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From functional structure to packaging: full-
printing fabrication of a microfluidic chip†

Fengyi Zheng, ‡a Zhihua Pu, ‡b Enqi He,ac Jiasheng Huang,a Bocheng Yu,a

Dachao Li*b and Zhihong Li*a

This paper presents a concept of a full-printing methodology aiming at convenient and fast fabrication

of microfluidic devices. For the first time, we achieved a microfluidic biochemical sensor with all func-

tional structures fabricated by inkjet printing, including electrodes, immobilized enzymes, microfluidic

components and packaging. With the cost-effective and rapid process, this method provides the possi-

bility of quick model validation of a novel lab-on-chip system. In this study, a three-electrode electro-

chemical system was integrated successfully with glucose oxidase immobilization gel and sealed in an

ice channel, forming a disposable microfluidic sensor for glucose detection. This fully-printed chip was

characterized and showed good sensitivity and a linear section at a low-level concentration of glucose

(0–10 mM). With the aid of automatic equipment, the fully-printed sensor can be massively produced

with low cost.

Introduction

Microfluidics technology has great impacts on a broad range
of areas from biological analysis to chemical synthesis.1

Microfluidic devices based on lab-on-a-chip (LOC) possess the
advantages of rapid analysis, increased automation, low
power consumption, ease of operation, integration capability
of multiplexing analysis, and compatibility with mass produc-
tion.2 LOC enables significant advancement in chemical and
biochemical analysis owing to advances in physics, electronics
and materials science.3 In terms of fabricating or replicating
microchannel structures, the dominant techniques utilized in
microfluidics can be divided into three main categories: bulk
micromachining, surface micromachining and mould ma-
chining.4 Typically, expensive equipment is necessary for
photolithography, deposition and etching in the first two cate-
gories, while the third one is strongly dependent on master
mould fabrication, which normally needs significantly expen-
sive and time-consuming techniques. However, the high ex-
pense and long period fabrication process, on a certain ex-

tent, go against the research and development of designing
new microfluidic devices. More importantly, for most biologi-
cal uses, microfluidic devices are embedded with bio-
functional materials such as DNAs, antibodies, enzymes, and
hydrogels, which are delicate and prone to damage or con-
tamination by microfabrication processes such as photoli-
thography,5 chemical reduction,6 evaporation,7 sputtering,8

lift-off,9 bonding,10 thermal annealing,11 plasma treatment,12

etc. Therefore, fixation via double-sided adhesive tape,13 or
clamps,14 which is complicated and at high risk of leakage, is
required to construct microchannels or reservoirs enclosing
biofunctional materials. Alternatively, surface modification
and biomolecule immobilization are carried out after micro-
fluidic structure formation. However, the required bio-
chemical reaction in a long microchannel is time consuming
with low efficiency.

In recent years, the up-and-coming inkjet printing technol-
ogy has been arguably the most promising option to address
the aforementioned limitations.15 In this additive manufactur-
ing, only the areas needed to be patterned are coated and the
process requires no stamp or mask. Besides, the ability to
print multiple materials, individually and simultaneously, of-
fers great flexibility while designing. Inkjet printing has been
proved to be best used in combination with other manufactur-
ing techniques and shows good prospects for the development
of fully inkjet-printed electrochemical sensors.16

In our previous work, we successfully achieved an additive
method for microelectrode patterning using silver nano-
particles on a PDMS substrate17 and graphene modification
on the surface of a working electrode on a polyimide
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substrate.18 These two works showed tight bonding between
patterns and substrates and good combination between dif-
ferent layers of patterns. The electrodes also presented good
electroactivity and achieved a significantly uniform distribu-
tion of electrochemical active sites on the WE surface. On the
other hand, a fabrication technology called 3D ice printing
was proposed to provide a bio-friendly method for chemical
biosensor fabrication.19 The process environment of 3D ice
printing with low temperature and nitrogen atmosphere was
beneficial to enzyme immobilization in hydrogel.20 Based on
inkjet-printed electrode technology and 3D ice-printing tech-
nology, we pioneer a full-printing fabrication method, aiming
at fabricating the whole structure of lab-on-a-chip and micro-
fluidic devices by inkjet printing with aqueous solution of dif-
ferent materials as ink. This method endows ice sacrificial
layers with not only the indicating solution but also the pro-
tective layer of biological samples pre-sealed in the chip.
Graphics of different materials and structures are designed
in the same coordinate system layer-by-layer using CAD soft-
ware to achieve alignment. Consequently, more sophisticated
3D ice structures with fine feature sizes and even enzyme em-
bedded gel patterns can be integrated by processing the
layer-by-layer printing sequences. On the basis of our pro-
posed full-printing method, we successfully fabricate a glu-
cose detection microfluidic chip as a significant supplement
to our previous work.18,21 This fully printed chip shows good
sensitivity and a linear section at a low-level concentration of
glucose (0–10 mM). With the aid of automatic equipment,
this kind of chip can be massively and cost-effectively pro-
duced and enables the evolution of highly efficient and versa-
tile analytical tools in the biomedical field.

Principle

In this paper, we take a glucose detection sensor as an example
for the full-printing fabrication method. Fig. 1(a) demonstrates
the schematic view of the designed sensor, which consists of a
testing area, a straight ice channel acting as microfluidics for
sample injecting and a photopolymer as an encapsulation
layer. The testing area and the microfluidics are entirely fabri-
cated by inkjet printing. As shown in Fig. 1(b), the structure of
the testing area has three layers, including a three-electrode
system, a piece of immobilized glucose oxidase gel, and an ice
structure channel connected with the microfluidics. Both the
working electrode and the reference electrode are 200 μm ×
1000 μm, and the counter electrode is 1000 μm × 1000 μm. All
the three leads are 100 μm × 5000 μm and the pads are 1000
μm × 1000 μm. The gel with immobilized enzymes acts as an
electrochemically sensing material and covers the WE. A 500
μm width ice line, printed by the ice printing technique, runs
through the gel and forms a 300 μm height microfluidic chan-
nel after the solidification of a 2 mm thick sealing photo-
polymer. The low-temperature environment during the fabrica-
tion process and the preservation protects the biological
activity of the glucose oxidase. When it comes into testing at
room temperature, the ice structure melts and forms a channel

with buffer in it. The glucose solution fully fills the micro-
fluidic channel and diffuses into the porous structure of the hy-
drogel to conduct the catalytic reaction. The electric current of
reaction can be detected using an ammeter connected with the
leads of the electrodes.

Method
Printing system

Two self-built printing systems, an ice-printing system as
shown in Fig. 2 and a nanomaterial printing system similar to
that shown in a previous work,18 are used together to enable

Fig. 1 The schematic view of a full-printing glucose sensor. (a) The
complete sensor; (b) details of the printed structure. (c) Schematic dia-
gram of the electrochemical sensor for glucose measurement and its
integration into a full-printing chip.
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the fabrication of the proposed full-printing microfluidic
chip. The two self-built printing systems consist of four parts:
the printing module, the three-axis mobile robot, the temper-
ature control system and the observation module. The print-
ing module, made up of piezoelectric printheads (one with a
nozzle diameter of 50 μm for the ice-printing system and four
with a nozzle diameter of 30 μm for the nanomaterial printing
system), an electric controller and waveform control software,
is purchased from MicroFab Technologies, Inc., USA.

The three-axis mobile robot is custom-made from Ruidu
Photoelectric, Inc., Shanghai, which provides the conversion
software for CAD graphics to an execution program, the
three-dimensional movement, and the localization of the po-
sition relationship between the nozzle and the substrate. The
temperature control system consists of two subsystems, a hot
plate for heating and a Peltier cooler for freezing (the nano-
material printing system contains only a hot plate while the
ice-printing system contains both of them). The two subsys-
tems are both covered with a latten to ensure the evenness of
temperature on the surface of the substrate. The temperature
is monitored using a Pt-1000 thermistor connected with a
digital temperature meter. The observation module includes
a diagonally positioned camera and a strobe, which allows us
to observe the printing status as well as calibrate the start-
point for printing.

Similar to the previous ice-printing work we have
conducted in 2015, we put the whole ice-printing system in a
airtight glove box to control the humidity and the oxygen
content by adjusting the influx and outflow rates of nitrogen.
Low humidity contributes to the shape maintenance of the
ice printing pattern. Isolation of oxygen is necessary for copo-
lymerization of most gels.

The pattern control of nanoparticle printing

Different nanomaterials require different parameters for print-
ing, including the voltage of the piezoelectric nozzle, the space
between each printed droplet and the temperature of the sub-
strate. Firstly, nanomaterial ink with high viscosity needs a
higher peak-to-peak value of voltage to generate regular drop-

lets without satellites. Secondly, ink with high viscosity also
needs a bigger space between the droplets on the substrate be-
cause the diameter of the droplet will get bigger when it
crashes onto the substrate22 and the viscous liquid changes
more significantly. In order to form a smooth edge, the drop-
lets should always fall on the circumference of the prior im-
printing marks. The empirical estimates of the size of the
droplets for Au nanoparticles and Ag nanoparticles on glass
slides are 95 μm and 65 μm. Thirdly, ink with high viscosity
needs a relatively low substrate temperature to reach a lower
rate of evaporation as it takes a longer time for the droplets to
come onto the film driven by surface tension.23 Our experi-
ments show that the suitable time and temperature for Au are
30 minutes and 200 °C and for Ag are 10 minutes and 220 °C.

Generally, the film formed by nanoparticles of Au/Ag/
graphene needs postbaking at a higher temperature to make
the nanoparticles achieve a secondary fusion, which will
markedly enhance the compactness of the film and the adhe-
sion to the substrate. The temperature and time of postbaking
depend on the material of nanoparticles.

The challenge of ice-printing in microfluidic fabrication

Here we improve the ice printing ability of our previous work
to make the ice structure customizable and usable for graphi-
cal representations of functional microfluidics. The major
challenge in the development of the full-printing method is
controlling three-dimensional structures of ice, which is
mainly influenced by the space between every two droplets l.
As the printing frequency f and the velocity of the nozzle v
are the only two parameters we are able to control in the soft-
ware, the key is to find the specific relationship between l, v
and f. When a line segment of L in length is made up of n
droplets, it is obvious that l equals L divided by n. The num-
ber of droplets n equals f multiplied by the printing time t,
while t equals the distance L divided by the velocity of the
nozzle v. According to the above-mentioned relationship, we
obtain the following equation between l and the ratio of ve-
locity to frequency:

Affected by surface tension, the droplets on the surface of
the substrate will gather into a bigger droplet when l is
smaller than its diameter d. The bigger the droplet is, the
slower it is to freeze into ice, and then the bigger liquid
phase droplet will adsorb other small droplets. Meanwhile,
when l is too big, the line segment will be discontinuous in-
stead of the designed shape. Experimental results demon-
strate that the appropriate l0 is between 0.7d and 1.2d, con-
sidering the height reduction of the edge of the ice pellets
and the volume expansion during the freezing process.

Another challenge is the supercooling water phenomenon.
Supercooling is the process of lowering the temperature of a

Fig. 2 The self-built ice-printing system.
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liquid or a gas below its freezing point without solidification.
In our work, we find that microdroplets crashing onto the
cold surface are easy to freeze while large droplets more likely
become an amorphous (non-crystalline) solid. Meanwhile, a
liquid crossing its standard freezing point will crystallize in
the presence of a seed crystal or nucleus around which a crys-
tal structure can be formed through solidification. Thus the
ice patterns must be printed in two steps. We first set the
printing process at low frequency to make the microscale
droplets arranged in lines quickly freeze into an ice trace.
The ice trace acts as an ice nucleus in the second printing
process to avoid the supercooling phenomenon. As the sec-
ond printing process is at a high printing frequency, the ice
structure is filled up fast in the z-axis.

Experimental
Chemicals

Gold nanoparticle ink was bought from UT Dots, Inc., USA.
Silver nanoparticle ink and reduced graphene oxide (RGO)
ink were purchased from Sigma Aldrich. Platinum nanoparti-
cle ink was obtained from Changchun Institute of Applied
Chemistry, Chinese Academy of Sciences. Glucose oxidase
(GOx, type X-S, lyophilized powder, 100 units per mg), acryl-
amide and N,N-methylenebis-acrylamide were obtained from
Sigma-Aldrich (St. Louis, MO). Riboflavin, potassium, sodium
chloride (NaCl), sodium phosphate dibasic dodecahydrate
(Na2HPO4·12H2O), monobasic potassium phosphate (KH2PO4)
and potassium chloride (KCl) were purchased from Beijing
Chemicals (Beijing, China).

Other equipment and materials we used are as follows: a
Peltier cooler, digital thermometer and hygrometer, light cure
medical adhesive (Loctite 3311), clear float glass slides, and
polyĲmethyl methacrylate) (PMMA).

Fig. 3 demonstrates the schematic view of the fabrication
process of the full-printing method, which could be divided
into four steps according to the temperature variation of the

substrate. The optical photograph of the completed chip is il-
lustrated in Fig. 4(a).

Printing and modification of the electrodes

First of all, a float glass slide was cleaned with ethyl alcohol
and treated with corona. Then the substrate was heated to
120 °C using a hot plate and the three electrodes of the
electrochemical biosensor were inkjet printed on it. The
printing process consisted of three steps, as shown from
Fig. 3(a)–(c). Firstly, the nano-gold ink was printed to form
the working electrode and the counter electrode. These two
electrodes required a postbaking process for fifteen minutes
at 210 °C. Secondly, the nano-silver ink was patterned as the
reference electrode and was postbaked for ten minutes at 210
°C. Next, ferric chloride was dropped onto the pad of the ref-
erence electrode for twenty seconds to complete the chlorina-
tion and then was washed away with ultrapure water. Thirdly,
the RGO ink was sprayed onto the pad of the working
electrode to improve the detection of weak glucose signals,
and the Pt nanoparticle solution was printed on the layer of
RGO to enhance the electron-mobility of the electrode.18 The
layers of Au and Pt were printed twice to ensure that the film
of the electrode had no flaw of holes and the layer of
graphene was just printed once.

Printing and immobilization of enzymes on the working
electrode

Table 1 shows the components of the required solution. 0.1
M standard phosphate buffer (PBS, pH = 7.4) was prepared
by dissolving 8 grams of NaCl, 2.89 grams of Na2HPO4

·12H2O, 0.2 grams of KH2PO4 and 0.2 grams of KCl in 1 L of
ultrapure water. All the solutions were diluted with PBS and
were used right after they were ready. The gel was prepared
by mixing 1 mL of the stock solution of the monomer with 4
mL of the crosslinking reagent. The reagent mixture was de-
oxygenated in a vacuum air-removed pot before the addition

Fig. 3 Fabrication process of the full-printing glucose sensor. (a) Printing of the Au patterns, including the first layer of the working electrode (left)
and the counter electrode (right); (b) printing of the Ag patterns, which act as the reference electrode. FeCl3 was dropped onto one side of the
electrode for 20 seconds to form AgCl; (c) printing of GOx and Pt to finish the modification of the working electrode; (d) printing of the glucose
oxidase embedded gel; (e) printing of the ice channel; (f) packaging using a photopolymer.
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of the glucose enzyme to avoid the oxygen inhibition of the
copolymerization. Then 1 mL of enzyme solution, 100 μL of a
photocatalyst and 100 μL of a crosslinking catalyst were
added into the gel solution, respectively. Because the small
volume of potassium persulfate was not able to catalyse the
polymerization while a further quantity of the initiator would
harm the enzyme activity, the photoinitiator was combined
with potassium persulfate to make a balance between the
speed of catalysis and the preservation of biological activity.

The pattern of the gel solution was designed in a circular
shape with a diameter of 500 μm, which totally covered the
pad of the working electrode. As the operation box was full of
nitrogen, the anaerobic copolymerization proceeded rapidly
when it was exposed to a 365 nm LED (7 watts) and was com-
pleted in twenty minutes, with the end point defined as the
time taken for the gel to reach maximum opacity. The wave-
length of 365 nm belonged to ultraviolet A (UVA). On the one
hand, the penetrability of UVA was weak and its half-life pe-
riod was much shorter in the water-diluted solution than in
air. So it will only do little damage to the enzyme. On the
other hand, the activity of the enzyme depended on its active
site. Enzyme immobilization in gel benefited the stability of
the enzyme structure. Compared with the structural damage
in the membrane structure with enzymes on the electrodes,
the damage by UVA exposure was noteworthy (ESI† Fig. S1).
Meanwhile, the temperature of the Peltier cooler was set to
0 °C to reduce the effect of heat denaturation of the enzyme
during the exothermic reaction.

Printing and patterning of the ice channel

Next, the temperature of the Peltier cooler was adjusted to
minus 25 °C. Ultrapure water was printed on the substrate

and was frozen into the ice channel. The width of the ice
channel, which ran through the circular disk of the gel, was
designed to be 300 μm to avoid the movement of the gel in
the microfluidic channel. As a single ice line formed by print-
ing was about 150 μm, the ice channel was designed in two
parallel segments with a gap of 150 μm.

The printing process was divided into two steps. First, we
set the velocity of the nozzle to 6 mm s−1 and the frequency
of the injection to 60 Hz with a circulation of five times in or-
der to form the basic outline of the pattern. Then we printed
the same pattern with a velocity of 20 mm s−1 and a fre-
quency of 500 Hz with a circulation of ten times to make the
structure of ice a higher-order structure. The height of the ice
channel can reach 300 μm after the entire printing process.

Packaging of the sensor

Finally, a square cofferdam, which surrounded the area of
the sensor, was placed on the substrate, and the photo-
polymer precursor was added and polymerized to seal the
electrode, gel and ice channel. Compared with PDMS, light-
sensitive adhesive had a fast curing speed and better adhe-
sion to the substrate. Following consideration of the biocom-
patibility, transparency and Young's modulus, here we se-
lected Loctite 3311, a medical grade light-sensitive adhesive,
as a packaging material. Furthermore, Loctite 3311 has a low
flowability in a low temperature environment and will not
drain out of the cofferdam. Upon exposure to a 420 nm LED
lamp (7 watts), the curing process was completed in three mi-
nutes at minus 25 °C.

Preservation and testing

The chip could be preserved at minus 4 °C to keep the bio-
logical activity of the glucose oxidase in the gel. Holes were
punched at the start and the end of the microfluidic channel
as the inlet and outlet when the chip was used at room tem-
perature (22 °C). The reaction agent was injected into the
chip through a flexible tube using a peristaltic pump. As the
glucose oxidase was immobilized in the gel, the flowing solu-
tion did not come into contact with the enzyme directly. The
catalytic reaction began when the glucose solution diffused
into the porous structure of the gel. In this case velocity is
not the main influence on the diffusion process when the
microfluidic channel is fully filled. The bared pads of
electrodes were connected to a galvanometer with copper
wire fixed on them with conducting resin. The chip was

Fig. 4 (a) The completed glucose detection chip. (b) The detail of the
printed electrodes. (c) The detail of the ice structure running through
the electrodes.

Table 1 The components of the gel embedding the enzyme

Function Component Concentration Dosage

Stock solution of the monomer Acrylamide 400 mg mL−1 1 mL
Crosslinking reagent N,N-Methylenebis-acrylamide 23 mg mL−1 4 mL
Enzyme solution Glucose oxidase 5 mg mL−1 1 mL
Photocatalyst Riboflavin 0.3 mg mL−1 100 μL
Crosslinking catalyst Potassium persulfate 0.3 mg mL−1 100 μL
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disposable as the fabrication method was cost-effective and
can be massively produced easily.

Results and discussion
Characterization of electrodes

Physical characterization is illustrated from Fig. 5(a)–(c). Op-
tical photographs and SEM images show that the printing
method enables fabrication of a continuous uniform film.
The energy spectrum (EDS) demonstrates that the medium
arranges layer by layer as designed and has good stability
and binding ability.

As shown in Fig. 5(d), the cyclic voltammetry characteris-
tics of the three-electrode sensor satisfy the requirement of
electrochemical detection in a microfluidics chip. Each layer
of material printed on the WE surface was first tested using
the amperometric technique. H2O2 was utilized to character-
ize the electrodes because it was generated as the decomposi-
tion of glucose by immobilized glucose oxidase (GOx).
Fig. 5(e) shows the typical amperometric responses of the var-
ious sensor configurations to a successive increment of 0.5
mM H2O2 at an applied potential of −0.2 V. As shown in
Fig. 5(e), the electrochemical response increases as the H2O2

concentration increases, and all of the sensors demonstrate

Fig. 5 Characterization of the electrodes. The optical photographs and SEM images of (a) Au; (b) graphene; and (c) Pt; (d) the cyclic voltammetry
characteristics of the three-electrode sensor; (e) the typical amperometric responses of the various sensor configurations to a successive incre-
ment of 0.5 mM H2O2 at an applied potential of −0.2 V; (f) the Nyquist diagram of the EIS test for different configurations of the WE.
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good linearity from 0 to 4.5 mM H2O2. Furthermore, the
Nyquist diagram of the EIS test for different configurations
of the WE is shown in Fig. 5(f), where 5 mM potassium
ferricyanide (K3ĳFeĲCN)6]) in 0.1 M PBS was employed as the
determinant, 500 mV DC and 10 mV AC potentials vs. Ag/
AgCl were applied between the WE and CE with frequencies
from 0.1 Hz to 100 kHz. Fig. 6 shows the equivalent electrical
circuit model fitted using Zsimpwin. Rs, W, O, Rt, Ch and Cd
represent the impedance of the solution between the WE and
RE, the semi-infinite diffusion impedance of the WE, the fi-
nite layer diffusion impedance of the WE, the electron trans-
fer resistance of the WE, the capacitance of the Helmholtz ca-
pacitor of the WE and the capacitance of the double-layer
capacitor of the WE, respectively. The electron transfer rate
significantly affected the sensitivity. According to the mea-
sured electrochemical impedance spectra and the obtained
equivalent electrical circuit model, the Rt values of the three
kinds of WEs were calculated to be 44.55 kΩ cm−2 (Au), 13.85
kΩ cm−2 (RGO/Au) and 0.13 kΩ cm−2 (PtNPs/RGO/Au). The
WE with RGO and Pt nanoparticles held the smallest electro-
chemical impedance enhancing the electron transfer rate of
the WE to satisfy low levels of glucose measurements.

Evaluation of the full-printing glucose sensor

In this paper, the sensitivity and the linearity of the glucose
measurements were evaluated to prove that the fabrication of
a full-printing biosensor was feasible. The interlayer of
graphene improved the detection of weak glucose signals. Pt
nanoparticles modified onto the WE surface improved the
electroactive nature achieving a more uniform distribution of
electrochemically active sites on the electrodes to enable mea-
surements of glucose.18 The detection limit was measured by
successively increasing 0.01 mM glucose at an applied poten-
tial of 0.4 V and the first efficient signal was found at 0.05
mM. Then the experiments were conducted by detecting sev-
eral representative points. Fig. 7 demonstrates the current sig-
nals of the reaction with different levels of glucose, which
agrees with the linear relationship from 0 mM to 10 mM.

Future utility of the presented chip manufacturing method

For research in private laboratories, the proposed printing sys-
tem can be reproduced as desktop equipment for the manufac-
ture of microfluidics chips. By leveraging the flexibility and
compatibility of inkjet printing, different structures can be
achieved by the design of graphics in the CAD software. With
this full-printing method, technicians can easily get a chip

demo, in which the structure of microfluidics is formed by ice
instead of the reverse mould and the electrodes are formed by
nanoparticle ink instead of electroplating or magnetic
sputtering. This method, which gets rid of complicated fabrica-
tion processes under ultra-clean room conditions, such as
photolithography, remarkably reduces the fabrication cost.

In addition, the full-printing method has great potential in
industrial manufacture. Each printing step is independent and
can be projected in an assembly line. Taking the glucose sensor
in this paper as an example, although it takes nearly an hour to
fabricate one chip, at most ten chips could be produced in an
hour with four printing systems. The production per hour is
only limited by the longest printing step in the whole process.

Conclusions

In this paper, we proposed a cost-effective and time-saving
full-printing method based on layer-by-layer inkjet printing,
which was appropriate for mass production of chemical bio-
sensors. This method showed good integration capabilities of
different materials and structures with different geometries,
sizes, heights and layers. By utilizing a commercially available
printer and commonly used CAD software, the inkjet printing
system significantly reduced the expense of both equipment
and technological processing, and can be easily reproduced in
private laboratories.

Furthermore, multi-function analysis can be realized by
constructing different gel environments in different places
and different layers for different targets on one microfluidic
chip. Particularly, a more complex structure with more layers
in different patterns can be designed to process functions
such as extraction, transmission, volume measurement and
storage into a highly integrated microfluidic chip.

A glucose detection chip sensor for microfluidic sensing
was fabricated successfully using inkjet printing from the
functional structure to packaging. So was an integrated lab-
on-a-chip system. The system implemented a three-electrode
electrochemical sensor and enzyme embedded gel as the bio-
chemical reactor all in one microfluidic chip. The work hereFig. 6 Equivalent electrical circuit model fitted using Zsimpwin.

Fig. 7 Result of the measurement with the full-printing glucose sen-
sor (room temperature, 22 °C).
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described a new direction for fabricating functionalized
microfluidics chips. The full-printing fabrication method
might offer potential for application in industrial manufactur-
ing, as the operating mode could be designed into full-
automatic flow line production.
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