L SS), and its wrought counterpart
were analyzed. Increased corrosion resistance and improved biological response to 316 L stainless
steel were obtained through additive technology.

Taking into account the above considerations, the authors of this article decided to present a
wide range of surface roughness assessments, mainly geometric surface structure using modern
measurement methods. The tests took into account the printing direction of the elements. The tests
were carried out on samples made of 316L steel, which is a well-known and used material, so that the
results could be applicable to other users.

The studies presented herein were performed, in part, within the scope of a grant of the Ministry
of Science and Higher Education in Poland concerning construction of an innovative lathe chuck that
allows for the compensation of centrifugal force acting on lathe chuck jaws, and thus machining of
elements at increased rotational speed of the lathe spindles.

2. Materials and Methods

In order to build the sample models, a material based on 316L steel was used. The samples were
designed in two variants. The first set of samples was produced in 30 pieces (10 per each direction of
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printing) according to the standard (ASTM E8/E8M-13 [50]) in order to perform further rheological
studies. The second samples were produced in two pieces, and the design is a functional element of
the innovative lathe chuck (self-centering chuck jaw). The jaws were manufactured using additive
technology in order to produce the unique structure in which the jaws have empty internal cavities
that reduce weight, as presented in Figures 1 and 2. 316L steel was also used to build the jaw prototype
to avoid corrosion caused by operating fluids in future testing. This type of design (hollow chuck jaws)
is unique and does not exist in any other produce lathe chuck. Because of additive technology, it was
possible to reduce the lathe jaw weight, a fact that contributes to the reduction of the unfavourable
impact of centrifugal force imposed by the jaws’ weight. Sample model shapes were designed using
CAD software - SolidWorks (Dassault Systèmes SolidWorks Corp., Waltham, Massachusetts) and saved
as STL files (overall dimensions of the sample—40 mm × 78.3 mm × 57.45 mm3). Sample models were
arranged on the machine working platform in three characteristic orientation variants, as presented in
Figure 1.
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Figure 1. Orientation of samples on the building platform.

The samples were produced using the 3D printing machine, CONCEPT LASER M2
(www.concept-laser.de [51], Concept Laser GmbH, Lichtenfels, Germany). The machine has a working
space of 250 × 250 × 350 mm3 (x, y, z) and is equipped with a laser system having a power of 2 × 200 W.
The machine is equipped to use a variety of materials, including 316L, CL 30/31AL, titanium, bronze,
and nickel based powders that are used, especially for odontology applications. Upon completion of
the manufacturing process, the samples were subjected to an annealing.
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The samples were heated in a furnace to 550 ◦C for 3 h and then soaked for 6 h to cool outside
the furnace. The thickness of built layer (layer height) was 25 µm. Figure 3 presents sample models
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during metrology measurements using the optical profilometer Talysurf CCI Lite. The examination
and determination of the surface texture parameters was performed according to applicable standards
(ISO 4287:1997 [52], ISO 25178-2:2012 [53]).
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Chemical composition and mechanical properties of steel 316L are presented in Tables 1 and 2.

Table 1. Chemical composition of steel 316L.

Component Cr Ni Mo Mn Si P C S Fe

Indicative
value, % 16.5–18.5 10.0–13.0 2–2.5 0–2.0 0–1.0 0–0.045 0–0.030 0–0.030 Balance

Table 2. Mechanical properties of steel 316L.

Properties 90◦, Upright 45◦, Polar Angle 0◦, Horizontal

Yield strength, Rp0,2 374 ± 5 N/mm2 385 ± 6 N/mm2 330 ± 8 N/mm2

Tensile strength, Rm 650 ± 5 N/mm2 640 ± 7 N/mm2 529 ± 8 N/mm2

Elongation, A (65 ± 4)% (63 ± 5)% (63 ± 5)%
Young’s modulus ca. 200 × 103 N/mm2

Hardness 20 HRC

During measurements, two-dimensional parameters of surface roughness and spatial parameters
were determined. Parameters of measurements were as follows: dimensions of measurement section
1.6 mm × 1.6 mm, number of measurement spots 1024, and applied magnifying lens 10×. In the
case of 2D surface roughness parameters, attention was paid to amplitude parameters (Rp, Rv, Rz,
Rc, Rt, Ra, Rq, Rsk, Rku), material ratio (Rmr, Rdc), and arrangement (RSm, Rdq). On the basis of the
performed measurements, three-dimensional parameters were also determined, among other things,
height (Sq, Ssk, Sku, Sp, Sv, Sz, and Sa), functional (Smr, Smc, and Sxp), and spatial (Sal, Str, and Std,
as well as Sdq and Sdr) (ISO 25178-2:2012) [54].

Definitions of some roughness parameters are given below.

• Sq—mean square deviation of the surface from the reference surface (root mean square value of
the ordinate values within a definition area (A)) calculated from the following equation:

Sq =

√
1
A

x

A

z2(x, y)dxdy (1)

• Ssk—surface asymmetry factor (slant) (quotient of the mean cube value of the ordinate values and
the cube of Sq within a definition area (A)) calculated from the following equation:

Ssk =
1

Sq3




1
A

√x

A

z3(x, y)dxdy


 (2)
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• Sku—surface slope factor (kurtosis) (quotient of the mean quartic value of the ordinate values and
the fourth power of Sq within a definition area (A)) calculated from the following equation:

Sku =
1

Sq4




1
A

√x

A

z4(x, y)dxdy


 (3)

• Sp—largest peak height value within a definition area, Sv—minus the smallest pit height value
within a definition area, and Sz—sum of the maximum peak height value and the maximum pit
height value within a definition area calculated from the following equations:

Sp = sup[z(i, j)]
Sv =

∣∣∣inf[z(i, j)]
∣∣∣

Sz = Sp + Sv
(4)

• Sa—arithmetic mean of the absolute of the ordinate values within a definition area (A) calculated
from the following equation:

Sa =
1
A

x

A

∣∣∣z(x, y)
∣∣∣dxdy (5)

Many parameters were used to measure the geometrical surface texture, so that their significance
in assessing the surface layer geometry of elements produced by the additive technology could be
assessed. In machining, several parameters are usually used to assess the surface, for example,
Ra and Rz. However, for elements manufactured with additive manufacturing technologies, a simple
assessment using two or three parameters may not be sufficient.

3. Results

On the basis of the analysis of references and results of previous studies concerning the consumption
and technological quality of top layer that depend on technological parameters such as location on
the building platform, it was decided to perform complex 2D and 3D measurements together with
consideration of statistical analysis. The parameters of surface texture are presented in Tables 3 and 4.
The following elements were determined for each type of positioning on the building platform
together with their symbols: SD—standard deviation of the test, UAβ—uncertainty of measurement,
and Xβ—average value of the test (β—angle of sample inclination against the building platform: 0◦, 45◦,
and 90◦). Moreover, for all 30 pieces, total statistical parameters identified with the below symbols
were calculated: X, SD, and UA. Standard deviation was calculated from Formula (6) and the standard
uncertainty using method A from Formula (7). For the sample size n = 10, considering Student’s t
distribution, the uncertainty was evaluated based on Equation (8).

SD =

√√
1

(n− 1)

n∑

i=1

(xi − x)2 (6)

where n—sample size and x—arithmetical mean of all measured values in a sample.

UA =

√√
1

n(n− 1)

n∑

i=1

(xi − x)2 (7)

UAβ = kα ·UA (8)

where coefficient kα is 2.
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Table 3. Value of the 2D surface roughness parameters.

Sample
Number

Rp,
(µm)

Rv,
(µm)

Rz,
(µm)

Rc,
(µm)

Rt,
(µm)

Ra,
(µm)

Rq,
(µm) Rsk Rku Rmr,

(%)
Rdc,
(µm)

RSm,
(µm)

Rdq,
(0)

1 24.6 19.8 44.4 27.3 52.3 8.4 10.4 0.491 3.479 0.9 17.0 0.228 25.0
2 11.9 9.5 21.5 11.7 25.6 3.8 4.8 0.41 3.833 1.0 7.6 0.178 15.0
3 12.2 9.0 21.2 11.0 26.9 3.6 4.6 0.648 4.54 0.9 7.2 0.171 14.9
4 8.5 8.3 16.8 9.0 19.2 3.0 3.7 −0.007 2.943 1.1 6.4 0.16 13.1
5 9.4 8.5 17.9 9.4 20.5 3.1 3.9 0.167 3.129 1.1 6.6 0.15 14.4
6 7.9 8.1 16.0 9.0 18.2 2.9 3.6 −0.027 2.821 1.4 6.3 0.164 12.7
7 9.3 9.1 18.4 10.1 21.0 3.4 4.1 0.041 2.964 1.3 7.1 0.167 13.8
8 9.5 8.1 17.6 9.6 20.5 3.1 3.9 0.34 3.337 1.3 6.5 0.171 12.9
9 10.4 8.8 19.2 10.5 22.6 3.5 4.3 0.229 3.18 1.2 7.3 0.174 14.0
10 9.4 9.0 18.5 10.2 21.5 3.3 4.1 0.087 3.197 1.2 7.1 0.171 13.9
x0 11.3 9.8 21.2 11.8 24.8 3.8 4.8 0.238 3.342 1.1 7.9 0.173 15.0
SD 4.9 3.5 8.3 5.5 10.0 1.6 2.0 0.228 0.512 0.2 3.2 0.021 3.6
UA0 1.5 1.1 2.6 1.7 3.2 0.5 0.6 0.072 0.162 0.1 1.0 0.007 1.1
11 9.2 9.6 18.8 11.4 21.7 3.6 4.4 −0.071 2.923 1.5 7.6 0.199 12.4
12 13.7 12.0 25.7 16.2 29.4 4.9 6.0 0.22 2.962 1.1 10.3 0.222 14.9
13 13.4 11.1 24.5 15.3 29.9 4.9 6.0 0.445 3.481 1.3 10.2 0.234 14.1
14 12.1 11.2 23.4 14.7 26.7 4.7 5.7 0.149 2.771 1.2 10.1 0.23 13.9
15 11.4 10.8 22.3 13.3 24.7 4.2 5.1 0.059 2.724 1.2 8.8 0.208 14.0
16 12.1 12.6 24.7 15.7 28.7 4.8 5.9 −0.028 2.735 1.1 10.4 0.232 14.3
17 11.8 11.4 23.1 15.0 26.2 4.5 5.5 0.081 2.727 1.2 9.6 0.223 14.0
18 10.4 10.1 20.5 11.8 23.4 3.8 4.7 0.048 3.08 1.2 7.8 0.183 14.3
19 11.3 10.5 21.8 12.4 25.8 4.1 5.0 0.099 3.238 1.2 8.5 0.205 13.4
20 12.0 11.6 23.5 14.4 27.1 4.6 5.6 0.127 2.871 1.2 9.7 0.212 14.6
x45 11.7 11.1 22.8 14.0 26.4 4.4 5.4 0.113 2.951 1.2 9.3 0.215 14.0
SD 1.3 0.9 2.1 1.7 2.6 0.5 0.6 0.143 0.251 0.1 1.0 0.016 0.7

UA45 0.4 0.3 0.7 0.5 0.8 0.1 0.2 0.045 0.079 0.0 0.3 0.005 0.2
21 11.5 10.1 21.6 12.9 25.3 4.1 5.0 0.282 3.172 1.2 8.5 0.176 14.5
22 13.7 13.7 27.4 16.7 31.5 5.1 6.3 −0.01 2.97 1.0 10.6 0.203 15.8
23 11.9 12.5 24.5 15.4 27.3 4.7 5.7 −0.066 2.733 1.3 10.2 0.194 15.3
24 11.4 10.0 21.4 12.8 24.2 4.1 5.0 0.153 2.756 1.1 8.8 0.184 14.9
25 11.7 10.8 22.5 14.0 26.3 4.4 5.3 0.099 3.199 1.2 9.1 0.204 14.4
26 11.7 12.4 24.1 15.7 27.3 4.7 5.7 −0.105 2.747 1.2 10.2 0.195 14.6
27 12.1 10.5 22.6 12.4 25.5 4.0 5.0 0.247 3.213 1.0 8.2 0.178 14.5
28 11.0 10.1 21.2 12.6 23.8 3.9 4.8 0.162 2.966 1.3 8.1 0.182 13.1
29 11.0 10.5 21.5 12.6 24.8 4.0 5.0 0.046 2.903 1.2 8.5 0.183 13.4
30 12.1 13.1 25.2 16.8 29.8 5.2 6.2 −0.1 3.016 1.4 11.2 0.209 15.1
x90 11.8 11.4 23.2 14.2 26.6 4.4 5.4 0.071 2.968 1.2 9.3 0.191 14.6
SD 0.8 1.4 2.0 1.8 2.5 0.5 0.5 0.140 0.186 0.1 1.1 0.012 0.8

UA90 0.2 0.4 0.6 0.6 0.8 0.1 0.2 0.044 0.059 0.0 0.4 0.004 0.3
x 11.6 10.8 22.4 13.3 25.9 4.2 5.2 0.141 3.087 1.2 8.9 0.193 14.5

SD 2.8 2.3 5.0 3.5 6.0 1.0 1.3 0.1841 0.3814 0.1 2.1 0.0236 2.1
UA 0.5 0.4 0.9 0.6 1.1 0.2 0.2 0.0336 0.0696 0.0 0.4 0.0043 0.4
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Table 4. Value of the 3D surface roughness parameters.

Sample
Number

Sq,
(µm) Ssk Sku Sp,

(µm)
Sv,

(µm)
Sz,

(µm)
Sa,

(µm)
Smr,
(%)

Smc,
(µm)

Sxp,
(µm) Sal Str Std,◦ Sdq Sdr,

(%)

1 17.1 1.085 4.381 70.8 42.1 113.0 13.2 0.01 22.5 20.5 0.109 0.389 26.499 0.68 19.9
2 8.7 1.182 8.776 66.1 24.2 90.2 6.5 0.012 10.3 14.5 0.083 0.1 3.974 0.433 8.6
3 7.4 1.272 6.821 42.1 20.0 62.0 5.4 0.013 8.6 11.3 0.065 0.444 153.521 0.43 8.5
4 5.7 0.005 3.008 24.6 21.1 45.6 4.6 0.004 7.4 11.3 0.054 0.107 0.146 0.374 6.6
5 5.9 0.039 2.95 34.9 23.1 58.0 4.8 0.001 7.7 11.5 0.049 0.059 0.099 0.417 8.1
6 5.7 0.146 2.989 23.1 21.8 44.9 4.5 0.003 7.4 10.8 0.052 0.13 0.12 0.37 6.5
7 8.4 0.229 2.703 32.3 25.4 57.7 6.9 0.002 11.1 14.8 0.05 0.061 0.076 0.436 8.9
8 8.4 0.703 3.74 36.0 22.9 58.8 6.6 0.013 11.1 12.7 0.08 0.096 4.43 0.388 7.0
9 12.2 1.114 4.258 47.4 28.7 76.1 9.2 0.016 17.5 15.1 0.118 0.142 8.701 0.413 8.0
10 6.2 0.214 3.108 27.2 22.5 49.7 4.9 0.007 8.0 11.5 0.054 0.355 0.143 0.403 7.6
x0 11.6 0.650 3.745 49.0 32.3 81.3 9.1 0.009 15.3 16.0 0.082 0.372 13.321 0.542 13.8
SD 3.6 0.524 1.997 16.6 6.4 21.7 2.7 0.005 5.0 3.0 0.025 0.147 47.695 0.089 3.9
UA0 2.3 0.332 1.263 10.5 4.1 13.7 1.7 0.003 3.2 1.9 0.016 0.093 30.165 0.057 2.5
11 5.4 −0.018 2.939 17.0 18.9 35.9 4.3 0.035 7.1 10.7 0.062 0.209 51.199 0.335 5.3
12 7.3 0.353 3.169 39.8 24.4 64.2 5.8 0.008 9.8 12.5 0.06 0.051 135.034 0.393 7.3
13 8.2 1.034 5.137 43.7 20.3 64.0 6.3 0.002 10.1 11.6 0.07 0.127 26.462 0.386 7.1
14 7.0 0.26 2.734 25.4 40.6 66.0 5.7 0.005 9.5 12.1 0.058 0.093 134.985 0.377 6.7
15 6.4 0.14 2.924 26.1 21.5 47.6 5.3 0.002 8.4 12.1 0.063 0.177 134.998 0.374 6.6
16 7.4 0.192 3.134 32.0 23.9 55.9 5.9 0.004 9.5 14.0 0.058 0.053 116.483 0.375 6.6
17 6.8 0.229 2.759 26.4 39.7 66.1 5.5 0.002 9.3 11.9 0.062 0.085 135.007 0.377 6.7
18 5.9 −0.039 3.209 22.3 26.9 49.2 4.7 0.005 7.5 11.7 0.052 0.256 47.899 0.385 7.0
19 6.5 0.378 3.407 29.2 20.1 49.2 5.1 0.002 8.3 11.7 0.065 0.255 141.207 0.363 6.2
20 7.4 0.278 2.799 26.0 24.9 50.9 5.9 0.001 9.9 12.6 0.07 0.06 134.966 0.39 7.1
x45 6.4 0.130 2.869 21.5 21.9 43.4 5.1 0.018 8.5 11.6 0.066 0.135 93.083 0.363 6.2
SD 1.4 0.209 0.099 6.4 4.3 10.6 1.1 0.024 2.0 1.3 0.006 0.105 59.232 0.039 1.3

UA45 0.9 0.132 0.063 4.0 2.7 6.7 0.7 0.015 1.3 0.8 0.004 0.067 37.462 0.025 0.8
21 5.9 0.422 3.385 24.1 22.5 46.6 4.7 0.022 7.9 10.1 0.058 0.135 85.581 0.363 6.2
22 7.3 0.303 3.106 28.4 23.2 51.6 5.8 0.001 9.4 12.8 0.058 0.07 93.487 0.381 6.8
23 6.8 0.078 2.99 24.5 25.4 49.9 5.4 0.009 8.9 12.6 0.057 0.398 93.759 0.377 6.7
24 5.9 0.226 2.828 24.0 18.8 42.8 4.8 0.001 7.8 10.5 0.065 0.148 89.969 0.377 6.7
25 6.6 0.487 4.254 54.8 20.6 75.4 5.2 0 8.3 11.8 0.075 0.411 89.996 0.368 6.3
26 6.8 0.074 3.081 25.1 28.5 53.6 5.4 0.008 8.9 12.8 0.058 0.33 63.504 0.358 6.1
27 6.2 0.336 3.296 24.1 19.6 43.6 4.9 0.007 8.1 11.2 0.078 0.181 90.037 0.362 6.2
28 5.8 0.315 3.205 26.7 18.8 45.5 4.6 0.001 7.6 10.2 0.058 0.238 85.563 0.324 5.0
29 5.8 0.113 2.988 25.2 18.6 43.9 4.6 0.006 7.6 11.1 0.06 0.072 89.973 0.327 5.1
30 7.5 0.132 2.856 25.6 24.9 50.6 6.0 0.025 9.8 13.9 0.06 0.274 89.999 0.366 6.4
x90 6.7 0.277 3.121 24.9 23.7 48.6 5.3 0.024 8.8 12.0 0.059 0.205 87.790 0.365 6.3
SD 1.1 0.205 0.374 1.1 1.7 2.8 1.0 0.002 1.3 2.7 0.001 0.098 3.124 0.002 0.1

UA90 0.7 0.130 0.237 0.7 1.1 1.8 0.6 0.001 0.8 1.7 0.001 0.062 1.976 0.001 0.1
x 7.3 0.376 3.564 32.5 24.5 57.0 5.7 0.008 9.5 12.4 0.065 0.184 70.927 0.390 7.3

SD 2.3 0.381 1.306 12.9 6.2 15.7 1.7 0.008 3.1 2.0 0.016 0.123 52.658 0.061 2.6
UA 0.4 0.070 0.238 2.3 1.1 2.9 0.3 0.001 0.6 0.4 0.003 0.022 9.614 0.011 0.5

With the expected value and the standard deviation, it is possible to present the results in the
form of normal distribution based on the following formula:

f (x) =
1

SD
√

2π
e
−(x−X)

2

2SD2 (9)

where f (x)—probability density function.
Figure 4 presents exemplary normal distributions of probability density in the function of the

obtained results.

124



Micromachines 2020, 11, 639

Micromachines 2020, 11, 639 8 of 19 

 

UA90 0.2 0.4 0.6 0.6 0.8 0.1 0.2 0.044 0.059 0.0 0.4 0.004 0.3 2.1 0.0236 2.1 0.1 0.3814 0.1841 1.3 1.0 6.0 3.5 5.0 2.3 2.8 ࡰࡿ 14.5 0.193 8.9 1.2 3.087 0.141 5.2 4.2 25.9 13.3 22.4 10.8 11.6 ࢞ 

UA 0.5 0.4 0.9 0.6 1.1 0.2 0.2 0.0336 0.0696 0.0 0.4 0.0043 0.4 

With the expected value and the standard deviation, it is possible to present the results in the 
form of normal distribution based on the following formula: 

2

2
( )
21( )

2

x X
SDf x e

SD

− −

=
π

  (9) 

where f(x)—probability density function. 
Figure 4 presents exemplary normal distributions of probability density in the function of the 

obtained results. 

  

  

Figure 4. Normal distribution of probability density in the function of the obtained results: (a) 
maximum height of roughness profile—Rz, (b) mean arithmetic deviation of roughness profile—Ra, 
(c) relative material ratio of roughness profile—Rmr, and (d) mean element width of roughness 
profile—Rsm. 

On the basis of the calculated statistical parameters and results presented in Graph 4, one may 
notice a scattering of roughness parameters values. 

In order to assess the printing orientation with reference to individual values of surface texture 
parameters, relative values were introduced related to individual parameters and expressed in 
percentage. The mean value of a given parameter obtained based on sample surface measurements 
for all orientations of printing was adopted as the basis; in the considered case, this is the mean from 
the thirty samples. The mean value of a parameter from measurements concerning individual 
orientation of printing was referenced to the said basis. This is exemplified by the following equations 
(10-12): 

1 12 23 34 45

0.025

0.05

0.075

0.1

f x( )

22.394

x

a)

0 2.25 4.5 6.75 9

0.16

0.32

0.48

f x( )

4.206

x

b)

1.7 2.4 3.1 3.8 4.5

0.45

0.9

1.35

f x( )

3.087

x

c)

0.1 0.15 0.2 0.25 0.3

7

14

21

f x( )

0.193

x

d)

Figure 4. Normal distribution of probability density in the function of the obtained results: (a) maximum
height of roughness profile—Rz, (b) mean arithmetic deviation of roughness profile—Ra, (c) relative
material ratio of roughness profile—Rmr, and (d) mean element width of roughness profile—Rsm.

On the basis of the calculated statistical parameters and results presented in Graph 4, one may
notice a scattering of roughness parameters values.

In order to assess the printing orientation with reference to individual values of surface texture
parameters, relative values were introduced related to individual parameters and expressed in
percentage. The mean value of a given parameter obtained based on sample surface measurements for
all orientations of printing was adopted as the basis; in the considered case, this is the mean from the
thirty samples. The mean value of a parameter from measurements concerning individual orientation
of printing was referenced to the said basis. This is exemplified by the following Equations (10)–(12):

∆X0 =

∣∣∣X −X0
∣∣∣

X
100% (10)

∆X45 =

∣∣∣X −X45
∣∣∣

X
100% (11)

∆X90 =

∣∣∣X −X90
∣∣∣

X
100% (12)

where ∆X0, ∆X45, and ∆X90—relative value of surface parameters for individual orientations of
printing; X—mean value of a parameter for all orientations of printing; X0—mean value of the
measured parameters for printing orientation 0◦; X45—mean value of the measured parameters for
printing orientation 45◦; and X90—mean value of the measured parameters for printing orientation 90◦.
For example, maximum height of the roughness profile Rz for printing orientation 0◦ calculated using
Formula (10) based on data from Table 3 would be as follows:

∆Rz0 =

∣∣∣Rz−Rz0
∣∣∣

Rz
100% (13)
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where ∆Rz0—relative maximum roughness profile height for printing orientation 0◦, Rz—mean
maximum roughness profile height for all printing orientations (22.4 based on Table 3), and Rz0—mean
maximum roughness profile height for printing orientation 0◦ (21.2 based on Table 3).

The value calculated based on Formula (13) is 5.5%. In this way, it is possible to determine all
relative values of surface parameters with reference to printing orientation. The relative values of
individual parameters are given in column graphs, Figures 5–7.
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Figure 5. Relative values of surface parameters for printing orientation 0◦.

Micromachines 2020, 11, 639 9 of 19 

 

0
0 100%

X X
X

X
−

Δ =  (10) 

45
45 100%

X X
X

X
−

Δ =  (11) 

90
90 100%

X X
X

X
−

Δ =  (12) 

where 0XΔ , 45XΔ , and 90XΔ —relative value of surface parameters for individual orientations of 
printing; X —mean value of a parameter for all orientations of printing;  ܺ଴—mean value of the 
measured parameters for printing orientation 0°; 45X —mean value of the measured parameters for 
printing orientation 45°; and 90X —mean value of the measured parameters for printing orientation 
90°. For example, maximum height of the roughness profile Rz for printing orientation 0° calculated 
using Formula (10) based on data from Table 3 would be as follows: 

0
0 100%

Rz Rz
Rz

Rz
−

Δ =  (13) 

where 0RzΔ —relative maximum roughness profile height for printing orientation 0°, Rz —mean 

maximum roughness profile height for all printing orientations (22.4 based on Table 3), and 0Rz —
mean maximum roughness profile height for printing orientation 0° (21.2 based on Table 3). 

The value calculated based on Formula (13) is 5.5%. In this way, it is possible to determine all 
relative values of surface parameters with reference to printing orientation. The relative values of 
individual parameters are given in column graphs, Figures 5–7. 

 
Figure 5. Relative values of surface parameters for printing orientation 0°. 

 
Figure 6. Relative values of surface parameters for printing orientation 45°. 

ΔRp (%) ΔRv (%) ΔRz (%) ΔRc (%) ΔRt (%) ΔRa (%) ΔRq (%) ΔRsk (%) ΔRku (%) ΔRmr (%) ΔRdc (%) ΔRsm (%) ΔRdq (%)
Serie1 2.6 8.6 5.5 11.7 4.2 9.1 8.2 69.3 8.3 4.0 10.6 10.2 3.2

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

ΔRp (%) ΔRv (%) ΔRz (%) ΔRc (%) ΔRt (%) ΔRa (%) ΔRq (%) ΔRsk (%) ΔRku (%) ΔRmr (%) ΔRdc (%) ΔRsm (%) ΔRdq (%)
Serie1 0.9 3.1 2.0 5.2 1.7 4.3 3.8 19.7 4.4 3.2 5.2 11.3 3.5

0.0

5.0

10.0

15.0

20.0

25.0

Figure 6. Relative values of surface parameters for printing orientation 45◦.
Micromachines 2020, 11, 639 10 of 19 

 

 
Figure 7. Relative values of surface parameters for printing orientation 90°. 

When quantitatively analysing the results of the study, it can be said that there are distinct 
differences in the obtained surface texture parameter values depending on the models’ orientation 
on the building platform. Concerning two-dimensional roughness parameters, the most 
advantageous orientation variant showing the least parameter values such as mean arithmetic 
deviation of roughness profile from mean line Ra; maximum profile height Rz; total profile height Rt, 
Rv; and other Rq, Rdc, and so on is the orientation at the angle of 0°, in other words, parallel to the 
base plane of the machine’s working space. Ten out of thirteen measured parameters for the angle 0° 
show values less than mean values (measured for 30 samples) from 2.6% to 11.7%. Roughness profile 
asymmetry Rsk parameter shows the most significant differences from the printing orientation 
standpoint. This results from the fact that this parameter is inversely proportional to the cube of other 
roughness parameter Rq and is the third-order moment of the amplitude distribution curve 
determined along the measurement section. As the references show, these parameters directly affect 
the consumption of mating machine elements. 

Figure 8 presents surface roughness profiles for three sample models’ orientation variants. 

 
(a) 

ΔRp (%) ΔRv (%) ΔRz (%) ΔRc (%) ΔRt (%) ΔRa (%) ΔRq (%) ΔRsk (%) ΔRku (%) ΔRmr (%) ΔRdc (%) ΔRsm (%) ΔRdq (%)
Serie1 1.7 5.6 3.5 6.5 2.5 4.9 4.4 49.6 3.9 0.8 5.5 1.1 0.4

0.0

10.0

20.0

30.0

40.0

50.0

60.0

Figure 7. Relative values of surface parameters for printing orientation 90◦.

126



Micromachines 2020, 11, 639

When quantitatively analysing the results of the study, it can be said that there are distinct
differences in the obtained surface texture parameter values depending on the models’ orientation on
the building platform. Concerning two-dimensional roughness parameters, the most advantageous
orientation variant showing the least parameter values such as mean arithmetic deviation of roughness
profile from mean line Ra; maximum profile height Rz; total profile height Rt, Rv; and other Rq, Rdc,
and so on is the orientation at the angle of 0◦, in other words, parallel to the base plane of the machine’s
working space. Ten out of thirteen measured parameters for the angle 0◦ show values less than mean
values (measured for 30 samples) from 2.6% to 11.7%. Roughness profile asymmetry Rsk parameter
shows the most significant differences from the printing orientation standpoint. This results from the
fact that this parameter is inversely proportional to the cube of other roughness parameter Rq and is the
third-order moment of the amplitude distribution curve determined along the measurement section.
As the references show, these parameters directly affect the consumption of mating machine elements.

Figure 8 presents surface roughness profiles for three sample models’ orientation variants.
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Figure 9 presents the exemplary normal distribution of probability density in the function of the
obtained results given in Table 4, calculated based on Formula (4).
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Figure 9. Normal distribution of probability density in the function of the obtained results: (a) height
of Rms surface—Sq, (b) mean arithmetic surface height—Sa, (c) orientation of surface height—Std, and
(d) developed ratio of surface interphasic area—Sd.

Relative values of individual surface geometrical parameters calculated based on formulae (5, 6, 7)
and data given in Table 4 are presented in a column graph in Figures 10–12.
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Figure 12. Relative values of surface parameters for printing orientation 90◦.

Quantitative analysis of 3D spatial parameters measurement results, concerning height-related,
functional, spatial, and hybrid, affirm what is similar to the case of 2D flat parameters of roughness:
there are distinct differences in measurement results. In the case of samples measurements performed
at a given angle 45◦ and 90◦, mean values of parameters are in almost all cases less than mean values
for the 30 samples. The only exception is the surface texture orientation parameter, wherein the values
are less than mean values. For samples produced at the set angle 0◦, orientation expressed with
the Std parameter has values less than average. The value of the parameter is expressed in degrees,
which means a different nature of surface texture, 0–13.3◦, 45–93.1◦, and 90–87.8◦, respectively.

Figure 13 presents isometric views of geometrical texture of the examined surface. Attention must
be paid to the functional parameter of surface material ratio — Smr. It is responsible for the surface
roughness share expressed in percentage and shows the greatest relative deviations for the angles 45◦
and 90◦ at 137.9% and 210.6%, respectively, which can be particularly useful for assessing the impact of
print orientation (print direction) on surface roughness quality. All values of spatial parameters for
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orientation at an angle of 0◦ show significant differences from the values of parameters measured for
directions 45◦ and 90◦.
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Figure 13. 3D roughness profile for samples: (a) 0◦, (b) 45◦, and (c) 90◦.

Owing to the layered nature of the additive manufacturing process, the images (Figure 13) show
both deep valleys and high peaks, which is typical for the so-called step effect. This roughness is
regular and corresponds to the angles of sample orientation on the working platform.

The test results presented above are an attempt to identify the geometrical texture of the surface of
elements manufactured by additive technology—powder bed fusion. The surface texture of elements
produced by methods known to date, for example, turning or milling, is quite well known and
described in the literature. In mechanical engineering, several basic roughness parameters are usually
used to describe it (Ra, Rz, Rt), usually only 2D parameters. In the case of a surface obtained by
additive technology—as in the presented research results—one or two 2D parameters are not enough;
it is necessary to use more complex tools and research methods (optical) enabling measurement of the
geometrical surface texture—3D and identification of 3D parameters, giving much more information
about the surface compared with the parameters of a single profile. In technological cases in which it is
not possible to perform finishing treatment, for example, grinding, and the obtained surface can affect
the functionality of the elements, a thorough knowledge of its geometric texture is of key importance.
This may apply to different micro-mechanisms or, for example, micro-channels. Only the correct
identification of the surface geometry structure, which has been presented above, enables further
research, for example, in terms of its impact on various processes.

4. Conclusions

When analysing the above-mentioned study results and the state-of-the-art references,
the following general conclusions can be derived.

The arrangement of sample models on the working platform of the machine affects the value of
all tested parameters of surface texture.
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The most advantageous variant of model orientation is the case where the surface is parallel to the
building platform plane (samples orientation variant—1). The values of height parameters of surface
roughness (2D) for individual orientations differ from the average value obtained for all orientations in
the range from 0.4% to 69.3%. On the basis of normal distribution of probability density and values
of included roughness (Ra, Rz), it can be said that they are close to the values of these parameters
obtained during conventional machining (milling, turning).

On the basis of the spatial parameters value of the surface texture, providing a full image of
the surface texture quality (3D image), it is possible to claim that the measurement results scattering
presented in normal distributions are clearly greater for the Std parameter, which characterizes the
orientation of the surface texture. At the same time, the graph shows the least value of the probability
density function. The values of spatial surface roughness (3D) parameters for individual orientations
differ from the average value obtained for all orientations in the range from 1% to 210.6%, while for the
0◦ orientation, these differences are greater than for other cases.

In summary, it is necessary to emphasize that, in the case of contact additive technologies,
application of surface texture parameters measurements and their narrowing to the analysis of typical
amplitude parameters, commonly applied in the industry, is not sufficient. The nature of the art allows
for performing complete three-dimensional surface texture analysis, as suggested by the authors
in the case of the studies of models manufactured using additive technologies. Understanding the
impact of the orientation of the workpiece on the 3D printer’s working platform on surface roughness
parameters is important when planning allowances for further processing, for example, by grinding.
Therefore, machining allowances should be planned depending on the orientation on the working
platform, and this may especially apply to the processing of various micro parts. Identification of the
geometric texture of the surface presented in this work can be particularly useful in cases where it is not
possible to perform finishing technological operations, for example, on internal surfaces of elements
(hollow). In these cases, 0◦ orientation can be recommended. Differences in the geometric texture of
the surface may affect the fatigue strength of the elements, as well as their tribological wear, which may
depend on the orientation of the models on the machine’s working platform. The determination of
specific values requires additional research, which the authors plan to do in the future.

Taking into account the results of surface texture research and the literature analysis, it can be
concluded that 3D printing has very high potential applications and, in the near future, owing to the
continuous development of technology, their precision, and resolution affecting the quality of the
surface layer, it will be possible to produce full finished final models for MEMS technology.
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Abstract: 3D printing has lately received considerable critical attention for the fast fabrication of 3D
structures to be utilized in various industrial applications. This study aimed to fabricate a micro
beam with digital light processing (DLP) based 3D printing technology. Compound technology and
essential coefficients of the 3D printing operation were applied. To observe the success of the DLP
method, it was compared with another fabrication method, called projection micro-stereolithography
(PµSL). Evaluation experiments showed that the 3D printer could print materials with smaller than
86.7 µm dimension properties. The micro beam that moves in one direction (y-axis) was designed
using the determined criteria. Though the same design was used for the DLP and PµSL methods,
the supporting structures were not manufactured with PµSL. The micro beam was fabricated by
removing the supports from the original design in PµSL. Though 3 µm diameter supports could be
produced with the DLP, it was not possible to fabricate them with PµSL. Besides, DLP was found to
be better than PµSL for the fabrication of complex, non-symmetric support structures. The presented
results in this study demonstrate the efficiency of 3D printing technology and the simplicity of
manufacturing a micro beam using the DLP method with speed and high sensitivity.

Keywords: digital light processing; projection micro-stereolithography; 3D printing; micro beam;
fabrication

1. Introduction

The micro-electro-mechanical system (MEMS) is a process technology comprising of miniaturized
mechanical and electronic parts, that includes the transformation of a measured mechanic signal
into a readable signal. This signal may be force, pressure, heat, or chemical. MEMS has created
serious innovations in micro- and nano-study fields since the early 1980s [1]. Primarily, MEMS has
been improved for different implementations for example force, navigation, optical transmitting,
radio frequency, biological and medical, microfluidics, and gyroscope applications [2–6]. Currently,
MEMS has become an essential part of various study fields such as material, mechanical, and electrical
engineering studies [7–9]. The MEMS device is usually formed of four components, micro-structures,
micro-sensors, micro-actuators, and micro-electronics for data utilization [10,11].

MEMS technologies have been manufactured by traditional methods such as lithography, galvano
forming, and photolithography etc. These methods are dependent on additive or subtractive procedures
that operate minuscule capacities of materials in the shape of thin layers on the surface of silicon
wafers [12–16]. These conventional techniques are extremely precise and appropriate for the production
of planar geometries [17]. Although precise, these operations are associated with some drawbacks
such as multiple processing steps, the requirement of a cleanroom, an advanced work environment,
lengthy fabrication, inconsistency of flexible materials, and a costly fabrication process [18]. With the
improvement of 3D printing-additive manufacturing, the fabrication costs and processing steps of
MEMS devices have been gradually reduced. According to these improvements, it is possible to fabricate
MEMS devices in atmospheric air without the need for multiple operations and cleanrooms [19,20].
Due to such advantages, it is now possible to use 3D printing technology for micro beam fabrication.
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3D printing technology has become progressively popular in the fabrication of MEMS, since it
can be employed to manufacture complicated structures clearly from digital files, for instance
computer-assisted design drawings. This technology helps to improve the design and production and
especially facilitates the production and repair of complex parts using printing through layer- by-layer
deposition of the constituent materials [21–23]. With the progress of 3D printing techniques, interest
in using 3D printing for building MEMS systems has grown remarkably in the areas of biomedical,
electronics, wearable devices, soft robots, and automotive applications [24–29]. Unlike traditional
manufacturing processes such as machining and punching, 3D printing does not entail on-site process
control, cutting tools, coolers, or other additional resources. One of the important factors of 3D printing
methods is its capability to make miniaturized complex structural geometries using easy steps that are
not achievable by traditional manufacturing methods. Besides that, 3D printing methods offer many
other characteristics, for example flexibility in geometrical designs, excellent feature size and shapes,
and the ability to print functionally classified materials [30,31].

Micro beams are utilized as important components of different sensing and actuation systems
such as sensors, gyroscopes, micro actuators, and resonators [32–34]. Their easy geometries make
them very advantageous in terms of design, and microfabrication. In many applications, ranging from
residual stress measurement mass flow sensors to biomedical or DNA analysis, the sensing mechanism
is linked to the sensitivity of the micro beam to some applied stimulation [35–37]. Many studies have
been conducted, especially in the field of DNA [38–40]. In a study, a multi-scale analytical model was
created to define the relationship between the surface mechanical features of DNA self-assembled 2D
films and the detection signals of DNA-micro beam systems [41]. Micro beams exactly predict the
dynamic properties of the device, such as its natural frequencies and forced- vibration response.

Fabrication methods are very significant in designing and researching micro beams. Until now,
conventional MEMS fabrication methods have been used, such as photolithography and surface
micromachining, etc. [42,43]. These methods are usually time-consuming, with high fabrication
costs, and multi-step fabrication processing. Alternatively, the 3D printing or additive manufacturing
method solves these problems by manufacturing the structure directly. In recent years, various 3D
printing methods have been employed, for instance frontal polymerization (FP), projection micro-
stereolithography (PµSL), laser micro sintering (LMS), selective laser melting (SLM), etc. [44–47].
Among the different 3D printing techniques, the digital light processing (DLP) technique using
photocurable resins is appealing, since it can be used to manufacture a single layer of the 3D object
through spatially-controlled solidification using a projector light [48]. This light produces benefits
such as fast fabrication, high sensitivity, and surface quality. Besides, it is feasible to adapt the final
features of the printed object by only altering the photocurable resin formulations [49]. In this way, it is
feasible to reach a large diversity of systems for the fabrication of structures with excellent features and
functions [50].

In this study, we present our development on utilization of DLP technology for fast and highly
sensitive production of a micro beam with sub-millimeter scale properties. The DLP and PµSL methods
were compared based on the fabrication results. With this study, a micro beam was fabricated for
the first time using the 3D printing method. It is expected that this paper will contribute to the
current literature in terms of manufacturing a micro device through the use and comparison of
different techniques.

This study is arranged as follows. Section 2 describes the design of the micro beam. Section 3
explains the fabrication process, results, and discussion. Section 4 displays the result of the studies.

2. Materials and Methods

2.1. Design Conditions

The possibility of coupling thermal, electrical, and structural characterization by fabrication of
a micro beam is accomplished with a model. For characterization, the displacement of the micro beam
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is produced by passing a current through a beam; heat is produced by the current, and the rise in
temperature causes a displacement through thermal expansion. The displacement of the micro beam is
formed in these situations.

The MEMS-based micro beam is designed to move in one direction (y-axis). For the beam to move
on the y-axis, DC voltage must be applied. The feet of the micro beam at both ends are rigidly bound
to a substrate, and DC voltage is applied at both ends. The applied voltage induces an electric current
in the micro beam; current passing through the structure causes some retardation to the free flow of
electrons by which energy is dissipated in the form of heat. This generated heat induces thermal stress
on the beam and displaces the beam. The dimensioning and geometric structure of the micro beam,
designed as a 3D (3-dimensional plane) using CAD software, is shown in Figure 1.
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Figure 1. Dimensions of the micro beam.

All the dimensions of our micro beam are shown in Table 1. These values were obtained with
the measurements of the beam made with the DLP and PµSL methods. The same design was used
for both methods. Nevertheless, as the supporting structures cannot be fabricated with the PµSL,
the measurements concerning the support are shown in Section 3. Photopolymer materials were used
for this study. These materials are frequently utilized in the field of MEMS because of their essential
physical and electrical features.

Table 1. Description of the micro beam.

Parameter Symbol Value (µm)

Length of the feet L f 25
Length of the arm La 50
Height of the arm wa 25
Height of the feet w f 50

Thickness of the beam t 30
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2.2. Digital Light Processing Method

Digital light processing (DLP) is a rapid additive fabrication technology with superior sensitivity.
The processing basis of DLP technology is explained in [51,52] and can be briefly abstracted as follows.
A commercial 3D printer, MiiCraft 125 (Rapid City, Canada), was utilized in this paper, as shown in
Figure 2b.

As given in Figure 2a, the 3D pattern of the matter is first sliced into layers horizontally (in the
x-axis). Thin layers are then transformed into 2D mask images. A light projection device is utilized to
harden the photopolymer resin. This device employs a digital masking method to reflect a dynamically
described mask image on the resin plane. With respect to [51], a bottom-up projection system has
many benefits compared to a top-bottom system. In this system, the mask image is reflected on the
bottom of a resin tank with cured resin at the bottom of the tank. This process continues until the
desired design is created.

We established a bottom-up DLP system, as shown in Figure 2b. The DLP projector was equipped
to provide a 400 nm full HD ultraviolet light source. The contrast ratio of the DLP system projector
is 900:1. The XY resolution of the 3D printing device is 65 µm and the maximum building size
125 × 70 × 120 mm. With respect to [52,53], the masking method primarily occurs as three types: liquid
crystal display (LCD), digital micro-mirror device (DMD), and liquid crystal on silicon (LcoS). In our
improvement, the projector uses the DMD method. An optical reflector is employed to set the direction
of the UV light. A position adjusting device is employed to set the position and behavior of the reflector.
The adjustable angle range is ± 15◦, and the accuracy is 0.003◦. A flexible compressing device is used
to press the resin vat. This device allows the vat to be lifted to a specific height.

For the DLP method, IP-S resin, which is a photopolymer, was used as the material. This resin was
designed to tend the double function of index-matching the dip fluid for final focusing of the object
and photo-polymerizable, thus enabling the highest resolution at a given magnification. The elemental
composition and fundamental features of the resin are given in Table 2 [54]. The composition was
decided upon by using the procedure discussed in [55] and is significant for this study since it decided
the x-ray absorption characteristics of the foam [56]. The foam structure extracted from the glass
substrate was qualified using optical microscopy and scanning electron microscope (SEM). SEM sample
preparation included a sputter coating of 30 nm thick gold to allow electrical charge conductivity
while imaging.
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Figure 2. (a) Schematic of a digital light processing (DLP) system [53]; (b) 3D printing process in
progress; (c) MiiCraft 3D printer.

Table 2. The elemental composition and fundamental features of the IP-S resin [54].

Chemical Properties of Resin

Carbon (at%) Hydrogen (at%) Nitrogen (at%) Oxygen (at%) Empirical Formula

31.45 54.07 5.75 11.7 CH1.71N0.085O0.35

Physical and Mechanical Features

Density (liq)
g/(cm3)

Density (s)
g/(cm3)

Young’s Modulus
(GPa) Hardness (MPa) Refractive Index

1.3 1.5 3.8 150 1.51

2.3. PµSL Method

Projection micro-stereolithography (PµSL) is a sophisticated 3D printing method because of its
low cost, precision, velocity, and also the variety of the materials such as ceramics, biomaterials, curable
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photopolymer, polymer, and nanoparticle composites [54]. This method has demonstrated potential
in different implementations for example micro-resonators, micro-grippers, micro-optics, biomedical
micro devices, micro-fluidics, and so on [57–59]. Studies on PµSL are ongoing in terms of the quality
and accuracy of the construction process, which affects the production of complex 3D microstructures
and makes it attractive enough to be considered for commercial applications [60]. This technology
begins by creating a 3D construction via a computer-assisted design program and then transforms the
construction into a set of digital mask images. The working basis of PµSL is shown in Figure 3 [61].

Using a digital micro mirror device as the dynamic mask eliminates the cost of manufacturing
a mask for each layer. Besides, the PµSL method reduces production time since each layer is produced
in one exposure, and the time for mask alignment is eliminated. Moreover, this method has the least
mechanical moving parts and requires only one accurate z-axis motorized linear stage. Consequently,
PµSL decreases the cost of construction and protection [62].

All images symbolize a thin layer of the 3D structure. Along a production period, a single image
is demonstrated on the reflective LCD panel. The image from the LCD is then mirrored on the liquid
surface. All layers (ranging between 5–40 µm thick) are polymerized. When the layer has been
solidified, it is dipped in the resin to allow a new thin layer of liquid to form. Repeating the loop forms
a 3D microstructure from a layer stack. For the PµSL method, IP-S resin, which is a photopolymer,
was used as the material. The properties of the photopolymer resin, which were specially developed
for this 3D printer and utilized in the fabrication of the micro beam, are shown in Table 2 [54].
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3. Fabrication

3.1. Fabrication with the DLP Method

The micro beam shown in Figure 4 was fabricated by a DLP technology-based MiiCraft 3D
printing device. 3D printing technology entails an input CAD model of the parts that may be designed
in software or obtained from reverse engineering such as 3D scanners. When the CAD model of the
micro beam is completed, it is transformed into standard STL format, which is most commonly used to
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represent 3D CAD models in 3D printing. In an STL file, the CAD model is symbolized using triangular
facets, which are described by the x-, y-, and z-coordinates of the three vertices. The step-by-step
schema of the 3D printing operation is displayed in Figure 5. The slicer first divides the object into
a stack of flat layers, followed by describing these layers as linear movements of the 3D printer extruder,
fixation laser, or equivalent. All these movements, together with some specific printer commands like
the ones to control the extruder temperature or bed temperature, are finally written in the g-code file,
that can be transferred after to the printer.

During fabrication of the micro beam, the printing parameters for example the layer thickness
(LT), the light intensity (LI), and the curing time (CT) of all layer significantly affect the print quality.
In this study, each parameter is selected for the printing material and TL = 30 µm, and CT = 3 s are set.
When the first layer is printed, LI is set to 50% of the brightness to provide a layer bond to the platform.

There are supports to the arms of this design. The number of supports to the arm is 20,
the diameter is 3 µm, and the height is 5 µm. Some unsuccessful experiments were done before this
design. Breakages were experienced during the manufacturing when the number of supports to the
arm was low. Concerning the experiments, the average distance between the supports should be
10 µm to avoid breakages. When the supports are not printed correctly, they cause a collapse and break
off the micro beam. An image of the micro beam manufactured with the DLP is shown in Figure 6.
This image was taken with the microscope of the 3D printer device.
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Figure 4. CAD design of the micro beam. The structures at the top of the design were designed
as support.

3.2. Fabrication with the PµSL Method

The micro beam shown in Figure 7 was manufactured by a projection micro-stereolithography
(PµSL) method based MiiCraft 3D printing device. The manufacturing of the supported design with
the PµSL method was not possible for two reasons. First, the supported structures represent the system
as a 3D design. However, it is not possible to fabricate 3D structures with devices of MiiCraft 3D
printing, based on PµSL technology. Second, these devices have a resolution of 65 µm and can fabricate
a minimum thickness of up to 30 µm.

When the support structures are removed, as shown in Figure 7, it is possible to perform the
fabrication as the micro beam design can be introduced to the device (a PµSL technology-MiiCraft 3D
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printer) in two dimensions. An image of the micro beam manufactured with the PµSL is shown in
Figure 8. This image was taken with the microscope of the 3D printer device.
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4. Conclusions

In this study, a micro beam fabricated with conventional MEMS methods, was manufactured for
the first time using the DLP and PµSL methods, which are 3D printing procedures. First, the printable
scale of the DLP 3D printing method was evaluated, and it demonstrated that the printer could produce
structures with a size of 86.7 µm.

The experimental studies showed that 3 µm diameter supports were fabricated with the DLP
method. However, they could not be fabricated with the PµSL method even when the diameters of the
supports were 3 µm. After these support structures were removed, the micro beam was fabricated
with PµSL. It was determined that PµSL was not suitable for complex structures. The results show the
success of the 3D printer and the suitability of manufacturing a micro beam using the DLP printing
method with fast and high sensitivity.

As a result of this study, it was found that DLP is more appropriate because it allows the
manufacturing of complex 3D structures with smaller dimensions, while PµSL is only suitable for
simple 2D microstructures. It is expected that this paper will contribute to the literature in terms of
fabrication of a micro device through the use and comparison of different techniques.
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Abstract: In this paper, the failure mechanisms of the thermal inkjet thin-film resistors are recognized.
Additionally, designs of resistors to overcome these mechanisms are suggested and tested by
simulation and experiment. The resulting resistors are shown to have improved lifetimes, spanning
an order of magnitude up to 2 × 109 pulses. The thermal failure mechanisms were defined according
to the electric field magnitude in three critical points—the resistor center, the resistor–conductor edge,
and the resistor thermal “hot spots”. Lowering the thermal gradients between these points will lead
to the improved lifetime of the resistors. Using MATLAB PDE simulations, various resistors shapes,
with different electric field ratios in the hot spots, were designed and manufactured on an 8” silicon
wafer. A series of lifetime experiments were conducted on the resistors, and a strong relation between
the shape and the lifetime of the resistor was found. These results have immediate ramifications
regarding the different printing apparatuses which function with thermal inkjet technology, allowing
the commercial production of larger thermal printheads with high MTBF rate. Such heads may fit
fast and large 3D printers.

Keywords: 2D printhead; 3D printing; thermal inkjet; thin-film resistors

1. Introduction

One of the existing technologies for ink/fluid printing onto carrying media is the thermal inkjet
printer head [1–3]. This head is composed of a chamber containing the print fluid. On one of the walls
of the chamber there is an electrical resistor designed to heat to high temperatures [4]. In addition,
there is a nozzle through which the print fluid can be ejected. There was a time where the future of
inkjet technology for printing was questionable among printing experts, in light of the laser printing
technique. But experience shows that the opposite has happened. Not only is the inkjet concept not
vanishing, in fact, to the contrary, it is developing and penetrating new regimes suggesting amazing
possibilities such as cell sorting and single-cell lysis [5–7], medical applications [8], fluid micromixer [9],
DNA droplets [10], organic transistors [11], silver nanoparticles printing for microelectronics [12]
and many more. A company called “Nano-dimension” has developed a printer that prints together
conductor and insulator. This technology enables printing an electrical PCB, printed antennas and
other applications that may improve electrical design. Similar technology is also used for microvalves
and micropumps based on thermal bubble actuated microfluidic chips [13]. A micro-synthetic jet [14]
is also based on micro heaters technology. More complicated microheaters are used for atomization of
high-viscosity fluids [15]

In a typical thermal inkjet arrangement, when a current is applied to the resistor for a short time
(a few microseconds) [16], it heats the surrounding fluid in its immediate vicinity and causes local
boiling (micro-boiling, MB). The rapid pressure rise forces liquid at a distance from the resistor into the
nozzle and out of the chamber. The rapid temperature rise and resulting temperature gradients on
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the resistor shorten its lifetime and therefore the lifetime of the entire head. This lifetime is shorter
compared to other printer heads, such as the piezoelectric head [17].

As an example of the ramifications of this, when the ink is depleted in a thermal inkjet head the
entire head is replaced, as it does not make sense to refill and continue its use. Contrarily, piezoelectric
heads are refilled with ink as their lifetime is greater than a single depletion cycle. Despite this and
other advantages of the piezo head [18,19], the thermal inkjet head is the more common product in
many applications as it is cheaper and simpler to manufacture.

For domestic paper printing the existing lifetime is satisfactory, but for 3D printing (additive
manufacturing), where much higher operation cycles are needed for a single print, a higher lifetime
is vital.

Since the central disadvantage of the thermal printhead is its shorter lifetime [20–23], the isolation
of failure mechanisms and the design of more robust resistors would create a greater incentive for
production and manufacturing. Park et al and Lim et al’ researches [24,25] present studies on the
subject of lifetime enhancement by changing the printhead micro structure and changing the metal
composition and thickness of the resistor. McGlone et al’ research [26] describes more than 107

pulses obtained by the use of amorphous metal thin films. Bendong et al’ research [27] presents a
concept where the heating is done with an induction element that has no physical connection to the
power source.

In this paper, two failure mechanisms of the thermal inkjet resistor are recognized. One is related
to the sharp temperature gradient at the conductor–resistor contact, and the second is related to hot
spots on the resistor. Both tend to cause a discontinuity in the resistor and, finally, resistor failure.
Additionally, designs of resistors to overcome these mechanisms are suggested and tested by simulation
and experiment. Various connecting geometries between the conductor and the resistor are tested.
The resulting resistors are shown to have an order of magnitude improvement in a lifetime.

2. Thermal Gradients in Resistors

One form of resistor geometry is the rectangular form. It has the advantage of homogeneous
current density along its surface, in addition to its geometric simplicity.

Its disadvantage; however, lies in the large temperature gradient between the conductors and
itself. These gradients cause mechanical strain and eventually cracking in the connecting media,
which ultimately lead to component failure. So, a clear motivation is to find a configuration that
reduces the temperature gradient between the conductor and the resistor as it is a failure mechanism.

In order to reduce these gradients, a common solution is a trapezoidal or “ramp-shaped” region
connecting the resistor to its conductors. Figure 1 shows the geometry of the ramp leading into
the resistor and the resulting lowered temperature gradients from the conductors to the resistor.
The gradient smoothing is achieved as a result of the changing resistance along the sloped trapezoidal
region. Near the conductor there is lower resistance, whereas near the resistor there is higher resistance.
Therefore, the sharp “jump” from the cold conductor to the hot resistor is smoothed, and the weak
point of the connection now has a longer lifetime.

However, improving one failure mechanism caused another one to rise. Despite lowering the
gradients over the conductor–resistor transition region, Figure 2 shows the resulting formation of
“hot spots” at the corners of the ramp–resistor interface (noted with arrows in the figure). This figure
describes the results of the electric field simulation that is developed in the resistor. The simulation
was carried out using a MATLAB code, written in the PDE tool. The code solved the Laplace equation
in the resistor with Dirichlet boundary condition at the conductor–resistor interface, and Neumann
boundary conditions everywhere else. The electric field is noted by the red arrows, together with black
solid equal-potential lines. The color reflects the magnitude of the electric field. In these “hot spots”
there are local maxima of the electric field and, as a result, local maxima of the current and temperature.
These hot spots are extreme in both absolute temperature and in local temperature gradient, and are
caused by the rise in current density in their vicinity due to the new geometry. Therefore, the hot spots
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are the first to be destroyed. Once there is a minor destruction and discontinuity at the hot spot point,
the current must bend around it and the effect becomes worse. This leads to a rapidly-developing
tear in the resistor towards the other hot spot (this is shown later at the experimental part). A full
description of this failure mechanism (simulation and experiment) appears with more details in Einat
et al’ research [28], as it was captured on video in a rare instance.
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Figure 2. Electric field simulation of Trapezoid resistor.

In order to find the balance between these two failure mechanisms, three points of interest are
defined, as seen in Figure 1; (C) at the Center of the resistor body; (R) at the center of the conductor–ramp
interfaces; and (H) at one of the Hot spots. A certain power level and energy are required to obtain the
MB effect [28] at the resistor center (C), but it is preferred that the temperature at (H), the hot spot,
will not rise to much above the temperature at point (C). On the other hand, it is preferred that at
point (R) the temperature will be as low as possible. Clearly these demands contradict and the goal
is to find the optimal compromise that will give the longest lifetime. In order to analyze the points
behavior, the electric field magnitude at points (R) and (H) is normalized to the electric field at point
(C) as follows:

En(H) =
E(H)

E(C)
, En(R) =

E(R)
E(C)

(1)

With E (H,C,R) as the absolute electric field in (V/m) at points H, C and R, respectively. Since the
resistive layer is assumed to be uniform, the local electric field represents the local power and
temperature that will develop locally in the resistor layer.
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In the following section, simulations are presented which attempt to calculate these ratios, with the
ultimate goal of the resulting design being the reduction of these ratios to their minimum. Ideal values
are En(H) = 100% (meaning that at the hot spot there is the same electric field and temperature as
the resistor center) and En(R) = 0% (meaning that the conductor is not heated at all). These ideal
values actually imply no hotspots and no temperature gradient in the conductor–resistor interface.
Approaching these values would improve lifetime characteristics.

As can easily be seen, there is a tradeoff between these two parameters—reducing one increases
the other (for example, a square resistor will have no hot spots but will have a maximal gradient
between the conductor and resistor border). Therefore, an optimum needs to be found.

3. Resistors Simulation

In an attempt to smooth out the hot spot temperature gradients, a number of configurations
were designed, simulated and experimentally tested. Several curved versions replacing the linear
connection of the hot spot to the conductor in the trapezoid were tested, as seen in Figure 3. The resistor
itself was kept as a 100 × 100 µm rectangular shape in all the versions for a consistent comparison,
but the connection to the conductor was done through a different ramp. Figure 3 shows the different
configurations, all of which have a filleted transition from ramp to resistor, labeled trapezoid, A1, A2,
A3 and A4.

These fillets disperse the current density more evenly around the transition region, thereby
considerably reducing the gradient in the electric field and; therefore, the temperature gradient.
However, this increases the temperature gradient in the conductor–resistor interface.

Figure 3 shows the simulation results of the electric field of each configuration. The hot spots
singularity is clearly seen in the trapezoid. The reduction of the hot spots’ singularity of the other
shapes can be visually compared.

The simulation results are presented also in Table 1. It can be observed that the minimal En(H) is
that of A1, whereas the minimal En(R) is that of the trapezoidal resistor.

Table 1. Simulation results; the resistor shapes are shown in Figure 3.

Shape E(C) (v/m) E(H) (v/m) E(R) (v/m) En(H) En(R)

A1 371.3 397 274.2 107% 74%
A2 377.3 443.3 273.2 117% 72%
A3 397.9 587.3 256.6 148% 64%
A4 368.4 404.7 278 110% 75%

Trapezoid 415.2 588.7 247.1 142% 60%
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4. Experiment and Results

The specimens were fabricated as thin-film resistor shapes on an 8” diameter and 500 µm thickness
silicon wafer, with a 1000 µm oxidation layer. On top of the wafer, two consecutive layers were
evaporated—the first of a resistive 500 nm tantalum nitride (Ta-N) with a sheet resistance of 30 Ω,
and the second of a conductive 100 nm copper layer and a 500 nm gold coating layer. For good adhesion
between the resistive layer and the conductive layer, a 10 nm titanium layer was also evaporated.
After the evaporation of each layer, photolithography and etching processes were preformed to create
the resistor’s and conductor’s shape. Each resistor body had a 100 × 100 µm rectangular shape, 30 Ω
resistance, and the geometry of the different ramps is seen in Figure 3.

The wafer and one of the planned resistors can be seen in Figure 4a,b. For the purpose of
experimental testing of the simulation results, a series of experiments were conducted on the different
resistors. The wafer was connected to an electric circuit depicted in Figure 5.
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The experiment was conducted 5–6 times per resistor, under a constant current of 0.5 A, uniform
for all resistor shapes. The circuit supplied a pulse repetition frequency (PRF) of 33 kHz from a signal
generator, each pulse having a duration of 5 microseconds. It is important to note that MB had been
confirmed [28] with this setup and parameters prior to experimentation, as seen in Figure 6. When a
current pulse is given to the resistor, a rapid heating occurs, the fluid above the resistor heats up and a
bubble grows above the resistor during the pulse duration (Figure 6). The picture was taken using
a stroboscope.

Micromachines 2020, 11, 499 7 of 11 

 
Figure 5.  Experiment setup diagram. 

The experiment was conducted 5–6 times per resistor, under a constant current of 0.5 A, uniform 
for all resistor shapes. The circuit supplied a pulse repetition frequency (PRF) of 33 kHz from a signal 
generator, each pulse having a duration of 5 microseconds. It is important to note that MB had been 
confirmed [28] with this setup and parameters prior to experimentation, as seen in Figure 6. When a 
current pulse is given to the resistor, a rapid heating occurs, the fluid above the resistor heats up and 
a bubble grows above the resistor during the pulse duration (Figure 6). The picture was taken using 
a stroboscope. 

 
Figure 6. Micro-boiling process. 

The number of pulses were counted by a counter mechanism on the circuit, which ceases its 
operation when the resistor burns out, as can be seen in Figure 7. As explained and seen in Einat et 
al’s research [28], the burnout starts at the hotspot (point H in Figure 1), and continues rapidly by a 

Figure 6. Micro-boiling process.

The number of pulses were counted by a counter mechanism on the circuit, which ceases its
operation when the resistor burns out, as can be seen in Figure 7. As explained and seen in Einat et
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al’s research [28], the burnout starts at the hotspot (point H in Figure 1), and continues rapidly by a
thermal runaway process until the resistor is disconnected. The experiment results are shown in Table 2,
which presents the different resistors and their respective average number of pulses until breakdown.
The results in this table are arranged according to the number of pulses (noted as “lifetime”) and the
simulated results are added again for the convenience of relating the experimental lifetime to the
simulated electric fields. The results are also presented graphically in Figure 8.
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Table 2. Experiment results sorted by lifetime achieved in comparison to the simulated normalized
electric fields.

Resistor Shape En(R) En(H) Average Number of Pulses until Breakdown

Trapezoid 60% 142% 2.02 × 10 8

A3 64% 148% 2.75 × 10 8

A2 72% 117% 1.88 × 10 9

A4 75% 110% 2.35 × 10 9

A1 74% 107% 2.49 × 10 9

In Figure 6. The following trends are seen. There is a ~15% degradation in the resistor–conductor
interface normalized electric field En(R), which should optimally be as small as possible. But at the
same time, the trend of the normalized electric field En(H) at the hot spot was improved by ~30%.
As seen in the results, with these trends, the number of pulses until breakdown was increased by more
than an order of magnitude, from 2 × 108 to 2.5 × 109. This is a major improvement obtained only
by choosing the geometry of the resistor ramp properly. It is understood that the hot spot failure is
more dominant. Improving the En(H) factor, even at the expense of the En(R), leads to an overall
major improvement.

5. Discussion and Conclusions

In this research, theoretical and experimental work was done to test the effect of the micro resistor
geometry on its lifetime. A clear correlation between the geometry and lifetime of a MB resistor
arises from the experimental results, with the differences in lifetime spanning an order of magnitude.
These results are supported by a theoretical analysis which identified two failure mechanisms—the
extreme field gradients near the ramp–body joining vertex (hot spot, H) and near the center of the
conductor–ramp interface (R).

The experimental results show that the best predicting factor is the value of the normalized field
at the hot spot En(H). It can be seen that when En(H)is made smaller, the resistor lifetime improves
immensely—even when the normalized field at the conductor–ramp interface En(R) is made greater
as a result. This tradeoff is apparent in the designs shown in this research, but further modeling and
experimentation may yield techniques to improve both normalized field values at once.

The experimental study was done using 30 Ω sheet resistance of the resistive layer, but the
same effect is expected regardless of the exact value of the sheet resistance, since it is depended on
the geometry.

These results have immediate ramifications regarding the different printing apparatuses which
function with thermal inkjet technology. After development and refining, large plates of printer head
arrays can be realized with sizes reaching that of any LCD screen. There would be an improvement in
both the resolution and speed of the print [29], and the inherently longer MTBF would allow refilling
to become practical. In addition, 3D printing apparatuses can greatly benefit from a similar scale-up
as entire layers of ink could be printed simultaneously [30], thereby shortening printing time from
hours to minutes. The improvement in resistor lifetime can create new opportunities where large-scale,
refillable thermal inkjet apparatuses are economically viable.
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Abstract: Fabrication of printed electronic devices along with other parts such as supporting structures
is a major problem in modern additive fabrication. Solution-based inkjet printing of metal oxide
semiconductor usually requires a heat treatment step to facilitate the formation of target material.
The employment of external furnace introduces additional complexity in the fabrication scheme,
which is supposed to be simplified by the additive manufacturing process. This work presents the
fabrication and utilization of micro-heater on the same thermal resistive substrate with the printed
precursor pattern to facilitate the formation of zinc oxide (ZnO) semiconductor. The ultraviolet (UV)
photodetector fabricated by the proposed scheme was successfully demonstrated. The performance
characterization of the printed devices shows that increasing input heating power can effectively
improve the electrical properties owing to a better formation of ZnO. The proposed approach using
the on-substrate heating element could be useful for the additive manufacturing of functional material
by eliminating the necessity of external heating equipment, and it allows in-situ annealing for the
printed semiconductor. Hence, the integration of the printed electronic device with printing processes
of other materials could be made possible.

Keywords: inkjet printing; zinc oxide; heat treatment; micro-heater; semiconductor

1. Introduction

Exploration of inkjet printing for the fabrication of electronic devices has recently become a trendy
research topic due to the remarkable advantages of the digital-additive fabrication such as saving
material and time, high resolution, and compatibility with different materials [1,2]. These advantages of
inkjet printing have been widely employed for the fabrication of semiconductor devices [3,4]. Thanks to
its outstanding features and abundance, zinc oxide (ZnO) has attracted considerable attention and
effort in the additive fabrication of electronics devices such as solar cells [5,6], photodetectors [3,7],
and transistors [8,9]. Additive manufacturing of inorganic material from a precursor compound
usually requires a heat treatment step in order to convert precursors to the required material [10,11].
However, the annealing process using an external furnace might restrain the progress of 3D printed
integrative devices because of the added complexity of the fabrication system.

Low temperature processing of metal oxide has been intensively studied via different approaches,
such as ultraviolet (UV) annealing [12,13] and laser sintering [14], in order to facilitate the formation of
metal oxide by heating effect of high energy light beam, which requires high complexity setup for the
processing system. Furthermore, direct use of nanoparticle ink was considered instead of precursor
ink [15]. However, added surfactant to keep nanoparticle ink stable might be an issue for electronic
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application because it might change the properties of printed material. Alternatively, using local
Joule heating to form metal oxide by thermal decomposition of precursor compound is an interesting
approach to prepare small-size metal oxide pattern [16].

Joule heating is the phenomenon in which heat is generated from a conductive material when
there is an electrical current run through the conductor. The power consumed is proportional to the
square of the electrical current and the resistance of the conductor [17]. A micro-heater working on the
Joule heating principle possesses advantages such as local heat and optimized energy consumption.
Therefore, the resistive heater has been employed in application that requires localized heating
and temperature control at small scale, such as activation of gas sensing device [18,19], moisture
monitoring [20], and local growth of semiconductor nanostructures [21]. The traditional approach of
preparing conductive patterns is using photolithography to deposit and remove certain parts of the
conductive film and forming the required shape of the film. As this method has its own drawbacks,
such as the high complexity and time-consuming, additive manufacturing could be a promising
candidate for fabrication of micro-heaters [22].

In this work, a facile and versatile fabrication process for additive fabrication of semiconductor
using inkjet printing and on-substrate heating was proposed. The printed conductive material is
further employed for another role, which is the heating element for later processes. Zinc precursor ink
is then printed on the same substrate. Eventually, electrical power was applied to the micro-heater to
generate heat, which facilitates the decomposition of the zinc salt and the formation of ZnO. Therefore,
the necessity for an external bulky furnace is eliminated. The generation of ZnO was examined by the
elemental survey of zinc (Zn) and oxygen (O) component in energy-dispersive X-ray spectroscopy (EDS)
and the aid of thermogravimetric analysis (TGA). In order to demonstrate the obtained semiconductor
film, a UV photodetector application was prepared and characterized. The influence of electrical power
during Joule heating to photodetector performance is also evaluated.

2. Materials and Methods

A commercialized Dimatix 2831 inkjet printer (Fujifilm Dimatix, Inc, Santa Clara, CA, USA)
was employed in all printing steps described in this work using 10 pL cartridge with 16 nozzles.
The silicon/silicon dioxide (Si/SiO2) substrate (Bonda Technology Pte Ltd, Singapore) was cleaned
before the printing of silver ink to construct the electrodes and heater. The substrate was cleaned in
acetone and rinsed with isopropanol, then it was dried out by a manual air blower.

A commercial silver nanoparticle ink (silver dispersion 736465, Sigma-Aldrich, St. Louis, MO,
USA) was employed for the printing of the silver patterns. Detail of the printing step has been
discussed in our previous report [23]. The waveform applied to piezoelectric nozzle to jet ink is shown
in Figure A1a (Appendix A). Peak firing voltage was set at 19 V. Drop-spacing was set at 40 µm to
ensure the continuity of the printed silver line. Single layer was selected for printing of electrodes
and four-layers was selected for printing of micro-heater. Cartridge temperature was set at 35 ◦C,
however, due to the printer platen temperature was set at 60 ◦C and the close distance of the cartridge
and the substrate during printing, the cartridge temperature may rise to about 40 ◦C during printing.
The printed pattern was left on the platen of the printer for 10 min for solvent vaporization.

Printed single line of conductive silver features 100 µm in width, and the thickness is about 200 nm
as reported in our previous works [23]. The as-printed single line resistance was measured as 15.5 Ω.
Due to the Joule heating process using 4-W power, the resistance was reduced to 5.0 Ω as the effect
of sintering.

Figure 1 depicts the fabrication of the device using Joule heating. Printed metal patterns, serving
as electrical contacts for the sensor as well as the micro-heater, was printed on the first step of the
fabrication process (Figure 1a). The micro-heater composes of two contacting pad and a single line of
conductive silver serving as a heating resistor. Then, direct current was applied to the micro-heater,
which consumes 4-W power and converts it to heat energy for 5 min (Figure 1b). The generated heat
promotes the sintering of silver electrodes and improves the bonding to substrate. The power applied
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to the micro-heater was manually adjusted by turning the voltage of the direct current (DC) power
source when monitoring the current. During the Joule heat treatment, the resistance of the micro-heater
changed due to sintering effect which require a careful adjustment of voltage. For example, a 5 W of
power was obtained by turning the voltage to 5.0 V while the current reached 1.0 A.
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Figure 1. Fabrication step of the sensor using including printed micro-heater. (a) Printing of conductive
pattern for the metal contacts and heater. (b) Applying direct current (DC) power to the micro-heater to
generate heat and sinter silver. (c) Deposition of zinc salt ink over the printed electrodes. (d) Applying
DC power again to the micro-heater to calcinate ZnO.

A 50 mM zinc precursor solution was formulated by dissolving of zinc acetate dihydrate
(Zn(CH3COO)2·2H2O) to ethanol. Another cartridge was used to print the zinc precursor after the
replacement of the silver ink cartridge by zinc precursor ink cartridge. A rectangular pattern of the
zinc salt solution is printed over the metal contacts, which is nearby the micro-heater (Figure 1c).
The beneath substrate was kept heated at a temperature of 60 ◦C during printing to facilitate the
evaporation of the solvent and reduce the spreading of solution over the surface.

Ten layers of zinc precursor was printed with a designed pattern of 60 pixels by 50 pixels.
Zinc precursor ink printing parameters were optimized to ensure the stability during printing.
The waveform was given in Figure A1b (Appendix A) with peak voltage at 19 V. The cartridge was
kept at room temperature. Drop spacing, defining by the distance of two nearby droplets, was set at
10 µm, so that it is necessary to calibrate the cartridge holder angle during printing different materials.

After the printing of the precursor, electrical current was applied to the resistive heater again
for 5 min (Figure 1d). Two sets of samples which have 4-W and 5-W applied power were studied
along with the samples without the treatment. A thermal camera (NEC F30W, AVIO, Turin, Italy) was
employed to measure the temperature of the device during the Joule heating process.

Thermogravimetric analysis (TGA) using the equipment TGA Q500 (TA Instruments, New Castle,
DE, USA) was utilized for studying the formation of zinc oxide by thermal process. The heating rate
we used for TGA is 10 ◦C/min. Film morphology and elemental study were characterized by field
emission–scanning electron microscope (FE–SEM, JOEL 7600F, JEOL Ltd., Tokyo, Japan) and energy
dispersive X-ray spectroscopy (EDS) (Oxford Instruments, Abingdon, UK). In order to characterize the
performance of the Joule heating processed sensor, an ultraviolet light-emitting diode which emits
365 nm wavelength was used to illuminate the sensor and measure the photocurrent under dark or
lighting condition. The photocurrent was recorded using a source metering unit (SMU B2902A, Agilent,
Santa Clara, CA, USA).
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3. Results

3.1. Sintering of Printed Silver

The structure of the device is depicted in Figure 2, which shows three main components of the
devices deposited on Si/SiO2 substrate. While the common electrodes and the micro-heater were
printed on the first layer, the zinc precursor was printed at last. The zinc precursor appears as a white
rectangle pattern over the silver electrodes. Thus, the photodetector utilizes the metal-semiconductor
contacts with the two-terminals structure. Two low-magnification FE–SEM images of samples before
and after heat treatment was presented in Figure A2 (Appendix A) to provide a better understanding
of the effect of heat treatment to the film.
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Figure 2. Optical image of the printed Joule heating device showing the three main components of the
device, such as electrodes section, printed zinc salt film, and micro-heater. The picture was taken after
the heat treatment of the ZnO pattern.

The effect of Joule heating on the nanostructure of printed silver could be observed in Figure 3,
which shows the sintering of silver nanoparticles. Printed silver film composes of separated particles
after the evaporation of the solvent. The sintering effect is significantly depending on the distance from
the heater. At the electrode section (Figure 3b), which is distinct from the radiation source, the particle
size of approximately 80 to 100 nm could be observed, which is an increase from the size of about
50 nm of the unsintered particles (Figure 3a).
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Figure 3. Field emission–scanning electron microscope (FE–SEM) images show the sintering of printed
silver nanoparticles ink by the resistive heating. (a) The printed silver nanoparticles without annealing.
(b) The silver nanoparticles at electrode section after annealing.

Heating radiation from resistive effect is the main source that induces the sintering of the printed
silver pattern. In Figure 4a, the heater witnesses a notable change of film morphology, such as particle
agglomeration up to the size of 200 nm. As the previous discussion has pointed out, the remote
pattern exhibits minor sintering effect, while at the center of heat source, major agglomeration could be
observed. Later analysis of temperature distribution shows that this is indeed a result of gradually
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reduce of temperature in the substrate. Although the sintering of silver could improve the electrical
properties of the conductive pattern, a severe agglomeration of silver nanoparticles could lead to the
interruption of the conductive track and open the circuit. In order to reach a sufficient temperature for
the later heat treatment of the sensing material, multi-layers printing of silver was carried on. The heat
treatment was conducted after all the layers were printed to reduce dislocation of printed layers due to
handling during heat treatment. Figure 4b shows a notable improvement in film morphology when
four-layer printing was employed, which does not exhibit severe agglomeration and any gap in film
after heat treatment.
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Figure 4. FE–SEM images show the sintering of micro-heater with different numbers of printed silver
layers: (a) single-layer printing and (b) four-layer printing.

3.2. Temperature Survey of Joule Heating

The temperature of the device during the Joule heating was investigated using the thermal camera
and the results are presented in Figure 5. Thermal photo was taken from the back of the device to avoid
the complexity of different emissivity of materials. The temperature was calibrated using the software
provided by the thermal camera’s manufacturer (NS9205 Viewer, Avio) with applied emissivity of
SiO2 of 0.9 [24].
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Figure 5. Temperature survey of the device with different heating power by the thermal camera. (a) 4-W
electrical power. (b) 5-W electrical power. The unit of temperature scale bar is degree Celsius.

After calibration using emissivity of 0.9 of SiO2, an average temperature of 184 ◦C could be
measured at the resistive heater, while that at the zinc precursor film was 171 ◦C when input electrical
power was set at 4 W. There was a significant increase of temperature when raising the input power.
When the input power was set at 5 W, the recorded average temperature is 267 ◦C at the heater and
239 ◦C at the precursor pattern. The temperature of the resistive heater depends on the input power,
and their correlation might possibly be expressed by the relation [25]:

P = a(T − T0) + b(T − T0)2 + c(T4 − T0
4), (1)

where P, T, and T0 are input power, heater temperature and ambient temperature, respectively, and a,
b, and c are fitting parameters.
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3.3. Generation of ZnO by Joule Heating

Thermogravimetric analysis (TGA) was utilized to investigate the calcination of the precursor
and formation of ZnO by high-temperature treatment, which could be cataloged into two stages:
the vaporization stage and the decomposition of zinc precursor stage [26]. Figure 6 shows the result
of thermal analysis of zinc acetate dihydrate in ambient air. When temperature raising from 60 to
100 ◦C, water vaporization occurs, which could be correlated to the sharp decline of the salt weight
of 15% in TGA result. There is a slight decay from 150 to 200 ◦C, which denotes the starting of
decomposition process. From 200 ◦C, there is a considerable reduction of weight as the reaction is
promoted by temperature. The weight is stable at approximately 23% after 370 ◦C, indicating that the
thermo-decomposition has completed and most of zinc salt has been transformed to ZnO. Although this
result recommends that temperature of above 370 ◦C is necessary to thoroughly decompose the zinc
precursor, it also suggests that lower temperature still could partially form ZnO. Starting with zinc
acetate dihydrate, the reaction is finished with most of the products of the process are volatile, such as
water, acetone ((CH3)2CO), acetic acid (CH2COOH), and carbon dioxide (CO2) [27].
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report [3]. These wrinkles could be originated from the internal stress of film during rapid solvent 

Figure 6. Thermogravimetric analysis (TGA) survey of zinc precursor in the air to study the formation
of ZnO.

Elemental and morphological studies of the heat-treated film could provide more evidence for the
mechanism of the generation of ZnO. Because the decomposition reaction of zinc acetate dihydrate
shows the loss of oxygen element via product vaporization, an investigation of Zn:O atomic ratio
would be meaningful for tracking the formation of ZnO. Using EDS analysis, which is shown in
Table A1 (Appendix A), it was found that the as-printed film exhibits an average Zn:O atomic ratio of
0.378. In the case of using 4-W Joule heating, the atomic ratio of 0.588 could be observed. This Zn:O
atomic ration further increases to 0.605 when 5-W heating power was applied. The rise of Zn:O atomic
ratio is an important evidence of thermal decomposition reaction and the formation of ZnO by Joule
heating. It could be seen that the Zn:O atomic ratio is not significantly different between 4- and 5-W
heating power. Furthermore, there is a noticeable variation in this atomic ratio investigation through
the pattern, which could be contributed to the grading of temperature through the surface.

Furthermore, morphological study depicts a remarkable change in film structure after Joule
heating process (Figure 7). Figure 7a demonstrates the zinc precursor film before any heat treatment
was applied. The film appears to be full of fractures, which could be the result of the solvent evaporation
and the condensation of salt. There are remarkable changes in film morphology after the Joule heating
treatment, such as the vanishing of notable fractures and the appearance of wrinkles on the surface
of the film (Figure 7b,c). However, there is no significant difference between these two treated films.
These film structures are commonly observed in the sol-gel derived film as our previous report [3].
These wrinkles could be originated from the internal stress of film during rapid solvent withdrawal,
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caused by the difference in thermal expansion of the gelation and underlying layer [28]. In addition,
the transition from viscous to viscoelastic of the zinc precursor ink also contributes to the formation of
these wrinkles [29].
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3.4. UV Light Sensing Performance of the Sensor

The sensing of UV light was demonstrated by the fabricated device and the result was presented in
Figure 8. A bias voltage of 5 V was applied to the two terminals of device, which also serves as electrode
by making metal contacts with the semiconductor film. The electrical current was recorded while
the UV light was turned on/off (Figure 8a). It could be noted that the sample without applying heat
treatment did not shows a notable response to UV light. On the other hand, sample with the treatment
exhibits remarkable response to the short-wavelength light. When UV was turn on, the current raised
significantly until it reached the equilibrium. On the other hand, when UV was turned off, the current
quickly decay to the initial value. It is also worth noting that there is a remarkable difference of the
samples with different heating conditions, such as the sample treated with 5-W power has photocurrent
with a maximum value of 1.6 × 10−7 A, which is about ten times higher than that of the sample treated
with 4-W power.

The responsivity could be calculated using following expression: [30]

R =
Jph

PS
(2)

where Jph is the photocurrent, P is the light intensity, and S is the effective area, which could be
determined by the area of the ZnO pattern between two electrodes, such as 0.2 mm × 0.6 mm.
Further analysis shows the responsivity values at 5.42 mW/cm2 light intensity of the 5-W sample and
the 4-W sample is 0.029 and 0.0027 A/W, respectively. Although the responsivity is lower than that
has been reported in other inkjet-printed ZnO-based UV photodetector [31], it could be due to the
obtained temperature is lower than the point where the reaction is totally finished. In Figure 8b, the I–V
characteristics of prepared devices were presented, which show a linear current–voltage relationship
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for both of the devices with treatment. This behavior indeed shows the Ohmic contact nature of the
silver–ZnO interface.
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4. Discussion

The photosensitivity of the device is strongly influenced by the heat treatment condition. As the
discussion in previous section has pointed out, temperature of higher than 150 ◦C is critical to facilitate
the reaction to form ZnO from the zinc salt. It is worth noting that photosensitivity is a common
characteristic of a semiconductor. ZnO is a wide bandgap semiconductor (Eg = 3.35 eV at room
temperature [32]). Therefore, it only be sensitive with larger photon energy of the incident light,
such as the UV light used in this work which has photon energy of 3.40 eV according to 365 nm central
wavelength of the LED.

The sample without heat treatment could not form ZnO by the thermal decomposition process.
Therefore, the prepared film failed to work as a photodetector. Meanwhile, the sample processed with
4-W power demonstrates a remarkable response to UV illumination. It is because the temperature
generated by the Joule heating process has facilitated the formation of ZnO semiconductor. As a
wide bandgap semiconductor, the interaction of ZnO crystalline with high energy photons excites
the generation of the electron-hole pair which increases the carrier concentration in the lattice [33].
Therefore, film resistance reduces and causes a surge in current running through the device.

Furthermore, the sample processed with 5-W power possesses a better performance in terms
of responsivity to UV light. This improvement indicates that the magnitude of input power for
Joule heating of semiconductor film could significantly influence the film properties. The root of
this enhancement could be originated from the fact that higher temperatures could promote more
formation of ZnO as previous discussion, therefore the interaction with photon is improved and
more electron-hole pairs could be generated when exposing to the UV illumination. In addition,
higher temperatures could also improve the contact between ZnO nanoparticles, therefore reduce
the band bending at the interfaces and promote the transportation of electron through those grain
boundaries [30].

Current work employed silicon wafer due to its excellent heat resistance, because of the temperature
during Joule heating could excess 250 ◦C, which most of polymer will not be able to withstand.
One possible alternative solution is using high temperature polymer such as polyimide. However, due
to the low thermal conductivity of polyimide comparing that of silicon wafer [34,35], the structure of
device must be changed to reduce the distance from heater to the printed zinc salt in order to obtain a
sufficient calcination.

5. Conclusions

In this work, on-substrate heating synthesis of ZnO thin film by the printed silver resistive
heater is proposed. Both conductive patterns and the precursor pattern were printed on only one
inkjet printer with an exchange of cartridge for each material. Electrical current running through the
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silver conductive pattern generates heat, which is utilized to facilitate the thermal decomposition of
printed zinc precursor film to form ZnO. The magnitude of supplied power for heating process has
significant influence on the film formation via the achieved temperature. Therefore, it is found that
higher power could produce a better property of printed ZnO semiconductor film. Despite the humble
performance of printed photodetector, this work demonstrates a promising approach to additively
manufacture electronic devices, which reduces the number of equipment involved and the amount of
energy consumed. Hence, integrated 3D printing might also be possible.

Author Contributions: Conceptualization, V.-T.T. and H.D.; methodology, V.-T.T. and Y.W.; formal analysis, V.Y.T.;
investigation, V.-Y.T. and Y.W.; writing—original draft preparation, V.-T.T.; writing—review and editing, H.D.;
visualization, V.-T.T.; supervision, H.D.; project administration, H.D. All authors have read and agreed to the
published version of the manuscript.
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Appendix A

Table A1. EDS Investigation of Zn:O atomic ration at random positions on printed pattern.

Zn:O Atomic Ratio

Location 1 2 3 4 5 6 Average Standard Deviation

0 W 0.430 0.431 0.422 0.390 0.292 0.305 0.378 0.058
4 W 0.536 0.545 0.504 0.705 0.681 0.557 0.588 0.076
5 W 0.553 0.567 0.517 0.691 0.651 0.648 0.605 0.062
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Abstract: Microelectromechanical systems (MEMS) are of high interest for recent electronic
applications. Their applications range from medicine to measurement technology, from microfluidics
to the Internet of Things (IoT). In many cases, MEMS elements serve as sensors or actuators, e.g.,
in recent mobile phones, but also in future autonomously driving cars. Most MEMS elements are
based on silicon, which is not deformed plastically under a load, as opposed to metals. While highly
sophisticated solutions were already found for diverse MEMS sensors, actuators, and other elements,
MEMS fabrication is less standardized than pure microelectronics, which sometimes blocks new ideas.
One of the possibilities to overcome this problem may be the 3D printing approach. While most
3D printing technologies do not offer sufficient resolution for MEMS production, and many of the
common 3D printing materials cannot be used for this application, there are still niches in which
the 3D printing of MEMS enables producing new structures and thus creating elements for new
applications, or the faster and less expensive production of common systems. Here, we give an
overview of the most recent developments and applications in 3D printing of MEMS.

Keywords: 3D printing; microelectromechanical systems (MEMS); microelectronics; microfluidics;
microsensors; microactuators

1. Introduction

Microelectromechanical systems (MEMS) are miniaturized devices combining electric and mechanical
functions. Typical MEMS are, e.g., pressure and gyro sensors, accelerometers, or ink jet heads [1]. MEMS
devices are often based on silicon (Si) [2,3]. Nevertheless, in the last decades, polymers were used in
MEMS as well, e.g., polydimethylsiloxane (PDMS) for microfluidic devices [4], parylene for valves and
sensors [5,6], or epoxy for micromanipulators [7].

Three-dimensional (3D) printing, on the other hand, works typically with polymers or metals
and is recently not only applied for rapid prototyping, but also for the rapid production of individual
parts or objects that could not be produced with other technologies [8,9]. Typical polymers used in the
Fused Deposition Modeling (FDM) technology are acrylonitrile butadiene styrene (ABS), poly(lactic
acid) (PLA), polyamide (“nylon”), or polycarbonate [10], while other technologies allow for printing
different polymers. The disadvantages of most 3D printing technologies are relatively low mechanical
properties, as compared to objects prepared from other technologies [11], which is why sometimes
combinations of 3D printed parts with differently prepared objects are suggested [12,13].

As visible in Figure 1, both aforementioned technologies have emerged during the last decades
(Figure 1a). MEMS have been reported in the scientific literature since 1980, while it took 10 more
years until scientific research in 3D printing started and another decade until the first study on 3D
printing of MEMS was reported. In spite of the additional degrees of freedom offered by 3D printing,
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on average, less than 1% of the studies dealing with 3D printing concentrate on MEMS. This is in
contrast to the possible advantages of 3D printing in MEMS production, especially related to avoiding
problems with an undesired underetching of 3D structures related to misalignments of the anisotropic
etch pattern [14–16]. It can be expected that 3D printing methods allow for tailoring 3D shapes in the
desired way, making the structures more reliable when the process parameters are properly adjusted.
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On the other hand, 3D printing processes cause new challenges. The feature sizes that can
be reliably reached depend on many parameters, such as the mechanical properties of the printer,
the accuracy of stepper motors, but also on the technology used and the material applied for printing.
Recently, freestanding polycrystalline copper pillars with diameters between 250 nm and 1.5 µm were
reported as result of a 3D electrochemical deposition technique [17], as well as the direct laser writing
of 3D submicron pillars [18], while common 3D printing techniques often are limited to the range
of 100 µm resolution, combined with roughness or waviness in the order of several 10 µm, which
necessitates chemical or heat-based post-treatment [19]. Table 1 gives an overview of typical resolutions
reported for different 3D printing technologies. These typical minimum feature widths and printing
speeds that can be reached depend on the chosen 3D printing technologies [20].

Table 1. Resolutions of different 3D printing technologies, reported in the literature, sorted from larger
to smaller minimum feature sizes.

Technology Min. Feature Size Material Ref.

Selective laser sintering <400 µm Div. Polymers [21,22]
Fused deposition modeling 200 µm Diverse polymers [23]

Robot dispensing 200 µm Hydrogels [24]
Stereolithography 30–70 µm Photosensitive polymers [25]
3D inkjet printing 28 µm Photoresist [24]

Resonant direct laser writing 1–4 µm IP-Dip photoresist [26]
Multiphoton absorption polymerization 1 µm SU8 photoresist [27]

Two-photon polymerization 0.28–1.5 µm Photoresists [28]
Direct laser writing 0.085–1.5 µm Photoresists [29]

Another problem is the well-known thermal shrinkage occurring in polymer-based 3D printing
processes [30,31] as well as after sintering green ceramics or during printing metal objects [32,33].

Here, we give an overview of recent research on 3D-printed MEMS, possible applications of
such systems, as well as advantages and challenges connected with this combination of two modern
technologies. Before, the most important 3D printing techniques are explained in brief.
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2. Typical 3D Printing Techniques

Photolithography can be used by preparing a photomask, a glass plate, or plastic film coated with
a non-UV-transparent film. The mask is placed on a photoresist on a silicon wafer, and this photoresist
is not exposed to UV light through the open areas of the mask. Depending on the photoresist, either
the exposed or the non-exposed areas form the pattern, while the residual photoresist is washed of the
wafer, in this way building a master mold [34].

While this technique is well established to prepare three-dimensional objects, it is not necessarily meant
when “3D printing” is mentioned. Instead, stereolithography is more often connected with the term “3D
printing”. This technique is used to print light-sensitive materials from a polymer solution by using a laser
to cross-link the polymer at desired positions. It can even be applied for the bioprinting of hydrogels [25].

An even more sophisticated way of using light to cross-link a UV-sensitive material is the two-photon
or multi-photon polymerization [27,28]. These techniques need a tightly focused laser beam on a defined
volume of the photosensitive polymer, enabling the material to absorb two or more photons simultaneously
to reach an excited state. As usual in such second-order processes, its strength is proportional to the
squared light intensity. This is why only in the very small focus volume of the laser can the process take
place, opposite to the usual single-photon absorption used in stereolithography.

Selective laser sintering again uses a laser to build a 3D object layer by layer, but opposite to
the aforementioned stereolithography not to photocure a resin, but rather to fuse small particles of
thermoplastic powders, metals, or ceramics [21,22].

Inkjet printing belongs to the techniques that allow for printing biological material such as bioink
or hydrogels [24]. Small ink droplets are dispersed on a substrate. Since typical inks have low
viscosities; only relatively small 3D structures can be printed, typically in the order of magnitude of
some 10 micrometers.

Fused deposition modeling (FDM) belongs to the well-known 3D printing methods since these
printers are often available at low cost and are easy to use, but these basic versions are not very accurate.
Generally, in this technique, a polymer is molten and pressed through a nozzle to be deposited along
defined paths so that 3D structures are formed layer by layer [23].

Besides these often used technologies, there are several others, which are in most cases based on a
layer-by-layer setup of a 3D structure. While typical minimum feature sizes are given in Table 1 for several
3D printing techniques, the maximum feature sizes depend on several parameters. Most techniques,
besides photolithography, enable in principle printing objects of some centimeters to some 10 cm.
The limiting factor is often the time, which depends not only on the technique but also on the desired
printing quality or resolution, the chosen printing material, whether a newer or older printer is used, etc.
On the other hand, most technologies need a printing bed or have similar size restrictions that cannot be
overcome for a specific printer model. Thus, their values depend on too many parameters to be given
generally for a certain technique.

3. 3D Printed Microfluidic Devices

The idea of 3D printing different parts of or full microfluidic devices was firstly mentioned in 2013.
Leary et al. developed nanoparticles as contrast agents and investigated the possibility of moving them
in MEMS structures used as “organs-on-a-chip”, including microchannels. In these MEMS channels,
human cancer cells and normal cells were grown, and the detectability of small tumors by applying
the superparamagnetic nanoparticles was investigated. Here, the authors suggested 3D printing of
more complex 3D structures to overcome the limits of the 2D MEMS channels [35].

In 2014, Lifton et al. investigated possibilities to use 3D printing in MEMS technology and
concluded that microfluidics and “labs-on-a-chip” would be the most suitable devices to be 3D
printed due to the relatively large minimum feature size of 3D printing in the range of 50–500 µm.
They compared stereolithography, micro-stereolithography, PolyJet, selective laser sintering, fused
deposition modeling, and two less known technologies and suggested concentrating on enhancing the
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printing resolution toward a range of 1–10 µm to enable the utilization of 3D printing for a broader
range of possible MEMS devices [36].

The next sub-sections will give some general remarks on the possible toxicity of the materials
used for 3D printing and describe more recent developments in 3D-printed microfluidics, sorted by
the respective printing technologies.

3.1. General Remarks on Toxicity of Materials for Biotechnological Applications

Concerns regarding the possible toxicity of typical 3D printing polymers used in the FDM
technology, but also in stereolithography (SLA) and multi-jet modeling (MJM) were raised in 2015.
The authors suggested for biotechnological applications, such as lab-on-a-chip, that polymers should
be carefully selected to avoid erroneous results due to not taking into account a possibly reduced
biocompatibility of the device [37].

This problem was also mentioned by other authors. Beckwith et al. underlined not only the
high resolution, but also the noncytotoxicity of their 3D-printed microfluidic device prepared by SLA,
which was used to investigate tumor fragments from biopsy samples [38]. SLA and material-jetting
processes were used to prepare molds and afterwards positive replicas by soft lighography and
poly(dimethylsiloxane) (PDMS) molding. Using zebrafish for the biotoxicity test, Fuad et al. found no
toxicity in replicas from both 3D printing processes [39].

Conductive PLA, including graphite, was found to be biocompatible [40], while Zhu et al. had
already shown the same for pure PLA [36]. On the other hand, for typical 3D printing materials,
especially commercially available stereolithographic resins, toxic substances were found in diverse
photoinitiators, photopolymers, and other compounds used in SLA resins as well as high growth
inhibition or mortality in biocompatibility assessments of objects printed with different resins [41].

3.2. Photolithography

de Araujo et al. prepared microfluidic devices to create microbubbles, using 3D printing by an
OBJET EDEN 250 printer which enables the printing of round channels with a diameter of 0.3 mm.
The waxy support used along the channels had to be dissolved and mechanically removed from the
channels after printing. In this way, it was possible to prepare microbubbles of very homogenous
dimensions, with a standard deviation below 1% [34,42].

For a more often used microfluidic technology, the isothermal titration calorimetry (ITC), Jia et al.
used 3D-printed microfluidic devices. Their microdevice combined the 3D-printed microfluidic
structure with a polymer MEMS thermoelectric sensor to allow for ITC measurements of biomolecular
interactions. Again, the 3D-printed device was found to work leak-free, in addition to the possibility
of using non-permeable material and the geometric flexibility [43].

3.3. Two-Photon and Multi-Photon Polymerization

To prepare much smaller features, the so-called two-photon polymerization technique can be
used, which enables preparing structures of dimensions below the diffraction limit, partly below
100 nm [44–46]. For this technique, usually ultrashort laser pulses are applied.

The polymer material used for this 3D printing process can be, e.g., chemically modified
zirconium-based sol–gel composites [44], photoinitiators with highly toxic properties or modified ones
with reduced or vanishing toxicity, such as riboflavin and triethanolamine [45], and a broad range of
other materials for applications in optics, photonics, electronics, or biotechnology [46]. This technique
was also suggested in different patents dealing with microfluidics [47].

3.4. Inkjet 3D Printing

An unusual application of microfluidics was reported by Walczak et al. [48]. They used the inkjet
3D printing of a microfluidic device with embedded force sensors to monitor the seed growth and
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axial growth forces of Lepidum sativum (garden cress) seeds, which are used in diverse plant growth
investigations [49] and found growth forces around 50 mN for the root and 500 mN for the stalk [48].

3.5. Metal Additive Manufacturing

Huang et al. searched a solution for another problem. Since silicon-based microfluidic devices are
often problematic at high temperatures where fluidic interconnects may be leaking, they used binder
jet printing, which is a form of metal additive manufacturing. While such metal objects are usually
highly porous and thus not suitable for application in microfluidics, the addition of boron nitride
supported the sintering process and thus reduced the porosity, resulting in leak-free fitting even at
high operating pressures [50].

3.6. Preparing Molds by 3D Printing Methods

Dinh et al. used 3D printing in combination with molding and plasma-assisted bonding to prepare
a highly effective microfluidic active heating and cooling module, which was suggested for the large
production of SiC power nanoelectronics [51].

A Venturi flowmeter was 3D printed by Adamski et al., combining a commercially available
MEMS sensor with a 3D-printed microfluidic structure. Here, microchannel widths of 400–800 µm
were reached [52].

Villegas et al. used PDMS molding, similar to Fuad et al. mentioned above [38], but they
concentrated on reducing the surface roughness of the PDMS microfluidic channels from 2 to 0.2 µm
by coating the mold with a fluorinated-silane and afterwards tethering an omniphobic lubricant to this
adhesion layer [53].

3.7. Combining 3D Printing with Other Technologies

Cesewski et al. went one step further and combined a common 3D printing process with robotic
handling in the form of an integrated pick-and-place functionality (Figure 2). In this way, they could
assemble 3D printed forms with piezoelectric chips, which were used to produce multiple resonant modes
to generate bulk acoustic waves, which could again be used to manipulate suspended particles [54].
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Another combination of different technologies was suggested by Tamura and Suzuki, using 3D
printing and photolithography to prepare the mold of a microfluidic device with micro- and millimeter
structures. They showed that the process combination resulted in higher patterning accuracy than
pure 3D printing [55].

The common MEMS fabrication technology of a boiler was combined with capillary channels
with the 3D printing of a superheater. While the boiler alone could capture 2/3 of the incoming thermal
energy, the addition of the superheater increased this value by 10%, in this way increasing thermal
energy scavenging [56].
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4. 3D-Printed Microelectromechanical Systems (MEMS) Sensors

The idea to use a 3D printing technology, in this case patterned 3D microstructures produced by
an electrodepositable photo resist, in MEMS sensors was already mentioned in the scientific literature
in 2007 [57]. For the special case of freeform helical microstructures, Farahani et al. investigated in
2014 which 3D printing methods were most suitable and found a high performance of UV-assisted and
solvent-cast 3D printing methods, however, with a limited range of usable materials [58].

However, afterwards, it took some time until the first 3D printed MEMS sensors were reported in
the literature. Some important chemical and physical sensors are described here.

4.1. Chemical Sensors

3D printing was used to produce a resonant gas cell, which was combined with commercially
available fiber optics and a MEMS microphone sensor, in this way creating a miniaturized photoacoustic
trace gas sensor [59]. Here, the sensor itself was not 3D printed, but combined with a 3D printed gas cell.

A breath analyzer, measuring CO2 and oxygen in the exhaled breath of humans, was partly
3D printed. Equipped with a thermopile detector and a MEMS infrared emitter, even low CO2

concentrations could be detected, and results similar to commercially available breath-by-breath
sensors were achieved [60].

Ilke et al., on the other hand, integrated MEMS or electret microphones into 3D printed
photo-acoustic gas sensors for the mid-infrared. These sensors could be used to detect methane
with detection limits of 90 ppm for the electret microphone and 182 ppm for the MEMS microphone,
applying similar integration times around 260 s [61].

4.2. Physical Sensors

Similarly, Valyrakis et al. used 3D printing to prepare a waterproof hollow spherical particle in
which a three-axial gyroscope and accelerometer were embedded to measure hydrodynamic forces on
a coarse particle during entraining from the riverbed, aiming at understanding sediment transport [62].
Shen et al. also used 3D printing to prepare a fixture for a piezoresistive MEMS flow rate sensor.
Both were bonded and integrated on an intravenous tube, allowing for measuring the flow rate in
this tube [63]. Similarly, Raoufi et al. developed a MEMS flow sensor embedded in a 3D printed
semicircular channel, aiming to enhance current artificial vestibular systems [64].

A 3D-printed housing for an airborne nanoparticle concentration sensor was prepared using a
MEMS-based particle growth chip that grows nanoparticles to micro-sized droplets by condensation,
in combination with a miniaturized optical particle counter based on a light-scattering method.
This system was able to detect nanoparticles of 12.4 nm diameter and showed only small deviations
from a reference instrument in high and low concentration environments [65].

A miniaturized transmission electron microscope (TEM) was suggested by Krysztof et al. They
prepared a 3D-printed polymer holder for mounting the field emission cathode and electron optics
columns and showed effective emission and focusing of the electron beam inside a vacuum chamber
as the first step toward a MEMS-TEM [66].

Das et al. used 3D printing in the form of electrohydrodynamic ink jetting to produce PEDOT:PSS
strain gauge sensors on kapton and silicone substrates. Comparing COMSOL simulations with the
experimental results showed sufficient agreement. The authors suggested using such a system as
future piezo-resistive robot skin [67]. However, in a newer work, a novel wet lift-off photolithographic
technique was proposed for patterning the poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) base layer due to the partly problematic electrohydrodynamic jetting technology [68].
Direct ink writing was suggested by Yang et al. instead to pattern 3D conductive circuits on flexible
substrates [69].
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3D printing was also used to prepare spiral-shaped acoustic resonators, as inspired by the human
ear, serving as frequency-selective MEMS microphones. Using these MEMS sensors, they could
strongly increase the frequency sensitivity of the investigated resonance frequency of 430 Hz [70].

Tiller et al. used the 3D printing process of digital light processing to prepare a piezoelectric
acoustic sensor from piezoelectric and conductive parts with mechanically sensitive membranes of
thicknesses as low as 35 µm, allowing for tunable resonant frequencies [71].

Capacitive MEMS vibration sensors were produced by a high-current plasma focused ion beam (FIB)
technique and compared with sensors prepared by the common lithography process. While the resonance
frequency differed by only 4%, the fabrication time could be reduced by approximately 80% [72].

Park et al. integrated a MEMS pressure sensor based on an inductor–capacitor resonant circuit
into metallic and polymer 3D-printed stents for blood vessels. As shown in Figure 3, the sensitivity of
the pressure sensor in the polymer stent was much higher than that of the metal stent system, allowing
for real-time monitoring [73].
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Recently, Wang et al. developed a 3D-printed MEMS device, using projection micro-stereolithography,
which could be used for in situ tensile tests of micro- or nanowires. This device was used to determine the
tensile behavior of SiC nanowires inside a scanning electron microscope (SEM) as well as lead zirconate
titanate microwires under an optical microscope, in this way demonstrating micro- and nanomechanical
characterization [74].

5. 3D-Printed MEMS Actuators

Identical to sensors, 3D-printed MEMS actuators were firstly suggested in 2007 [57]. Again,
the first scientific reports on experimental investigations of such actuators were published several
years later. Here, some of the proposed 3D-printed MEMS actuators are depicted, which were sorted
according to their applications.

5.1. Switches

A 3D-printed MEMS switch was developed by Lee et al. Using the FDM printing of conductive
PLA and poly(vinyl alcohol) (PVA) as water-soluble support, a switch with good electromechanical
properties, abrupt switching, and a very high on/off current ratio above 106 was realized. The function
and printing process are depicted in Figure 4 [75].
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5.2. Vibration Actuator

Xie et al. used 3D printing for vibrational tactile actuators for blind people. They combined
piezoelectric extensional actuators vibrating in-plane with a scissor mechanism, forming a triangle
between two in-plane points and one point above the plane. The oscillations of the two in-plane
points in opposite directions led to oscillations of the third point rectangular to the plane. Placing
the third point not too high above the plane resulted in conversion of small in-plane actuations into
higher-amplitude out-of-plane vibrations, which can be sensed by a finger. These scissor amplifiers
were produced by conventional photoresist and 3D printing. However, tests with volunteers showed
that the minimum and the comfortable forces needed for the detection of the vibrations was slightly
higher for the 3D-printed scissors, which was attributed to sensing being dominated by vibrational
amplitudes rather than by forces [76].

5.3. Aeronautics and Astronautics

Combining MEMS dielectric elastomer actuators with a 3D-printed wing skeleton on which a fine
Mylar film was glued was suggested to create micro aerial vehicles. While the wings were optimized
using computational fluid dynamic simulations, the dielectric elastomer actuator was used due to its
high work density, the ability to work at high frequencies, and the easy, low-cost production. Both
parts were connected with a four-bar mechanism with a pivot point at the wing base. The design
concept is depicted in Figure 5 [77], showing one of the possibilities of combining MEMS with 3D
printing to produce miniaturized aerial vehicles.

Micromachines 2020, 11, x 8 of 14 

 

properties, abrupt switching, and a very high on/off current ratio above 106 was realized. The function 
and printing process are depicted in Figure 4 [75]. 

 
Figure 4. (a) Concept of 3D-printed MEMS switch, showing the pull-in phenomenon due to 
electrostatic forces on the suspended electrode when a voltage is applied to the fixed bottom electrode; 
(b) 3D printing process. Reproduced with permission from [75]. Copyright (2018) American Chemical 
Society. 

5.2. Vibration Actuator 

Xie et al. used 3D printing for vibrational tactile actuators for blind people. They combined 
piezoelectric extensional actuators vibrating in-plane with a scissor mechanism, forming a triangle 
between two in-plane points and one point above the plane. The oscillations of the two in-plane 
points in opposite directions led to oscillations of the third point rectangular to the plane. Placing the 
third point not too high above the plane resulted in conversion of small in-plane actuations into 
higher-amplitude out-of-plane vibrations, which can be sensed by a finger. These scissor amplifiers 
were produced by conventional photoresist and 3D printing. However, tests with volunteers showed 
that the minimum and the comfortable forces needed for the detection of the vibrations was slightly 
higher for the 3D-printed scissors, which was attributed to sensing being dominated by vibrational 
amplitudes rather than by forces [76]. 

5.3. Aeronautics and Astronautics 

Combining MEMS dielectric elastomer actuators with a 3D-printed wing skeleton on which a 
fine Mylar film was glued was suggested to create micro aerial vehicles. While the wings were 
optimized using computational fluid dynamic simulations, the dielectric elastomer actuator was used 
due to its high work density, the ability to work at high frequencies, and the easy, low-cost 
production. Both parts were connected with a four-bar mechanism with a pivot point at the wing 
base. The design concept is depicted in Figure 5 [77], showing one of the possibilities of combining 
MEMS with 3D printing to produce miniaturized aerial vehicles. 

 

Figure 5. Concept design of a micro aerial vehicle, composed of MEMS and 3D-printed parts.
Reproduced with permission from [77].

180



Micromachines 2020, 11, 434

Khandekar et al. used 3D printing to prepare microthrusters for microsatellites, which can be used
for very low thrust in a defined direction for course corrections of nano and microsatellites. Printing
ceramic polymer composites, micro-thrusters with sufficient nanomechanical properties to propel nano
and microsatellites were developed [78].

5.4. Nanopositioning

Fiaz et al. developed cantilevers for MEMS using the electron beam melting of a Ti alloy.
The material was chosen due to the good biocompatibility of Ti, its strength, and its corrosion resistance.
Comparing these cantilevers with bulk metal ones, the printed cantilevers were softer with a slightly
smaller Young’s modulus than the bulk material, but they also reached large maximum displacements
of nearly 50 µm at resonance frequencies around 1850 Hz and thus relatively fast and accurate
positioning of a stage [79].

Using an SLA printer with different commercially available and self-formulated resins in combination
with the electrodeposition of different metals, Bernasconi et al. prepared another magnetic actuator.
By coating the 3D-printed cantilever with magnetic metals, the cantilever could be deflected by an
external magnetic field. The pseudo-linear correlation between the field and deflection was measured and
modeled [80].

Magnetic NdFeB microparticles were embedded instead in a nylon 12 matrix to prepare a magnetic
actuator, which reached a maximum displacement of 50 µm [81].

Similarly, electrothermal actuators were produced by Fogel et al. They used the 3D printing
technology of laser-induced forward transfer (LIFT) to prepare fully metallic microdevices from structural
and sacrificial metals, allowing preparing a free-standing structure on the support material. This actuator
was deflected by a current, which was applied for a certain pulse duration with a maximum of 1 s [82].

Ertugrul et al. compared the aforementioned two-photon polymerization with projection
micro-stereolithography in the case of an electrothermal microactuator. They found that the two-photon
polymerization was advantageous since it could produce smaller and more complex, non-symmetric
structures [83].

5.5. Macro-Positioning

3D printing was used to prepare a hybrid finger composed of hard and soft polymer, equipped
with micropumps to enable hydraulic motion control. These MEMS micropumps worked with an
electro-conjugate fluid and were found to have sufficient output density to drive the hybrid finger [84].

6. Conclusions

After the first ideas of 3D printing MEMS approximately 20 years ago, much progress was
achieved in combining these technologies. Especially microfluidic systems, but also some MEMS
sensors and actuators can nowadays be realized by diverse 3D printing technologies. New additive
manufacturing techniques, such as the two-photon polymerization technique, allow for preparing
smallest features with dimensions below 1 µm. For more established 3D printing techniques, new
ideas emerged how to reduce the minimum feature size, in this way making 3D printing more and
more suitable for MEMS fabrication.

Table 2 gives a short overview of 3D printing methods and their possible applications in MEMS,
indicating the broad bandwidth of technologies and functions that can be reached by them.

Nevertheless, it seems that the research published on the combined technologies has passed its
peak. Thus, we hope that this review will stimulate more researchers to investigate new possible
applications, enabled especially by newly developed and future 3D printing techniques.
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Table 2. Possible applications of typical 3D printing technologies used for MEMS.

Technology Possible Applications

Fused deposition modeling Dielectric-conductive systems, switches

Micro-stereolithography In situ tensile tests of micro- or nanowires, electrothermal
microactuator

Stereolithography Microfluidic devices, conductive parts, molds, cantilevers,
magnetic actuators

3D inkjet printing Microfluidic devices, Venturi microflowmeter, conductive
structures, strain gauge sensors

Multiphoton absorption polymerization Microfluidic devices, photonic crystals, nanophotonic devices
Two-photon polymerization Microfluidic devices, electrothermal microactuator

Binder jet printing Microfluidic devices, in-line injection of volatile organic
compounds
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