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Continuous monitoring of lithium concentration fluctuations in blood plasma is
essential for patients with bipolar disorder and manic depression since lithium
has a low therapeutic index. While blood plasma concentrations between 0.4 and
1.0 mmol/L are considered to be in the therapeutic zone, the concentrations
exceeding 1.3 mmol/L are toxic to the patients. Most of the point-of-care devices
for lithium monitoring have bulky peripherals and require extensive operator
handling, yet simple-to-use devices are in demand for 2–5% of the worldwide
population receiving lithium therapy. This paper aims to develop a selfcontained microfluidic device to run colorimetric lithium assays without the
need for dedicated personnel or equipment. In the developed microchip, the
assay reagents are mixed in sequential order via custom-designed microfluidic
capillary circuits with the aid of a finger pump. The operation of the finger pump
was characterized mathematically and demonstrated experimentally. The
finger-driven pump achieved 45.9 mm/s flow velocity when 8.3 µL liquid was
placed in a 160 mm long channel with 200 µm height, as such rapid triggering
was a requirement for the colorimetric lithium test. The final device is able to
quantify the lithium concentrations between 0 and 2.0 mM using a smartphone
camera. The detection limit of this microchip was calculated as 0.1 mM. This
device presents a portable alternative to on-site quantitative detection
techniques with bulky and expensive tools.
© 2021 MIM Research Group. All rights reserved.

1. Introduction
Lithium is used as a mood stabilizer medication in clinics. Patients with bipolar disorders
and recurrent depression often are prescribed lithium salts for treatment, although the
administration of lithium bears its risks. While lithium levels below 0.1 mmol/L do not
pose an effective treatment, levels above 1.3 mmol/L can lead to toxic effects on critical
organs including the brain, liver, and kidneys. [1-3] Currently lithium monitoring in
patients is predominantly based on laborious and time-consuming laboratory testing
techniques. Therefore, the development of alternative measurement techniques that can
be used in resource-limited settings would be of great benefit. The World Health
Organization (WHO) requires that newly developed diagnostic measurement tools should
be “assured”; in other words, they should be affordable, sensitive, specific, user-friendly,
rapid and robust, equipment-free, and deliverable to end-users. [4] The availability of
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“assured” diagnostic tools is the key to future scalability in terms of the number of users
that can be reached, thus facilitating a convenient therapy for the patients.
Blood testing has been the workhorse of lithium monitoring since alternative approaches,
such as urine or saliva readings, do not give reliable results. [5] The standard laboratory
tests to detect lithium from blood include colorimetry [6], photometry [7], and atomic
absorption spectroscopy [8]. A more recent technique is called thermal ionization ion
mobility spectrometry, which detected lithium from serum samples by following the steps
of vaporization, ionization and separation while traveling in a weak electric field under
atmospheric pressure. [9] All of these techniques require dedicated equipment and an
operator with suitable expertise. The demand for more accessible and straightforward
ways to monitor lithium levels in blood has motivated the development of microfluidic
tools. For example, a rapid test was developed based on the photometric reading of a
microcuvette, where the colorimetric reaction takes place upon the mixing of plasmaseparated blood and a pre-loaded colorimetric reagent has been introduced. [10] Capillary
electrophoresis-based measurements were also employed using whole blood in disposable
chips, which perform conductivity measurements for lithium content determination. [1114] Paper-based microfluidics platforms and lateral-flow devices. [15, 16] Recently, the
group of Tokeshi introduced a paper-based device for lithium detection which is achieved
by folding absorbent papers for different steps of the process, involving blood separation,
and colorimetric detection. [17] Another paper-based platform was developed to run
potentiometric measurements from serum using solid-state ion-selective electrodes for
lithium. [18] For the sophisticated capillarity-driven networks, colorimetric [19] and
electrochemical [20] detection of lithium were also demonstrated without the use of an
external pump. In a recent work, a self-powered pump was demonstrated by the group of
Basabe-Desmonts, who created large-area PDMS micropumps with microfluidic cartridges
produced by multilayer lamination of grafted plastic substrates. [21] All these devices
paved the way towards advanced lithium detection tests, although problems associated
with affordability, user-friendliness, and robustness of the platforms still need to be
tackled.
This work presents a self-contained microfluidic platform that exploits the capabilities of
conventional microfluidic devices with capillary networks. The platform can handle the
suction of a large volume of liquid with high flow rates to be used for point-of-care analysis,
which can be performed by the non-experts (e.g. patients). This work involves the
following: (1) the working mechanism of the sequential liquid delivery and finger pump
operation were explained theoretically, (2) design and fabrication of the microfluidic
device and the finger pump were demonstrated, (3) an on-chip colorimetric assay for
lithium quantification was demonstrated as a proof-of-concept demonstration. The
platform operates with small volumes of liquids and no external supporting equipment or
power because liquid movement in the platform is controlled by a finger pump and
capillarity. This work opens new avenues for the control of lithium administration of
patients and the implementation of self-contained analytical platforms in resource-limited
settings.
2. Theory
2.1. Operation of capillary circuits for sequential liquid delivery
To understand the behaviour and estimate the performance of the developed microfluidic
system, a theoretical model based on an equivalent fluidic circuit concept was constructed
and solved numerically. The model is based on the Navier-Stokes equation (1):
𝜌(𝑣⃗ · 𝛻) 𝑣⃗ = −𝛻𝜌 + 𝜂𝛻 2 𝑣⃗ + 𝐹
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where 𝑣⃗ is the velocity ﬁeld [m s−1], which is a distribution of velocity in a given region,
and is denoted by 𝑣⃗ = 𝑣⃗ (𝑟⃗, t), 𝜌 is the ﬂuid density [kg m−3]; η is the dynamic viscosity [Pa
s]; F represents any external forces present [N]. Analogous to electrical resistance, ﬂuid
resistance is deﬁned as the ratio of pressure drop over ﬂow rate in Equation (2):
∆𝑝
(2)
𝑄
where ∆p is the applied pressure diﬀerence [N m−2], and Q is the volume ﬂow rate [m3 s−1].
Under the hypothesis of a channel with a rectangular shape with width w; length L; height
h; laminar ﬂow; unidirectional motion; integrating Equation (1), Equation (3) is obtained:
𝑅 =

𝑄 ≈
𝑅=
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Equation (4) leads to important observations: (i) the pressure drop through a channel is
proportional to the volumetric ﬂow rate and the hydraulic resistance, where the local
pressure drop in the section considered determines the volumetric ﬂow rate and not the
overall pressure drop. (ii) The hydraulic resistance R remains constant for a speciﬁc ﬂuid
as long as the geometry of the channel is ﬁxed, and under these assumptions, proportional
to the channel length L. All these parameters are fundamental in the design of our
microﬂuidic device, which requires accurate control in terms of volume, channel ﬁlling
times and functionalization of the reaction chambers.
The theoretical principle behind the operation of the capillary stop valves has been
described in detail by Zimmermann et al [22]. The stop valves halt the flow of liquid in
microchannels without external intervention, but using a sharp change in channel width
creates a pressure barrier. The pressure barrier (∆𝑃) for a two dimensional stop valve is
given by Equation (5):
𝑐𝑜𝑠𝜃𝑡 + 𝑐𝑜𝑠𝜃𝑏 𝑐𝑜𝑠𝜃𝑟 + 𝑐𝑜𝑠𝜃𝑙
(5)
𝑃 = −𝛾 (
+
)
ℎ
𝑤
where 𝑤, ℎ are the width and height respectively of the microchannel leading into the stop
valve, and 𝛾 is the surface tension of the liquid. 𝜃𝑡 , 𝜃𝑏 , 𝜃𝑟 , 𝜃𝑙 , are the top, bottom, right, left
channel wall contact angles. A numerical analysis was performed assuming that the liquid
(reagent solution) advancement is stopped by an abrupt change in channel profile, due to
the presence of the stop valves. Under these conditions the pressure in each channel
junction 𝑃𝑛 will be equal to the pressure exerted by the finger pump 𝑃𝑚𝑎𝑥 . The reason is
that the pressure generated by the pump is larger than the capillary pressure of the sides
branches (Fig.1a), the liquid will be delivered from each branch to the channel junction 𝑃𝑛 .
To achieve a correct emptying of the ith reservoir without activating the 𝑅𝐵𝑉𝑖+1 , it is
essential to respect the condition at all times as shown in Equation (6):
|𝑃𝑛 | < |𝑃𝑖+1 |
(6)
where 𝑃𝑖+1 with 𝑖 = 1, 2, 3 is the capillary pressure at (i+1)th branches, 𝑅𝐵𝑉 is the resistance
of one side branch; and 𝑃𝑛 can be calculated using Kirchhoff’s law and Ohm’s law yielding
Equation (7):
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𝑃𝑛 =

𝑃𝑖 ∙ 𝑅𝐶 + 𝑃𝐹𝑃 (𝑅𝑆𝑉 + 𝑅𝑖 )
(𝑅𝐶 + 𝑅𝑅𝑉 + 𝑅𝑖 )

(7)

where 𝑅𝑖 is the series resistance between the RBV and the reservoir resistance of each
branch; 𝑅𝑆𝑉 is the resistance of the stop valve; 𝑅𝐶 is the flow resistance of the colorimetric
chamber.
2.2. Finger pump working principle
Under the assumptions of negligible gas leakage during the push-and-release process and
constant temperature, it is possible to apply the ideal gas law using the geometric
characteristics of the pump, as shown in Equation (8).
𝑉0
𝑃𝑚𝑎𝑥 = (
− 1) 𝑃0
𝑉𝑚𝑖𝑛

(8)

where Pmax is the pressure increase when the pressure chamber is fully deformed [Pa]; P0
is atmospheric pressure [Pa]; V0 is the volume of the pressure chamber in its original shape
[L]; Vmin is the remaining volume of the pressure chamber when it is maximally deformed
[L]. The volume of drawn fluid in the microchannel is closely related to the volumetric
capacity of the finger pump. Thus, the movement of the liquids in the microchannels can
be controlled by changing the volume of the finger pump or by modulating the applied
force, without any external pressure units.
3. Materials and Methods
3.1. Materials
Poly(dimethylsiloxane) (PDMS) was purchased from Dow Silicones Deutschland GMBH
(Theingaustr, DE), and SU8-50 negative photoresist was obtained from MicroChem, Corp.
(Newton, MA). The colorimetric reaction designed for the quantification of lithium levels
in biological fluids (ab235613 Lithium Assay Kit) was obtained from Abcam (Cambridge,
GB).
3.2. Fabrication of the microfluidic device
The microfluidic network was developed to accommodate the pre-programmed delivery
of multiple liquids sequentially for improved assay sensitivity and specificity in lithium
sensing. The self-contained platform consists of two functional parts: a microfluidic
network and a finger pump to trigger the mixing of colorimetric reaction solutions and
blood plasma. Sequential liquid delivery was made possible by the stop valves that use an
abrupt change in channel geometry and hydrophobic channel walls made of PDMS. The
volume of microchannels scales with the solution volumes described in Abcam lithium test
kit. Accordingly, 200 µm high microchannels with width and height 1000 µm x 26 000 µm,
1000 µm x 20 900 µm, 1000 µm x 200 µm and 800 µm x 1300 µm were designed,
respectively. The width and height of the stop valves were 288 µm x 734 µm, respectively
(Fig. 1a).
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Fig. 1 (a) Device top view and its components. The stop valves are the T-junctions composed of
two side branches. (b) Finger pump side and top views. (c) Assembled microchip with finger
pump on top, finger pump, not to scale. (d) Finger pump operation is shown both in schematics
and smartphone camera images.
The PDMS-based microfluidic device was fabricated using soft lithography. For the SU-8
mould preparation, a negative photoresist (MicroChem NANOTM SU-8 5) was spin-coated
on a 4 inch silicon wafer, with a height of 200 μm, then baked on a hot plate at 95 °C. The
baked photoresist was exposed to ultraviolet (UV) light with a dose of 12m W cm-2 for 5 sec.
For the post-exposure baking, the wafer was baked at 50 °C for 1 min, 65 °C for 1 min and
80 °C for 2 min, respectively. The wafer was cooled down to room temperature with steps
of 5 °C per 2 min. The baked photoresist was developed with RER600 solvent (PGMEA
RER600, ARCH chemicals) for 3.5 min with a spray-gun. The slow cooling down steps
helped to minimize the thermal stress on the photoresist, and reduced the possibility of
crack formation based on material stress.
The microfluidic chips were fabricated using the SU-8 mould. A PDMS mixture (10 : 1 w/w
ratio of the polymer base to the curing agent) was poured onto the SU-8 mould. The PDMS
mixture was cured for 2 h at 65 °C and peeled off from the SU-8 mould after curing. Several
inlet and outlet holes were punched using biopsy punches with 1 mm and 4 mm diameter.
Finally, the PDMS layer was bonded with a clean glass slide using oxygen plasma treatment
for 45 sec. The final chip was placed in an oven set at 65 °C for 1 h (Figure S1a).
3.3. Design and fabrication of the finger pump
The finger-driven pump was designed to drive the liquids in the microfluidic device. The
finger pump is a deformable pressure chamber that was made of PDMS (Fig. 1b,c). Before
the operation, positive pressure was applied on the finger pump via a human finger to
deform it downwards. After this step, the finger pump was placed on the outlet of the
device. Upon releasing the finger, the PDMS chamber deformed upwards and created a
negative pressure inside the microchannels to trigger the liquid flow. This operation is
based on the energy stored in the form of elastic energy inside the finger pump, as
5
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described in Equation 8. The liquid movement stops when the PDMS pump restores its
original shape. The inner volume of the microchip was calculated to be approximately 16
µL and the finger pump had a total volume of 100 µL that can be provided with the
necessary suction (Fig. 1d).
The finger pump was fabricated using a master mould made by drilling an aluminium plate
at the technical workshop at the University of Twente. The PDMS mixture (10 : 1 w/w ratio
of the polymer base to the curing agent) was poured into the mould and cured at 65 °C in
an oven for 1 h. The cured PDMS was peeled off from the mould (Fig. S1b). The distance
covered by the liquid in the microchannels was measured by processing the smartphone
images using FiJi software.
3.4. Colorimetric Lithium assay
Lithium Assay Kit manufacturer’s guidelines were followed to quantitatively detect the
lithium levels in blood plasma. After preparing the standards and the samples, sodium
masking solution, lithium assay buffer, probe solution were mixed in microfluidic
sequentially. After incubation of the solutions for 5 min, the microchannels were imaged
using a smartphone camera attached to a 2x magnification lens. For the magenta intensity
measurements, FiJi software was used to extract magenta values from the smartphone
images, where a blank measurement was done using an unfilled channel. The images were
taken under uniform light, sourced by a white LED lamp attached to 2x magnification lens.
For the absorbance measurements, the samples were measured at 540 nm and 630 nm
separately, using a microplate reader (Thermo Fisher Scientific Multiskan Go,
Netherlands). The ratio of the two absorbance measurements is used to accurately
determine the lithium concentration in the sample or the standard. The colorimetric
reaction relies on a lithium-selective bi-chromatic probe molecule which is subjected to
change absorbance at two distinct wavelengths upon binding to lithium (λ1 = 540 nm,
λ2 = 630 nm). The probe molecule is found in the probe solution. Sodium masking solution
is used for eliminating the interference by supra-physiological levels of serum sodium.
Other mono-, di-, and trivalent ions found in the blood plasma do not interfere with the
assay. Finally, the magenta values were compared with absorbance values.
4. Results and Discussion
As the key advance, the presented device is self-contained and no longer requires external
parts such as electrodes, power source, syringe pumps unlike the previously reported
tools.
4.1. Design of the microfluidic platform, flow channels and capillary circuits
The microfluidic system was designed for the quantification of lithium levels via four
parallel microfluidic channels connected via a vertical microchannel, where the
colorimetric reaction took place. The parallel microfluidic channels were emptied in
sequential order to ensure the mixing of reagents in a correct order to achieve the most
reliable results. The microchip had five inlets; three of the inlets were used to introduce
reaction reagents, one inlet to introduce the sample via an integrated filter paper, and one
inlet to connect the system to a finger pump (Fig. 1c). We considered the total resistance
of each branch forming the microfluidic network when designing such a network of
microchannels, where sequential delivery of a different amount of liquids was performed.
Fig. 2a demonstrates a circuit model of the microfluidic network, consisting of stop valves,
flow resistor, inlets, and microfluidic pump. Despite the complexity of the model, the stop
valve was the component that mainly influences the flow, playing a key role in the
sequential delivery.

6

Traina et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

Fig. 2 (a) Symbolic and schematic representations and relative electric circuit analogue
of microfluidic device propose. (b-c) Graphs show which reservoirs empty (in red)
according to the sequential order for different surface contact angles θ = 89° in (b) and
θ = 95° in (c). The numbers on green bars show the emptying order of the chambers
shown in (a). Orange dashed lines show the pressure generated by the finger pump.
The microfluidic network was tested to understand how the geometry of stop valves
influences their capacity of stopping the flow, and then sequentially releasing the liquid.
Junker et al. [23] confirmed a success rate of 75% (n = 8) using a stop valve with w = 200
µm; h = 734 µm; and ∆ℎ = 400 µ𝑚 (height difference between stop valves and release
channel). Our design involved interconnected four reservoirs with 8.6, 7.3, 0.8, 0.3 μL,
respectively. The height of the channels were kept the same due to fabrication limitations
while the width and length of the channels were changed to obtain the desired volumes.
This resulted in an increase in resistance in the reservoirs of each branch, making the
fulfilment of the condition in Equation (6) more difficult.
Figure 2b and 2c show the results of the numeric analysis of hydrophobic (θ > 90⁰) and
hydrophilic (θ < 90⁰) contact angles characteristic to PDMS and glass surfaces [24-26],
where the orange dotted line represents the pressure value 𝑃𝑛 according to Equation (7).
In either case, it was possible to find a numeric solution for the model by changing the
geometry parameters (w; L) of each reservoir. In this way, the sequential mixing of
different reagents was obtained by fixing the channel height to 200 µm. In this way, liquid
advancement was not observed while loading the long reagent microchannels. In some
cases, the finger pump operation caused the emptying of the microchannels not in a
sequential order. This was attributed to the high width-to-height ratio of the stop valves.
Nevertheless, the experimental findings support the numerical analysis that was obtained
by the sequential emptying of the microchannels according to the anticipated order, with
a success rate of 70% (n = 15). These results are in accordance with the work by
Olanrewaju et al. [27].
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The pressure drop was calculated in the total system by linking each channel parallel to
each other. The microchip was composed of several PDMS layers and the variations in layer
thickness directly affected the success rate of the sequential mixing. Although the fingerdriven pump had 6.25 times more capacity to withdraw the solutions in the microchannels,
the poor alignment of layers occasionally resulted in narrower connection channels
between the layers, resulting in higher resistance at the connection locations.
4.2. Finger pump
The finger pump was designed to accommodate fluid flow in microchannels and the
dimensions were selected accordingly. To quantify the relationship between the size of the
finger pump and the total microchannel volume, PDMS pressure chamber units were
tested using two microchannels with different dimensions (w1 = 300 μm, w2 = 600 μm,
L = 160 mm, h = 200 µm) that are compatible with the final inner volume of the actual
microchip design for colorimetric lithium monitoring. Figure 3a shows the microchips and
the attached finger pump unit.

Fig. 3 The finger-driven pump induces fluid flow rate that is dependent on liquid
volume in the microfluidic channels. (a) The finger-driven pumping system used for
the characterization of the fabricated finger-driven pump with a diameter of 10 mm.
(b) Liquid replacement by the micropump as a function of the time. Green and orange
lines present the instant speed of the liquid in microchannels. The error bars in the
graph show three separate measurements performed for this operation, n = 3.
For each width three emptying tests were ran using the finger pump. The selected diameter
of the finger pump unit was sufficient to trigger the fluid flow in microchannels when fully
deformed downwards. This finding matches the predicted behaviour described in
Equation 8.
When microchannels were loaded with a larger volume of liquid (𝑉1 = 9.8 𝜇𝐿), the liquid
reached the outlet in ∆𝑡1 = 0.64 𝑠, without breaking up of the liquid slug in the
microfluidic channels. As shown in Figure 3b, the acceleration of the liquid follows the
second law of dynamics as shown in Equation (9):
𝑑𝑣 𝐹𝑡𝑜𝑡
=
𝑑𝑡
𝑚
where m is the mass of liquid; a the acceleration applies to liquid.
𝑎=

(9)

When a fixed force, such as suction, is applied, a liquid mass in a microchannel gains speeds
inversely proportional to its mass. Accordingly, the movement of the liquid mass was
8
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calculated for 0 < 𝑡 < 0.03 s, by assuming that the mass m constantly accelerates, as
shown in Equation (10).
∆𝑣 𝑣𝑓𝑖𝑛 − 𝑣𝑠𝑡𝑎𝑟𝑡 𝑣0.03
=
→
∆𝑡
𝑡𝑓𝑖𝑛 − 𝑡𝑠𝑡𝑎𝑟𝑡
𝑡0.03
(10)
𝑣𝑓𝑖𝑛 = 𝑣𝑠𝑡𝑎𝑟𝑡 + 𝑎𝑡 → 𝑣0.03 = 0 + 𝑎0 𝑡0.03
1 2
1
2
{𝑥𝑓𝑖𝑛 = 𝑥𝑠𝑡𝑎𝑟𝑡 + 𝑣𝑠𝑡𝑎𝑟𝑡 𝑡 + 2 𝑎𝑡 → 𝑥0.03 = 0 + 0 ∙ 𝑡0.03 + 2 𝑎0 𝑡0.03
The variations of acceleration are based on the variations in the mass of the liquid moved
in the microchannel, so the liquid with a lower mass will have a higher speed in this range.
Analogously, a smaller volume of liquid 𝑉2 = 8.3 𝜇𝐿 was expected to accelerate slower than
the larger volume V1 = 9.8 𝜇𝐿 in the time frame 0 < 𝑡 < 0.03 𝑠. Our observations in Figure
3b support this argument. The average velocity was calculated in each case as
𝑣1 = 2.3 𝑚𝑚/𝑠 and 𝑣2 = 45.9 𝑚𝑚/𝑠. We attribute the 2-fold velocity increase for 1.5 µL
volume difference between the liquid masses to the possibility of unequal applied forces
at each push and release cycle. These findings are in agreement with the findings of Xiang
et al [25], as the finger pump successfully triggered fluid flow in microchannels with 160
mm length in 0.6 s.
𝑎 = 𝑎0 ≈

The presented finger pump can trigger the fluid flow in a non-linear manner for shorter
durations of time when compared to other self-powered microfluidic pumps in the
literature. [26] Some of these pumps appear in the form of long and shallow microfluidic
channels connected to a main channel, where the liquid suction takes place when the
microchip is placed in a degassing chamber. In-parallel microchannels achieved a
maximum suction velocity of 0.9 mm/s for when 1 mm to 3 mm diameter trenches were
used. [21,28] The finger pump presented in this study is capable of triggering 20 to 40
times greater flow velocities for significantly longer microchannels. Another type of
suction mechanism is based on paper-based microfluidics, where an absorbent fibrous
paper is attached to the end of the microchannels. The liquid suction takes place due to
capillary suction towards the absorbent material. In this manner, sequential mixing was
made possible. The typical flow rates generated in such studies vary between 0.2 mm/s
[29], and 0.2 to 0.1 μL/s [27]. The flow rates generated by the finger pump were 80 times
greater than these values, although the paper-driven pumps can function for longer time
spans (tens of minutes) when compared to under 5 min operation of the finger driven
pump presented in this work. Either way could be of preference as a requirement of
different applications.
4.3. Colorimetric lithium assay
The main aim of this research was to develop a low-cost point-of-care device that allows
for colorimetric detection of lithium using a smartphone camera in a rapidly and costeffectively. Before the analysis of the specimens with unknown concentrations, the
performance of the device for colour sensitivity was evaluated by standard specimens. The
results of the colorimetric assay were captured for different lithium concentrations
ranging between 0 and 2 mM using a smartphone camera (iPhone X, 12 MP camera). The
concentration of lithium was correlated with the colour intensity in the white-balanced
images. As described in the manufacturer’s datasheet, the associated change in colour from
orange to red indicated the quantity of lithium inside the sample. Such a strategy was also
previously followed by Tokeshi’s group. [17] To analyse how the variation in the
concentration of lithium is connected to the absorbance value, the magenta values of the
smartphone camera images and absorbance readouts were compared. Figure 4a
demonstrates that the absorbance value, magenta value and lithium concentration have a
linear relationship between 0 and 2 mM with a limit of detection of 0.1 mM (n = 5,
9
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R2 = 0.99). This test is capable of detecting various concentrations of lithium quantitatively,
and the detection range covers the typical maximum and minimum concentrations of
lithium in blood serum [30-35]. Figures 4b and 4c show the colour change in the reaction
channel where the magenta values were extracted using MATLAB and Fiji software. The
obtained results were found to be in correlation although the images obtained from the
microchip were more faint compared to the ones in the off-chip measurement.

Fig. 4 (a) The quantitative calibration curve of different lithium concentrations for
smartphone camera images (magenta only) and absorbance results. (b) On-chip
assessment of the colorimetric reaction. Smartphone images of colorimetric detection
of lithium in microchannels. (c) Off-chip correlation of the colorimetric reaction with
RGB scale. The same methodology was followed to convert the detected colours on-chip.
5. Conclusions
We report here for the first time on the design, fabrication, and application of a selfstanding device consisting of capillary microfluidic circuits for sequential mixing of
reagents and a finger-driven pump for facilitating the fluid flow. As a proof-of-colorimetric
lithium assay was performed in the device. The finger pump generated 20 to 40 times high
flow rates when compared to the self-standing pumps reported in recent publications,
while the pump operation time could be maintained in the range of minutes instead of
hours as demonstrated in the previous studies. Nevertheless, the application selected for
this work requires rapid mixing of reagents within minutes to start the colorimetric
reaction. Therefore, the platform serves well to the aim of this work. The presented device
meets the Affordability, Sensitivity, Specificity, User-friendliness, and Robustness
(ASSURed) criteria requested by the World Health Organization (WHO). In this work, the
request of the WHO was addressed by the two-pronged design of the self-powered
microfluidic platform: First, in contrast to widely-used conductivity measurements, the
platform requires no external electronic apparatus to run the lithium test. Second, the
10
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proposed platform enables the mixing of reagents in a sequential order thanks to the
finger-driven pump.
The finger pump assisted microfluidic system was designed and fabricated by using soft
lithography. As a proof-of-concept study, a commercially available lithium kit was utilized
to run the colorimetric lithium detection. The colorimetric reaction in the device occurred
within 5 min after installing the reagents. A smartphone camera facilitated the image
acquisition where colorimetric reaction detection was performed. The performance of the
pump and liquid movement in microfluidic channels were characterized, and sequential
emptying of the injected solutions. The detection limit of lithium concentration was
measured to be 0.1 mmol/L. Our merging of rapid colorimetric lithium monitoring test
with a stand-alone microfluidic device surmounts measurement challenges where (1) the
measurement requires conductivity measurements, (2) there is the trade-off between the
requirement of sequential mixing of reagents and assay sensitivity. The future work
involves the implementation of a smartphone application, using the smartphone as a
capture device and colour detector from a picture of the microfluidic device; and running
the tests in spiked blood serum samples.
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Annotations
𝑣⃗
𝜌
η
F
∆p
Q
∆𝑃
R
L
𝑤
ℎ
𝛾
𝜃𝑡 , 𝜃𝑏 , 𝜃𝑟 , 𝜃𝑙
𝑃𝑛
𝑃𝑚𝑎𝑥

the velocity ﬁeld
the ﬂuid density
the dynamic viscosity
external forces
the applied pressure diﬀerence
the volume ﬂow rate
the pressure barrier
the hydraulic resistance
the channel length
the width of the microchannel
the height of the microchannel
the surface tension of the liquid
the top, bottom, right, left channel wall contact angles, respectively
the channel junction
the maximum pressure exerted by the finger pump
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Traina et al. / Research on Engineering Structures & Materials x(x) (xxxx) xx-xx

ith
𝑃𝑖+1
𝑅𝐵𝑉
𝑅𝑖
𝑅𝑆𝑉
𝑅𝐶
P0
V0
Vmin
m
a

the number of the reservoirs
the capillary pressure at (i+1)th branches
the resistance of one side branch;
the series resistance between the RBV and the reservoir resistance of
each branch
the resistance of the stop valve
the flow resistance of the colorimetric chamber
the atmospheric pressure
the volume of the pressure chamber in its original shape
the remaining volume of the pressure chamber when it is maximally
deformed
the mass of liquid
the acceleration that applies to liquid
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Supplementary information

Supplementary image S1. Fabrication process of the PDMS finger-pump, and microfluidic
platform by soft lithography. (a) Schematic diagram of all steps necessary for the
realization of the device propose. (b) The PDMS mixture is poured in the 3D mould,
cured, peeled off from the mould, then cut by a razor blade.
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