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Measurement of fluid viscosity based on pressure-
driven flow digital-printed microfluidics†
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Viscosity is an important characteristic of fluids. Microfluidics has shown significant advantages in the vis-

cosity measurement of biopharmaceuticals, especially in meeting the needs of low sample volumes and

accurately controlling microscale fluids. However, the viscosity chip of the traditional straight channel

structure has limitations, and the processing technology is also facing challenges. In this study, a variable

cross-section microfluidic chip structure was designed and successfully manufactured by photocuring 3D

printing technology. A digital-printed (DP) microfluidic viscometer was realized by a pressure-driven flow

combined with optical imaging. The device measures the change in sample viscosity with shear rate by

recording the change in pressure and flow velocity with time. The whole experiment requires only

25 µl of reagents per time, and the single experiment time is less than 2 minutes, which not only

reduces the consumption of samples dramatically, but also improves the efficiency of the experiment

significantly. Compared with commercial viscometers, our measurements are accurate and capable of

supporting non-Newtonian fluids. The proposed platform provides good cost-effectiveness and

operational simplicity and lays the methodological foundation for viscosity measurements of more

complex properties of fluids.

1. Introduction

Viscosity, as a core indicator of fluid properties, plays a crucial
role in the biomedical field.1 In clinical diagnosis and health
monitoring, the viscosity of blood and plasma is an important
physiological indicator, which can effectively reflect the health
status of the human body.2 For some biological drugs, vis-
cosity tends to increase;3–5 however, excessively high viscosity
levels can complicate drug formulation6,7 and amplify patient
discomfort during administration.8,9 Therefore, viscosity
needs to be precisely controlled in biological drug develop-
ment,10 biomedical research,11 drug delivery systems,11 and
other related fields.12

However, traditional viscosity measurement methods, such
as the capillary method13,14 and the rotational viscometer
method, usually require a large sample volume and direct
contact with the sample, which can easily lead to contami-
nation and sample waste. In recent years, some new visc-
ometers have been based on MEMS sensors,15 etc. Although
these technologies offer the possibility of non-contact
measurement, some devices still require the cantilever to be
immersed in the sample being tested,16 posing a risk of con-
tamination. As the development of highly concentrated formu-
lations continues to advance, the amount of sample to be
measured is often small, placing greater technical demands on
the viscosity measurement of micro samples. Given the pre-
cious nature of biopharmaceuticals and the increasing need
for non-contact measurements, it is critical to develop tech-
niques that can accurately measure the viscosity of micro
samples without contact.

Microfluidic chip technology, an emerging technology, pro-
vides a means of viscosity measurement with high sensitivity
and resolution17 by controlling the flow of fluids in
micrometer-scale channels.18 This technique not only drasti-
cally reduces the consumption of reagents and samples, but
also improves the accuracy and reproducibility of the measure-
ments by precisely controlling the experimental conditions.
Combined with optical imaging technologies, such as CCD
and CMOS cameras, it can achieve non-contact detection of
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samples, which is very suitable for accurate viscosity measure-
ment of micro-volume samples and has a broad application
prospect.19

Microfluidic technology combined with optical imaging for
viscosity measurement has been extensively studied.19 Currently,
common viscosity chips primarily include two types: the
Y-shaped structure with a constant cross-section20 and the ser-
pentine structure.20 The measurement method of the Y-shaped
structure requires a reference fluid,21 and the measurement
result of the liquid to be measured relies on the relationship
between it and the reference fluid in the flow length22 or the
flow width,23 etc.24 Although it can be observed by portable
devices such as mobile phones, it has limitations in the detec-
tion of non-Newtonian fluids due to the reliance on the refer-
ence fluid for relative viscosity measurement. Chips with a ser-
pentine structure rely on the larger transverse-to-longitudinal
ratio of the flow channel and shear for direct viscosity measure-
ments;25 however, this structure usually needs to be observed
under a microscope,18,26–28 and due to the limited field of view,
serpentine structures are often used in the design to increase
the flow length.29 There is a study that has adopted a design
where a microfluidic chip is connected to a glass capillary tube,
abandoning traditional serpentine structures and bulky micro-
scopic equipment, thereby achieving high-throughput measure-
ments of both Newtonian and non-Newtonian fluids.30 However,
this method also has some limitations. For instance, under high
pressure, the PDMS microchannels may undergo elastic defor-
mation,31 and the required sample volume is constrained by the
fabrication process of the glass capillary tube, leading to a rela-
tively large sample volume requirement. In this study, a variable
cross-section digital-printed (DP) microfluidic viscosity chip was
designed to support the measurement of true viscosity over a
wide range of shear rates by combining different sizes of cross-
section channels, as compared to the traditional constant cross-
section chip. The chip can realize the visualization of liquid in
the channel by using an ordinary industrial camera or smart-
phone. The operation is simple and portable, making it suitable
for micro-volume and precise viscosity measurements.

The complex structure of variable cross-section microfluidic
viscosity chips and the need to maintain smooth flow channel
surfaces between channels of different cross-sections place
higher demands on fabrication techniques. Early microfluidic
viscosity chips mainly relied on microelectromechanical
systems to fabricate microstructures on silicon or glass.26

However, the complexity and high cost of these fabrication
techniques limited their application in mass production.
Currently, the mainstream chip fabrication processes can be
divided into three main categories. First, the compound
mould method. It is necessary to make chip moulds and then
produce them by overmoulding, in which soft lithography,
mainly PDMS, is widely used.20,28,32,33 There are also chips
that use moulds for hot embossing,34 and the main problem
with these methods is the high initial cost of mould making,
which usually needs to be spread through mass production,
and the long turnaround time for mould fabrication. Second,
material reduction manufacturing. It includes CNC milling

and laser cutting. However, these methods lead to large chip
surface roughness and obvious burrs and are not conducive to
processing complex runner structures. Third, additive manu-
facturing. This technology has been rapidly developed in
recent years, supporting a wide range of printing materials
from polymers, metals, and ceramics35 to biomaterials.36

Whether it is extrusion37,38 or photopolymerization39 printing
technology, additive manufacturing is gradually becoming a
promising approach in microfluidic chip fabrication40 due to
its flexibility and innovation. Compared with other chip manu-
facturing processes, additive manufacturing, a digital techno-
logy as a chip rapid prototyping technology, supports the man-
ufacturing of complex structures41 and significantly reduces
the production cycle and costs of chip making. It is portable
and ready to use, showing a wide range of application poten-
tial. Although additive manufacturing technology provides a
new way to fabricate variable cross-section microfluidic vis-
cosity chips, its requirement for fineness and smoothness of
the embedded flow paths poses a challenge to equipment per-
formance, and in addition, the dependence of microfluidic
systems on peripheral equipment limits their wide application.
Meanwhile, the light transmittance problem may lead to the
collapse and blockage of the interlayer. To address these
issues, this study used a layered printed open-channel micro-
fluidic chip design,42 successfully realized the production of
this DP microfluidic viscosity chip, and applied it to the vis-
cosity measurement system.

In this paper, a simple and effective method of fluid vis-
cosity measurement is proposed, which is achieved indirectly
by recording only the changes in external pressure and the
flow velocity at the leading edge of the liquid surface over
time. This technology provides researchers with an important
reference for low-cost, rapid and accurate measurement of
reagent viscosity, and has high practical value. Based on the
microfluidic principle of pressure-driven flow, the DP micro-
fluidic viscometer designed in this study is paired with a
microfluidic chip of variable cross-section manufactured by
light-curing 3D printing technology, which effectively gets rid
of the bulky limitations of traditional microscopy peripherals,
and allows visual observation of liquids using an ordinary
industrial camera or a smartphone, without relying on strict
light conditions, which brings great convenience to experi-
mental operation.

This microfluidic viscometer supports viscosity measure-
ments of non-Newtonian fluids without the need for a refer-
ence fluid. It is easy to operate, wherein researchers only need
to place the chip under the appropriate field of view and fixed
in the chip holder, apply the ramp pressure signal, and record
the flow sequence at the leading edge of the liquid surface
through an industrial camera or mobile phone, and then
combine it with the algorithm to obtain the viscosity measure-
ment value.

This article is structured as follows: Part 2 describes the
specific structure of the DP chip, the theoretical background,
and the fabrication and characterization of the chip. Part 3
reports on the experimental setup and the calibration of the
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experimental system. Part 3 reports on the comparisons
between the data from different liquids measured using a
digital microfluidic viscometer and a commercial viscometer,
verifying its excellent performance. Finally, Part 4 and Part 5
discuss and summarize the whole study.

2. Experimental section
2.1 The variable cross-section chip design

The digital printing (DP) microfluidic viscometer chip consists
of three main structures: the connector (for connecting to the
pressure controller), the variable cross-section microfluidic
channel (divided into two parts, with the depth of the fluid
flow area being 30 µm and 1 mm in flow channel I and II,
respectively), and the waste liquid storage area. As shown in
Fig. 1(a), the fluid enters flow channel I through the connec-
tor, then flows into channel II, and finally moves to the waste
area. The aspect ratio of flow channel I should be less than 0.1
to effectively shear the fluid and serve as the primary region
for pressure dissipation.25 In contrast, flow channel II features
a significantly larger cross-sectional area compared to flow
channel I, with an aspect ratio close to 1. The size of flow
channel II should not be excessively large, ensuring the fluid
maintains laminar flow throughout the channel. Additionally,
the length of flow channel I should exceed 10 mm. A longer
flow channel II allows the camera to capture a greater number
of flow sequences, thereby providing a wider range of shear
rates. Flow channel I has an aspect ratio of 0.06, which primar-
ily determines the fluid’s flow velocity and pressure distri-
bution, with a total length of 10 mm. Flow channel II has an
aspect ratio close to 1, with both its width and height measur-
ing 1 mm, and its length can be adjusted according to the
field of view of the lens. The entire structure is roughly divided

into four layers: a bottom pressure-sensitive membrane l1 and
three printed structural layers l2–l4.

2.2 Theoretical modeling

The experiment is essentially a study of the two-phase displa-
cement law, through the pressure-driven liquid to be measured
to replace the original air present in the flow channel, the for-
mation of solid–liquid two-phase contact with the liquid
surface, the purpose of the experiment is to record the trajec-
tory of the leading edge of the liquid and indirectly through
the fluid dynamics of the relevant principles of the viscosity
value. For a steady flow in a rectangular channel, p is the
pressure, W is the rectangular cross-section width, H is the rec-
tangular cross-section length, and τw is the wall shear rate. The
force on the fluid microelement is shown in Fig. 1(b).

F1 ¼WHp

F2 ¼ð2W þ 2HÞdzτw
F3 ¼ � pþ dp

dz

� �
dz

� �
WH

ð1Þ

When the fluid reaches a stable laminar flow within the
pipe, there is a force balance in the flow channel.25 For incom-
pressible viscous fluids in steady laminar motion within a rec-
tangular pipe of constant cross-section, the projection of the
external forces acting on the rectangular fluid element in the
direction of fluid motion sums to 0. Therefore, the expression
for shear stress can be derived as follows:

τw ¼ WH
2W þ 2H

dp
dz

� �
ð2Þ

For a rectangular channel of length L with a pressure drop
Δp, as shown in Fig. 1(b), the pressure gradient driving the

Fig. 1 Variable cross-section chip structure and force diagram. (a) Schematic diagram of the DP microfluidic viscosity chip structure. (b) Fluid
microelement force diagram and force diagram of fluid in the flow channel. (c) Circuit analogue of the DP microfluidic viscosity chip.

Paper Analyst

1328 | Analyst, 2025, 150, 1326–1337 This journal is © The Royal Society of Chemistry 2025

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
6/

20
26

 1
1:

04
:0

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4an01550a


liquid column is directly proportional to the pressures at both
ends and inversely proportional to the length of the liquid.

dp
dz

¼ Δp
L

ð3Þ

Considering the channels within the chip as rigid pipes, for
a Newtonian fluid with constant dynamic shear viscosity η0,
the relationship can be expressed as follows:

η0 ¼
τw
γ0

ð4Þ

τw is the wall shear rate, and γ0 is the surface shear rate. The
fluid resistance of steady viscous flow through a rigid pipe
with a rectangular cross-section and a fixed axial length L can
be expressed as follows:43

Rh ¼ 12η0L

1� 0:63
H
W

� � 1
H3W

ð5Þ

According to the fundamental laws of fluid mechanics, for
a slit-type flow channel (a pipe with a high aspect ratio), with
the help of the microfluidic circuit model in Fig. 1(c), the
pressure difference Δp required to maintain a stable volu-
metric flow rate Q through the channel is given by pressure
drop = fluid resistance × flow rate:

Δp ¼ RhQ ¼ 12η0L

1� 0:63
H
W

� � 1
H3W

0
BB@

1
CCAQ ¼ 12η0LQ

H3W
ð6Þ

By combining with the Hagen–Poiseuille relation, the
apparent shear rate γa can be expressed as:

γa ¼
6Q
WH2 ð7Þ

The velocity profile of a Newtonian fluid in a rectangular
channel follows Poiseuille flow, exhibiting a parabolic shape
that is symmetric about the centerline, where the apparent
shear rate equals the true shear rate. In contrast, for non-
Newtonian fluids, the velocity profile does not exhibit a para-
bolic distribution. Using the power-law fluid model, the flow
characteristics of non-Newtonian fluids can be described using
the following equation:

η ¼ Kγ0
n�1 ¼ τ

γ0
¼ 2nþ 1

3n
τγa ð8Þ

Here, n and K represent the power-law index and consist-
ency coefficient, respectively. η is the true viscosity of the
liquid. γ0 is the real shear rate, which can be expressed by the
apparent shear rate. Theoretically, the relationship between Δp
and the flow velocity v(t ) can be expressed as follows:

Δp ¼ CvðtÞn; C ¼ 2KL
H

2nþ 1
3n

A
WH2

� �n

ð9Þ

When the liquid is a Newtonian fluid, n = 1, indicating a
linear relationship. As the leading edge of the liquid continu-

ously advances over time, the wall viscosity can be expressed
as follows:

η ¼ H2

12
3n

2nþ 1
Δp

vðtÞLðtÞ ð10Þ

In the process of continuous advancement of the liquid,
L(t ) represents the displacement of the fluid’s leading edge.
The equation involves three variables: v(t ), L(t ) and Δp, where
the average flow velocity can be derived from the centerline
flow velocity using the following equation (the theoretical deri-
vation is shown in ESI A†).

vðtÞ ¼ uavg ¼ 2
3
umax ð11Þ

This means that the central line flow velocity umax can be
obtained through external equipment, and the average flow
velocity umax can be obtained indirectly, which is convenient
for subsequent related calculations. Then the moving distance
can be expressed as the following, which is a function of time.

LðtÞ ¼
ðt
0
vðτÞdτ ð12Þ

Because the flow velocity changes with time, the liquid
movement distance may have a certain error due to the uncer-
tainty of the flow velocity. However, by designing the cross-
section of the flow channel into a variable cross-section struc-
ture, it can not only simplify the calculation formula, but also
effectively eliminate the distance error caused by the change of
flow velocity, thereby improving the accuracy of the measure-
ment. As shown in Fig. 1(c), starting from the liquid entering
the flow channel II, L1 is the displacement of the liquid
surface flowing through the flow channel I, which is constant,
according to the continuity theorem, the flow velocity of the
small cross-section channel can be expressed by the flow rate
and cross-sectional area of the large cross-section channel.

η ¼ ΔpWH3

12L1vlðtÞAlarge �
3n

2nþ 1
ð13Þ

vl(t ) is the flow velocity in the large cross-section channel, and
Alarge is the cross-sectional area of the large cross-section
channel. Δp is the pressure difference between the two ends of
the liquid column, which is the result of a combination of
capillary forces and pressure losses in the pipeline, and can be
characterized using an external pressure, where the external
pressure is controlled by a pressure input device.

Due to the surface tension of the liquid, capillary forces will
be present in smaller sized pipes and can be expressed as:

pcapillary ¼ 2σ cos θ
1
H

þ 1
W

� �
ð14Þ

where σ is the surface tension of the liquid, θ is the contact
angle, and H and W are the depth and width of the microflui-
dic channel, respectively. It is obvious that the capillary
force is related to the nature of the liquid to be tested, and the
existence of capillary force will be detrimental to our viscosity
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detection of the unknown solution, and when the
contact angle is close to 90°, the chip exhibits neutral wettabil-
ity, pcapillary = 0.

Since the viscosity of the liquid needs to be taken into
account, tangential forces are generated and mechanical
energy is consumed during the movement. The liquid in the
pipeline mainly comes from the frictional head loss and local
head loss. Frictional head loss is due to the viscous effect of
the liquid on the pipe wall and the fluid molecules between
the shear stress caused by the continuous energy loss, usually
proportional to the flow length.

hf ¼ λ
L
De

uavg2

2g
ð15Þ

The above equation is also called the Darcy–Weisbach
equation. λ is the Darcy friction factor, and is also a function
of the Reynolds number (Re) and the relative roughness of
the pipe (ε/D). However, in the laminar region, the Darcy
friction factor of the slit-type cross-section can be expressed
as λ = 96/Re (the theoretical derivation is shown in ESI B†),
where the Reynolds number Re = ρuavgDe/μ, L is the pipe
length, g is the gravitational acceleration, uavg is the average
flow velocity, μ is the liquid viscosity, and De is the hydraulic
diameter.

Local head loss occurs in the pipeline when the fluid
flows through the local obstacles, due to the direction of
the flow velocity and other rapid changes in the direction
of the fluid micro-cluster collision leads to the loss of
energy.

hj ¼ ζ
uavg2

2g
ð16Þ

where ζ is the local head loss coefficient, which is related to
the shape of the local resistance, and uavg is the average flow
velocity of the section. In the case of sudden expansion of the
flow cross section,

ζ ¼ 1� Asmall

Alarge

� �2

ð17Þ

Among them, Asmall is the cross-sectional area of the small
cross-section pipe, and Alarge is the cross-sectional area of the
large cross-section pipe. If the small rectangular cross
section (width ws, height Hs) is expanded to the large rec-
tangular cross section (width wl, height Hl), the local head
loss is

hj ¼ 1�WsHs

WlHl

� �2us;avg2

2g
ð18Þ

The total head loss is

hw ¼
X

hf þ
X

hj ð19Þ

The liquid will be accompanied by the resistance loss along
the small cross-section channel and the large cross-section

channel, and the resistance loss along the variable cross-
section microfluidic chip is

pw ¼ 12L1μus
Hs

2 þ 12L2ðtÞμulðWl þ HlÞ2
Wl

2Hl
2 þ ρus2

2
1�WsHs

WlHl

� �2

ð20Þ
L2(t ) represents the length of liquid flowing through channel
II. Combined with the geometric parameters of the channel
and the specific numerical analysis of the external pressure,
the size of the large cross-section channel is larger, and its
transverse to longitudinal ratio is 1, so the pressure loss of the
small cross-section channel is much higher than that of the
large cross-section channel, which becomes the main source
of resistance. According to the analogy analysis of the micro-
fluidic circuit in Fig. 1(c), RL1

≫ RL2(t ) since the pressure loss of
the large cross-section channel can be neglected, the pressure
at the end of the small cross-section channel can be approxi-
mately considered to be equal to atmospheric pressure. It can
be seen that the total pressure drop is mainly composed of the
resistance loss along the small cross-section channel, and is
approximately equal to the external pressure applied to the
microfluidic chip.

The viscosity solution formula can be simplified as

η ¼ pWH3

12L1vlðtÞAlarge �
3n

2nþ 1
ð21Þ

There are only two variables in the formula, and only the
instantaneous external pressure p and instantaneous flow vel-
ocity need to be recorded, which brings convenience to the
solution of Newtonian fluid and non-Newtonian fluid.

2.3 Chip fabrication and characterization

In a yellow light room, the DP microfluidic viscosity chip
was printed using a light-curing 3D printer (MP-100-6L,
Prismlab, China). The flow channel surface was then
observed using a white light interferometer (ZYGO). The
results are presented in Fig. 3(a) and (b), where the point
cloud data obtained from the white light interferometer
indicates that the surface height fluctuations between the
two channels are minimal. The arithmetic mean height of
the flow channel surface I is 0.103 µm that of the flow
channel surface II is 4.681 µm, indicating good surface flat-
ness. A UV-curable polymer material, photosensitive resin
(RP-405-NM02T), with a wavelength of 405 nm was used in
the printing process. As light curing 3D printing is challen-
ging to fabricate embedded channels due to light trans-
mission issues and it is difficult to ensure the precise shape
of flow channels, his study chose to print open flow chan-
nels in layers. The photosensitive resin was cured layer by
layer from bottom up according to the design drawing (as
shown in Fig. 1(a)). The aspect ratio of the channels is criti-
cal for achieving accurate viscosity measurements. The
depth of flow channel I was characterized using a white
light interferometer (ZYGO), as shown in Fig. 2(c), where the
surface heights at different x-positions of the chip were
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measured along slice 1. The results indicate that the light-
curing 3D printing technique can generally achieve a print-
ing precision of approximately 30 µm. In the experiments,
the interlayer waiting time and exposure time were adjusted
according to the depth of the flow channel, and the model
was compensated appropriately.44 After printing, the DP
microfluidic viscometer chip was cleaned in an ethanol-
filled ultrasonic cleaner for three minutes to remove excess
photosensitive resin. The channels were flushed repeatedly
using an ethanol-filled syringe until they were fully cleared,
followed by nitrogen drying. The processed chip was then
further cured in a UV curing oven and placed in a drying
chamber to relieve thermal stress. The contact angle is
about 70° (as shown in ESI C. Fig. S1†) indicating that the
material is hydrophilic, which is conducive to the loading
operation of the aqueous solution. At the same time, the
capillary force is much smaller than the external pressure,
so the influence of the capillary force can be ignored during
the experiment.

3. Materials and methods
3.1 Sample preparation

Since some injectable reagents and biofluids are aqueous solu-
tions, in order to verify the applicability of the DP microfluidic
viscometer, a series of aqueous solutions with different charac-
teristics were prepared in this study at room temperature with
varying concentrations. Glycerol and Tween 20 were diluted in
the experiments and glycerol–water solutions (10%, 25%, 40%
50%, and 80%, respectively) as well as Tween 20–water solu-
tions (2%, 5%and 10%) with the same concentrations were
prepared. In addition, different mass concentrations of
sucrose solutions (10%, 30%, 40%, 50%, and 60%, respect-
ively) were prepared in the experiment by dissolving sucrose in
1 ml of water. To prepare polyethylene oxide (PEO) solutions,
150 mg and 200 mg of PEO powder were added layer by layer
to 10 ml of water, respectively, with thorough stirring during
the addition process to avoid the formation of large aggregates.
In this way, 1.5% and 2% PEO solutions were obtained. After

Fig. 2 Fabrication and characterization of the functional DP microfluidic viscosity chip. (a) Point cloud map generated from white light interferome-
try observation of the flow channel surface I (the characteristic at point A of the small cross-section channel). (b) Point cloud map generated from
white light interferometry observation of the flow channel surface II (the characteristic at point B of the small cross-section channel). (c)
Characterization results of the channel depth obtained through white light interferometry (the characteristics at point A of the small cross-section
channel on Slice1).
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preparation, these solutions were wrapped in aluminium foil
and stored under light protected conditions to prevent their
decomposition. Similarly, different concentrations of bovine
serum albumin (BSA) solutions were prepared. By dissolving
different masses of BSA layer by layer into 1 ml of phosphate
buffer solution (PBS), BSA solutions with concentrations of
50 mg ml−1, 100 mg ml−1, 150 mg ml−1, 200 mg ml−1, 250 mg
ml−1, 300 mg ml−1, and 500 mg ml−1 were obtained. All the
prepared solutions were allowed to stand for a period of time
to ensure that the air bubbles were completely dissipated
before the measurements were carried out.

3.2 Experimental setup

Due to the design of the variable cross-section flow channel,
there is no need to record the liquid level condition inside the
flow channel I, so there is no need to equip a microscope. The
schematic diagram of the experimental setup is shown in
Fig. 3. A black-and-white industrial camera (MER2-230-
168U3M, Daheng Imaging, China) with an acquisition frame
rate of 168 fps, paired with a lens (SH-200-03, Daheng
Imaging, China) was used to observe the liquid movement
inside the microfluidic system under the illumination of a
surface light source, with a spatial resolution of about
0.0192 μm per pixel. For specific details of the liquid flow
sequence captured by the camera, please refer to D. Fig. S2 in

the ESI.† No additional light-blocking treatment was required.
During the experiment, a microfluidic pressure controller (OB1
MK4, Elveflow, France) was used to apply a ramp pressure
signal, pumping the test liquid into the microfluidic system.
Each experiment required 25 µL of the test liquid, and all
experiments were conducted at room temperature (25 °C). For
comparison, a commercial viscometer (Honeybun, USA) was
used to measure the viscosity at 25 °C.

3.3 Liquid movement process acquisition

The analysis of the liquid movement process is carried out using
an automated Python script. Initially, the captured motion
sequence is cropped to a resolution of 1450 × 170 pixels and
output as .bmp files at a rate of 20 fps s−1. In related research,
the researchers used the Otsu threshold method to convert the
image into a binary image,45 and located the liquid edge by
analyzing the pixel intensity of the region of interest (ROI),
showing good performance.41 A Gaussian blur filter is applied
to remove noise, and a threshold is set on the image, followed
by an automatic matching algorithm that identifies the posi-
tion of the leading edge of the liquid surface in each frame (as
shown in Fig. 3). By calculating the pixel displacement
between neighboring frames separated by i frames, the actual
displacement is determined using the known spatial resolu-
tion. The value of i is adjusted based on the measured viscosity

Fig. 3 Schematic diagram and principle of the pressure-driven flow microfluidic system. (a) Pipette the samples in the DP chip of the microfluidic
system. (b) Place the DP chip in the chip holder and apply external pressure. (c) Record the flow movement process of the liquid at different times
using a camera. (d) Extract each flow velocity for different liquids.
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of the liquid, with higher viscosity corresponding to a larger i
value. The algorithmic processing of the flow sequence records
the flow velocity on the centerline.

3.4 Calibration

Due to the geometric errors of the flow channel and the sys-
tematic errors of the instrument, the actual viscosity is

η ¼ 3CrpWH3

8L1vl;maxðtÞAlarge �
n

2nþ 1
; Cr ¼ ηref

ηc
ð22Þ

where Cr is the correction factor, ηref represents the standard
viscosity value, and ηc is the measured viscosity value. vl,max(t )
is the experimentally obtained centerline flow velocity. When
the liquid to be measured is a Newtonian fluid, the power-law
exponent n = 1. In this study, ultrapure water was used to cali-
brate the microchannels of the pressure-driven DP microflui-
dic viscosity chip, which was able to minimise the error in the
fabrication process by calibrating with respect to water.
Combined with eqn (22), (as shown in ESI E. Fig. S2†) the
linear relationship between the pressure difference Δp and the
flow velocity v verifies the Newtonian fluidic properties of
water. Using the data provided by NIST as a reference, the vis-
cosity of water at 25 °C and 1 standard atmospheric pressure is
0.89004 cP, and for water, the power-law exponent n has a
value of 1. Based on this, a geometric determination constant
Cr is calculated to be 0.8. By multiplying the new viscosity data
by a geometric correction factor, the geometry can be corrected
for fabrication errors in order to eliminate geometric uncer-
tainty. As shown in ESI E. Fig. S2(b),† the viscosity of water
measured by the calibrated system at different shear rates on
the centerline is very close to the standard value.

4. Results and discussion
4.1 Verification of system accuracy using glycerol–water and
tween 20–water solutions

To validate the measurement performance of the pressure-
driven DP microfluidic viscometer chip in microchannels, this
study selected Newtonian fluids with different volume concen-
trations as test samples, including glycerol–water and Tween
20–water solutions. Glycerol–water solutions are biocompatible
and can be used as green lubricants,46 making them a
common choice for verifying the accuracy of viscosity measure-
ment systems.22,47–49 Tween 20, a widely used non-ionic surfac-
tant, finds applications in cosmetics, pharmaceuticals, and
the food industry,50 as it enhances the solubility of drugs in
water and is often used in formulations to improve the solubi-
lity of active ingredients.

In the experiments, as shown in Fig. 4, glycerol–water mix-
tures of 10%, 25%, 40%, 50%, and 80% vol% were measured
using both the commercial viscometer Honeybun and the DP
microfluidic viscosity chip. The results showed an excellent
correlation between the viscosity values measured using two
methods. The glycerol–water and Tween 20–water solutions
exhibited Newtonian behavior across a wide range of shear

rates. The average experimental values and their statistical
standard deviations are presented in the figures, confirming
the accuracy and stability of the device in measuring high-vis-
cosity solutions. When measuring the 80% glycerol solution
with the commercial viscometer Honeybun, the standard devi-
ation (SD) was found to be 2.9 cP, with a coefficient of vari-
ation (CV) of 4.8%. In contrast, the experimental values
obtained with the DP microfluidic viscometer chip had an SD
of 1.575 cP and a CV of 2.567%, indicating less variability in
the experimental results compared to the commercial visc-
ometer. Additionally, the measurement process with the DP
microfluidic viscosity chip was very rapid; even for the highest
viscosity solution (80% glycerol), the entire experiment took
no more than 2 minutes, while the measurement time for
lower viscosity liquids was only a few seconds.

4.2 Response of the DP microfluidic viscosity chip to sucrose
and BSA solutions

In order to evaluate the responsiveness of the DP microfluidic
viscosity chip to different concentrations of reagents, viscosity
measurements of Newtonian fluid sucrose solutions48,51 and
BSA51 solutions were carried out in this study, and Fig. 4 illus-
trates the experimental results. In Fig. 4(e), measurements of
sucrose and BSA solutions at different concentrations were per-
formed using a DP microfluidic viscosity chip and compared
with measurements from a commercial viscometer, Honeybun.
The experimental data demonstrated a significant agreement
between the viscosity measurement system developed in this
study and the commercial viscometer with a correlation coeffi-
cient R2 = 0.9989. In addition, Fig. 4(f ) and (g) show that the
viscosity of the reagents increased exponentially with respect
to the concentration of the reagents, which could be fitted by
the exponential growth equation, and the results of the fit
were in good agreement with the correlation coefficients of R2

= 0.9954 and R2 = 0.9981 for sucrose solution and BSA solu-
tion, respectively. The fitting of the exponential growth
equation shows that the viscosity measurement system is able
to respond sensitively to changes in different concentrations of
reagents. This property is essential for applications where
precise control of reagent concentration is required (e.g.,
pharmaceutical formulation, biochemical research). In
addition, with the fitted curves, the DP microfluidic viscosity
chip can accurately predict the viscosity values corresponding
to other concentrations of reagents.

4.3 Validate the applicability of the DP microfluidic viscosity
chip for non-Newtonian fluids

PEO (Polyethylene Oxide) solution, as a non-Newtonian fluid,
exhibits shear-thinning behavior and is a standard polymer
type used in microfluidic applications, with widespread use in
various fields.18 In this study, the power law index n of the
PEO solution was calculated based on model eqn (9), and its
viscosity values were computed using eqn (22). Fig. 5(a) pre-
sents the nonlinear power law fitting curves for 1.5% and 2%
PEO solutions. The power law index n for the 1.5% PEO solu-
tion is 0.8994 with a coefficient of determination of 0.8698; for
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the 2% PEO solution, n is 0.8698 with a coefficient of determi-
nation of 0.9988, indicating a strong correlation. These results
further confirm the non-Newtonian characteristics of the PEO
solution. Additionally, pressure directly affects flow velocity,
which indirectly determines the shear rate, suggesting that
controllable viscosity detection within a shear rate range can
be achieved by adjusting the pressure input. Furthermore,
Fig. 5(b) compares the viscosity values of different concen-
trations of PEO solutions measured at various shear rates
using the DP microfluidic viscosity chip and the commercial
viscometer Honeybun. The data show that the viscosity of the
PEO solution significantly decreases with increasing shear
rate, reflecting the typical shear-thinning behavior of non-
Newtonian fluids. The high consistency between the viscosity
data obtained from both measurement methods validates the
accuracy and reliability of the DP microfluidic viscometer chip
in measuring the viscosity of non-Newtonian fluids.

4.4 Discussion

In this study, a wide range of solutions of varying concen-
trations and properties, comparing the results with those
obtained from commercial viscometers. The experimental data

clearly demonstrate the excellent precision of the viscosity
measurement system developed using the DP microfluidic vis-
cosity chip. This system achieves viscosity measurements
within a range of 0–60 cP across various shear rates 0–5 × 104

s−1 using 25 µl of the experimental sample with the entire
experimental process taking no more than 2 minutes. The DP
microfluidic viscometer chip allows for small-volume viscosity
measurements, which is significant for the development and
research of valuable reagents and biofluids. The pressure flow
microfluidic technology combined with the image provides an
effective way for high-throughput measurement of viscosity. By
exposing the DP chip as much as possible to the imaging field
of view, parallel measurement of multiple liquid viscosities
can be achieved.52 In addition, this method based on visual
imaging can also be combined with intelligent algorithms to
further realize the prediction of complex liquid viscosity and
the measurement of other liquid properties,18 thus promoting
the development of viscosity research to a more microscopic
level.

Additionally, the application of UV-curable 3D printing
technology in the field of viscosity detection marks an innova-
tive beginning. The rapid response and cost-effectiveness of

Fig. 4 Viscosity measurements of different solutions. (a) Viscosity measurements of glycerol–water solutions at various concentrations across a
range of shear rates. (b) Comparison of viscosity measurements of different glycerol–water solution concentrations with those of a commercial visc-
ometer. Viscosity measurements of glycerol–water solutions at various concentrations across a range of shear rates. (d) Comparison of viscosity
measurements of different Tween 20–water solution concentrations with a commercial viscometer. (e) Correlation between viscosity values
measured using the DP microfluidic viscosity chip and the commercial viscometer Honeybun. (f ) The viscosity of sucrose solutions increases expo-
nentially with respect to sucrose concentration. (g) The viscosity of BSA solutions increases exponentially with respect to BSA concentration.
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3D printers, combined with the ready-to-use features of DP
chips, demonstrate the potential of additive manufacturing
technologies to create more functional devices for proces-
sing.40 For example, with 3D printing technology, it is possible
to design and manufacture microfluidic chips that integrate
multifunctional components such as mixers, reactors, and
sensors.53 This integration would enable microfluidic systems
to perform more complex biochemical analyses and diagnostic
tasks.54 The rapidity of 3D printing can also allow researchers
to carry out more confirmatory experiments and improve the
theory of microfluidic systems.

In this study, we only measured the viscosity of liquids
within the range of 0–60 cP and did not conduct experimental
measurements for liquids with higher viscosity. Therefore, the
highest viscosity value that the system can measure has not
been clearly defined. Additionally, the time required to
measure high-viscosity liquids is relatively long. To achieve
rapid measurement, it may be necessary to design microfluidic
chip structures with different dimensions. It is worth noting
that the hydrophilic and hydrophobic properties of 3D print-
ing materials are limited by the characteristics of the light-
curing resin. To meet the needs of different viscosity measure-
ments, future work could consider using resins of different

materials or surface coatings to improve the precision of the
microfluidic system. At the same time, the use of optical
imaging technology to observe the flow of fluids within the
microchannels depends on the optical transparency of the
microfluidic chips, which sets higher requirements for the
light-curing resin. Currently, we have only established a power-
law fluid model for non-Newtonian fluids. For other non-
Newtonian fluids with different characteristics (such as blood
and polymer solutions), more complex constitutive models
need to be developed to accurately describe their rheological
behavior.

In the current design, the system temperature is typically
maintained at 22–25 °C to ensure the characterization of
sample viscosity under ambient conditions. However, liquid
viscosity varies with temperature, so temperature fluctuations
can affect the test results and are one of the main sources of
viscosity measurement errors. To enhance the precision of the
system and the comprehensiveness of the research, future
studies should consider introducing a temperature control
system to further explore the impact of temperature on vis-
cosity55 and to establish a temperature-viscosity coupling data-
base. In addition, using a microfluidic viscometer, the impact
of different excipients on drug viscosity can also be studied.
During the drug formulation process, the type and concen-
tration of excipients have significant effects on viscosity, stabi-
lity, and rheological properties. Through the microfluidic visc-
ometer, the influence of different excipients on drug viscosity
can be precisely analyzed, providing a scientific basis for new
drug development and optimization of formulation processes.
It is important to note that the application of the microfluidic
viscometer is not limited to drug viscosity measurement.
Future research can expand its application areas to include the
detection of advanced lubricants, cosmetics, edible oils, and
more. With the increasing demands for product quality and
performance in industrial and consumer markets, the micro-
fluidic viscometer holds great potential for application in
these fields, offering important technical support for optimiz-
ing formulations and enhancing product performance.

5. Conclusions

This study shows that a variable cross-section microfluidic vis-
cosity chip structure based on pressure-driven microfluidics
and optical imaging technology is proposed and a digital-
printed microfluidic viscometer is designed. By testing liquids
with different concentrations and characteristics and compar-
ing them with a commercial viscometer, the results show that
the device has excellent testing performance. This viscosity
measurement method is a low-cost, convenient and accurate
way with low sample volumes. In particular, the high aspect
ratio structure of the small cross-section pipe, the precision
machining process, and the design of a large cross-section size
which is much larger than a small cross-section size play a
crucial role in viscosity measurement. Meanwhile, the use of
light-curing 3D printing technology to fabricate microfluidic

Fig. 5 Non-Newtonian fluid viscosity curves. (a) Measurement of the
power law exponent n on the DP microfluidic viscometer chip for a
dilute solution of PEO. (b) Comparison of the measured viscosity values
of different concentrations of PEO with those of a commercial visc-
ometer over a wide range of shear rates.
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channels not only improves the fabrication accuracy of variable
cross-section microfluidic chips, but also significantly
enhances the machining convenience of variable cross-section
chip structures with different sizes.
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