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This work has the main objective to develop a calibration method for micro flow measuring devices based on the
front tracking principle, in the Volume and Flow Laboratory (LVC) of the Portuguese Institute of Quality (IPQ), in
a partnership with and the Department of Mechanical and Industrial Engineering (DEMI) of The New University
of Lisbon under the project MeDD II – Metrology for Drug Delivery.
The experimental setup consists of using a camera and Python software to track the distance traveled by the
meniscus of a liquid inside a capillary tube and calculate the flow rate according to appropriated equations.
Experimental tests using a flow generator and a flow meter were carried out for different flow rates. Two
different setups with cameras of different specifications were tested.
To validate the developed front tracking method, internal comparisons using a Nexus pump and a Sensirion
meter were performed with the gravimetric and interferometric methods already implemented at LVC. The re
sults obtained by these two comparisons were consistent.
This new developed method can therefore be used to calibrate flow devices from 1000 μL/h down to 1 μL/h
with an uncertainty value from 2% to 7% (k = 2). The calibration procedure is easy to apply and can be used for
both syringe and flow meters. This method is simple to implement in a laboratory and the setup is relatively
cheap compared to the gravimetric or interferometric method.
Finally, the front tracking method was applied to the calibration of an implantable insulin pump used by
diabetic patients.

1. Introduction
Nowadays, several industries work with devices capable of gener
ating micro and nanoflow rates (ranging from 1000 μL/h to 0.1 μL/h), e.
g., precision syringe pumps and flow meters. The primary method for
flow measurement is the gravimetric method and it is used by most of
the National Metrology Institutes for measuring and calibrate low flow
rate devices [1]. Since there is a need to increase the capability of the
laboratories to measure lower flow rates, there is active ongoing
research on methods involving different principles, such as optical
methods. Recently, a method based on measuring the volume of a
droplet over time was presented [2], comprising capturing photos of a
hanging droplet with a microscope camera, and calculating the volume
through a Computer Aided-Design software. In Ref. [3], the authors
measured the volume of in-air droplets using a high-speed camera,
achieving an error of ±0.3% when compared with the gravimetric
method. In Refs. [4,5], the front tracking principle for volume and flow

measurements was explained. CETIAT validated this method for
measuring volumes of 0.2 μL and 1 μL, with a relative uncertainty of 1%.
Lübeck University of Applied Sciences achieved an uncertainty of 2% for
flow measurements down to 5 nL/min (see Tables 14–16).
In this work, an experimental setup for flow measurement using the
front tracking principle was developed in the Volume and Flow Labo
ratory (LVC) of the Portuguese Institute of Quality (IPQ) under the
MEDDII project [6] through a partnership between IPQ and the
Department of Mechanical and Industrial Engineering (DEMI) of The
New University of Lisbon. The MEDDII – Metrology for Drug Delivery is
a project from EMPIR (European Metrology Programme for Innovation
and Research) and one of its objectives is to develop new traceable
methods to measure flow rates, from 0.3 μL/h to 6 μL/min, using a
Newtonian liquid, with an uncertainty of 1% (for steady flow rates) and
2% (for fast-changing flow rates).
The front tracking method for flow measurements is an optical
method that consists on tracking the position of the meniscus of a liquid
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(liquid/air interface) inside a capillary tube over time. Knowing the
displacement of the meniscus over time and the cross-section area of the
capillary it is possible to calculate the flow rate. At IPQ, a highresolution camera connected to a computer was used to track the
meniscus, together with an image processing software that identifies the
meniscus and calculates its position over time. The software was
developed in-house using programming language Python and the opensource image processing library OpenCV.
The algorithm captures images from the camera, then applies several
segmentation techniques to identify the meniscus, determine its posi
tion, and calculate the average flow for a given time interval.
The displacement calculation of the meniscus is done based on the
movement of a reference point that is determined using a dedicated
algorithm, this approach is different than the described in Refs. [4,5].
Also, there is a simplification of the setup design and therefore the
implementation costs are low without compromising the accuracy of the
measurements.
To validate the method developed (including the software), an in
ternal comparison was performed with the LVC-IPQ gravimetric method
[7] and interferometric method [8] using two different flow measuring
instruments.
2. Experimental setup
The experimental setup based on the front tracking method for flow
measurements involved the use of the following components: a Chemyx
Nexus 3000 syringe pump (flow generator), a glass syringe, a connection
line, a USB camera, a capillary tube, a translucent paper, and a LED light.
Fig. 1 represents a schematic of the experimental setup.
The setup 1 used a lower resolution USB camera and a connection
line made of Teflon, showed in Fig. 2A on top. Nevertheless, improve
ments were identified, and a second setup was built, involving the use of
a higher resolution camera and a connection line made of stainless steel,
showed in Fig. 2B.
As previously stated, the flow was generated by a high-performance
syringe pump Chemyx Nexus 3000, designed to generate microflows
down to 1.56 pL/min (equivalent to approximately 0.094 nL/h). Glass
syringes of 5 mL and 1 mL were used with the Nexus pump.
The syringe was then connected to a transparent capillary by a
connection line. A high-resolution camera was manually positioned with
its axis perpendicular to the capillary with the field of view capturing a
section of the capillary where the liquid meniscus was moving, this was
done with the help of the live video from the camera. By knowing the
distance traveled by the meniscus over time, and the internal diameter
of the capillary, it was possible to calculate the flow rate of the fluid and
its associated uncertainty.
For the first setup, a microscope USB camera with 1.3 Mpx of reso
lution (Levenhuk DTX 50) was used to capture the movement of the
meniscus. This allowed the capture of images with a maximum size of
640 × 480. To improve the accuracy and lower the uncertainty specially

Fig. 2. A/BFigure of the experimental setups, on top is setup 1 and on bottom is
setup 2, where A is the Nexus pump, B is the glass syringe, C is the connection
line, D is the USB camera, E is the capillary tube, F is the translucent paper and
G is the LED light (Fig. 2B–H is the thermometer, and I is the water reservoir);

at lower flow rates, a high-resolution camera with 12 Mpx of resolution
(Alvium 1800 U-1240) and a telecentric zoom lens (Qioptic Optem 7:1
zoom) were acquired. The camera was then mounted in an aluminum
support system that allowed position adjustments in the three axes.
Moreover, in the first experimental setup, a translucent plastic
(polypropylene) capillary and a Teflon connection line were used. The
external diameter of 2.3 mm (U = 0.03 mm) was measured with a
calibrated caliper while the inner diameter of 1.61 mm (U = 0.003 mm)
was measured by an in-house method based on the gravimetric
principle.
The gravimetric method is the most common method for volume
determination with very low uncertainties, typically 0.01% for values
larger than 1 mL (k = 2), for 10 μL the uncertainty is close to 0.5% [9].
The In-house method consists of measuring the liquid volume of a
specific length of the glass tube. Knowing these two quantities it is
possible to determine the average inner diameter of a capillary or
syringe.
The higher resolution camera used in setup 2 allowed for the
reduction of the capillary diameter, therefore, a glass capillary with an
external diameter of 1.6 mm (U = 0.03 mm) and an inner diameter of
1.15 mm (U = 0.005 mm) was used. To improve the stability of the
setup, the Teflon connection line was also replaced by a stainless-steel
capillary tube (1/16 inch) with a smaller length in order to improve
flow rate stability due to the tube characteristics.
A background illumination was chosen, allowing to decrease the
reflection caused by ambient light, and obtain a good contrast between
the background and the liquid meniscus, that helps the improvement of
the meniscus definition. This was achieved by positioning a LED facing
the camera. To smooth the light intensity, a translucent paper was
placed between the capillary and the LED.
In the second setup, a thermometer was placed near the capillary

Fig. 1. – Figure of the experimental setup, where A is the Nexus pump, B is the
glass syringe, C is the connection line, D is the USB camera, E is the capillary
tube, F is the translucent paper and G is the LED light.
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tube, see Fig. 2B, submerged in the water, to monitor the temperature of
the water inside the capillary, since the laboratory ambient conditions
are T = (20 ± 3) ◦ C and humidity >50% and especially the light source
could influence this value. Nevertheless, the water temperature should
not vary more than 0.5 ◦ C during the test.
3. Image processing software principles
The image processing software developed for applying the front
tracking method had three main stages: scale definition, image seg
mentation, and determination of the meniscus position.

Fig. 4. –On the left image before threshold technique; on the right image after
threshold technique.

3.1. Scale definition

slide bar. A value that makes the meniscus base visually defined and the
rest of the capillary without any visible light perturbance was chosen.
The Masking technique consists of overlapping two images to cover
non-important parts from the image. This was used to reduce the
complexity of the contours to be determined by the algorithm. Fig. 5
shows the contours identified by the algorithm before applying the
masking technique. It is possible to see that there are more contours
been identified beyond the meniscus base, causing the algorithm to be
slow.
To improve the image, a mask with an image of two rectangles on the
top and bottom of the image, with a transparent section in the middle
was applied. This mask can be adjusted in the software according to the
diameter of the capillary used. The resulting image is showed in Fig. 6
where it is possible to see that there are fewer contours (dashed line) and
they are less complex when compared with Fig. 5.
With the Alvium 1800 camera, the images obtained were larger
(4024 × 3036) and made the algorithm slower when applying the
masking technique. To improve this step, a simplified solution was
applied, cropping the image to the format of 1/30, in other words, a
horizontal strip with 4024 px of width and a height of 100 px, containing
the area where the meniscus central point is going to move. This solution
resulted on a smaller area to the algorithm for contour identification and
meniscus position determination, allowing time intervals between
measurements to be reduced down to 0.5 s.

This step has the objective of establishing a relation between the
pixels of an image and the real dimensions of the physical world, this
means corresponding the dimensions of the pixel to the real dimensions
of the object we are observing with the camera. This operation must be
very accurate since all the subsequent measurements are based on this
scale value.
The most common way to define a scale is by using a graduate
calibration ruler but this option requires recalibration if the positions of
the parts involved in the experimental setup are slightly moved. Another
option is to use a component always present on the field of vision of the
camera, such as the capillary itself, to define the scale value. The cali
bration of the scale value, by using the external diameter of the capillary
as a reference, is always the first step of every flow measurement, as
suring it is made according to the position of the components on each
measure. The external diameter of the capillary tube was measured with
a calibrated caliper (U = 0.03 mm) on several sections over its length to
determine an average value. This measurement gives traceability to the
standard unity of length.
In the software developed during this research, the external diameter
is manually selected using the selectROI function of OpenCV Python li
brary. This function returns the coordinates in pixels of the region of
interest selected by the user. Knowing the real dimensions of the
external diameter of the tube and the corresponding dimension in pixels
permits the determination of a scale value. To validate this technique a
repeatability test was made, having been achieved a repeatability value
of 8.6 × 10− 6 mm/px.

3.3. Determination of meniscus position
The contours are determined using the findContours function from
the OpenCV Python library. This function returns the coordinates of the
pixels that are on the contour line (dashed line in Fig. 7).
To determine the position of the meniscus over time it was assumed
as reference the meniscus central point that is the position of the point
that is in the axis of the capillary and coincident with the meniscus (B in
Fig. 7). The horizontal coordinate of this point is determined in pixels
and converted to millimeters using the scale value.

3.2. Image segmentation
Image segmentation consists of subdividing an image into different
regions to simplify and facilitate image analysis. This can be used to
identify and isolate objects in the image. There are many methods of
segmentation; in this work, it was used the Thresholding and Masking
techniques [10].
The Thresholding technique consists of transforming a grayscale
image into a binary image, facilitating the identification of contours.
This technique was used to isolate the meniscus base, as shown in Fig. 4.
The threshold method is manually selected in the software through a

Fig. 3. – Capillary tube with external diameter selected using the Python
SelectROI function.

Fig. 5. – Image of the capillary with the liquid before the masking technique
was applied.
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Then the algorithm searches in the contour line for the points with
the vertical coordinate equal to yaxis . In this way, it is possible to identify
all points coincident with the capillary axis. In Fig. 7 two of this point
can be identify (A and B), in this case, because the liquid moves from
right to the left, the chosen point will be the one with the greatest
horizontal coordinate (B).
The software repeats this process for several frames, with a time
interval defined by the user therefore identifying the position of the
meniscus over time.
In this work the influence of the surface tension of the liquid was not
determined. It is expected to be address in future studies.

Fig. 6. – Image of the capillary with the liquid after the masking technique.

4. Theoretical model and calculation of uncertainty
The instantaneous flow (Q) [11] is given by the equation:
Q=v × A

(2)

where v is the velocity of the fluid and A is the internal cross-section area
of the capillary (πr2 ), assumed to have a circular section in all its range.
Velocity is obtained by dividing the displacement of the meniscus (d)
through a time interval (Δt).
v=

To determine the position of the reference point, the output vector
from the function selectROI is used to define the scale value and the
findContours function. This selectROI function returns a vector with the
coordinates of the rectangle represented in Fig. 3. The coordinates of the
rectangle come in the form of (x, y, x1 , y1 ), as shown in Fig. 8. It was
assumed that the center position of the rectangle is coincident with the
horizontal axis of the capillary.
The vertical coordinate, yaxis of the reference point is determine ac
cording to Equation (1), where y is the vertical coordinate of the rect
angle described in Fig. 8, and y1 is the length of the rectangle described
in Fig. 8.
yaxis

(3)

The displacement of the meniscus is calculated between frames
through the positions determined by the algorithm explained in 3.3. The
time interval is defined by the user. The radius of the capillary section (r)
is critical for this method; therefore, it was used an in-house method to
measure the inside diameter of the capillary tube using the gravimetric
approach. This method relies on determining the mass of the liquid in
side a specific section of the capillary and converting this value to vol
ume, [1]. The length of the chosen section, d, is measured using a caliper
and the inner radius of the capillary, r, can be determined using Equa
tion (4).
√̅̅̅̅̅̅̅̅̅̅̅
V
r=
(4)
d×π

Fig. 7. – Two points identified by Python findContours function library in the
capillary with the liquid, where B is the reference point.

y1
= y +
2

dx x2 − x1
=
dt
Δt

For the presented setup the instantaneous flow can be calculated
through the equation (5), considering that d = x1-x2 = Δx.
Q=

x2 − x1
× π × r2
Δt

(5)

Since the liquid moves inside of a tube, the expansion of the capillary
material due to temperature changes must be considered. The flow at 20
◦
C is then calculated using the equation (6).
Q=

(1)

x2 − x1
× π × r2 × [1 − γ (T − 20)]
Δt

(6)

where γ is the capillary material coefficient of expansion and T is the
calibration liquid temperature.
The average flow is the mean value of the sum of the calculated
instant flows for the duration of the test.
The main sources of uncertainty considered were the following:
•
•
•
•
•
•
•

Meniscus displacement, uΔx ;
Time interval between frames, uΔt ;
Capillary radius, ur ;
Repeatability, urep ;
Stability, usta ;
Material expansion, uγ ;
Temperature, uT ;
The standard uncertainty of each component is the following:

- Meniscus displacement:

Fig. 8. – Capillary with the applied SelectROI output.
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√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
(
)2
)2 (
)2
scale/2
Ucaliper
Image
√̅̅̅
√̅̅̅
+
+
(mm)
2
3
3

Table 2
Stability value setup 2.

(7)

For the uncertainty associated with the meniscus displacement it was
considered half of the scale value obtained by image processing, the
uncertainty of the caliper (Ucaliper =0.03 mm) used to measure the
external diameter of the capillary and the image processing standard
uncertainty of 0.00003 mm/px. Also, since the meniscus position is
measured only in one-point, manual changes of perpendicularity were
performed by changing slightly the position of the camara (1–5◦ ) and it
was verified that the influence was negligible compared with the other
displacement uncertainty sources, in the order of 10− 6 mm/px.
- Time interval:
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
)2 (
)2̅
)2 (
Ucrono
udel
uope
uΔt =
+ √̅̅̅
+ √̅̅̅
(s)
2
3
3

Total time (s)

Stability uncertainty (μL/s)

900
1800
2700
3600
18000

2,8
2.0
1.6
1.4
5.8

×
×
×
×
×

10−
10−
10−
10−
10−

05
05
05
06
06

(8)

To give traceability to the computer clock used to establish the time
intervals between the determination of the meniscus position, a cali
brated chronometer (Ucrono = 0.0014 s) was used for the purpose of
manual comparison. An uncertainty component from the delay the
computer clock (udel = 0.01 s) and the operator effect in the method
comparison (uope) of 0.1 s was also considered.
- Capillary radius:
Ur
ur =
(mm)
2

Fig. 9. – Stability uncertainty representation and equation from the non-linear
regression obtained for setup 2.

(9)

associated with the stability of the experimental setup.

The uncertainty of the capillary radius (Ur) comes from the in-house
calibration method.

-Material expansion:

- Repeatability:
urep

uγ =

s (Q)
= √̅̅̅ (μL / s)
n

(10)

0.005 × γ ◦
√̅̅̅ (/ C)
3

(11)

The uncertainty associated with capillary material expansion γ was
considered 5% according to Ref. [12].

where s(Q) is the standard deviation of the measurements and n the
number of measurements.

- Temperature:
√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
)2 (
)2
Utherm
ΔTW
uT =
+ √̅̅̅
2
3

- Stability:
A stability test was performed to estimate the uncertainty associated
with aleatory oscillations caused by ambient conditions, such as liquid
evaporation, adsorption and the vibration of the flow generator motors.
The test consisted of measuring the displacement of the liquid meniscus
with the flow generator switched on but not generating any flow rate, for
the maximum measurement time of 5 h. The stability uncertainty value
is the average of the standard deviation of the flow values obtained in
the stability test. The obtained values for each experimental setup and
for different measurement times are presented in Tables 1 and 2. In the
second setup, to have a more accurate value for this uncertainty, it was
used an equation from the non-linear regression obtained from the
average standard deviation value overtime, represented in Fig. 9.
It is possible to see that the stability values were substantially
reduced using the setup with the higher resolution camara and the
stainless-steel connection line, lowering the uncertainty component

The uncertainty associated with the determination of the water
temperature has two components, the uncertainty of the thermometer
used (0.01◦ C) and the maximum allowed water temperature variation
during the test (0.05) ◦ C.
The sensitivity coefficients, ci, of each component can be calculated
by the following equations:
( )
∂Q
πr2 × [1 − γ(T − 20]
Meniscus displacement: cΔx =
=
Δt
∂d
(
Time interval: cΔt =

∂Q
∂Δt

(
Capillary radius: cr =

)

∂Q
∂r

=−
)

(
Material expansion: cγ =

Table 1
Stability value setup 1.
Total time (s)

Stability uncertainty (μL/s)

900
1800
2700
3600
18000

1.0 ×
8.3 ×
6.4 ×
5.4 ×
3.9 ×

10−
10−
10−
10−
10−

(12)

(
Temperature: cT =

04
05

∂Q
∂T

=

∂Q
∂γ

d × πr2 × [1 − γ(T − 20)]
Δt2
2 × d × πr × [1 − γ(T − 20)]
Δt

)

)
=−

=−

d × πr2 × (T − 20)
Δt

d × π r2 × γ
Δt

For the repeatability and stability, the sensitivity coefficient is 1.
The combined uncertainty of the reference flow measurement is
given by equation (13).

05
05
05

5

E. Batista et al.

Measurement: Sensors 23 (2022) 100397

√̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
√
√(uΔx × cΔx )2 + (uΔt × cΔt )2 + (ur × cr )2 + u2rep + u2sta
u(Q) = √
)2
(
+ uγ × cγ + (uT × cT )2

Table 4
Total test times for setup 2.

(13)

And the expanded uncertainty, U(Q), is calculated using equation (14).
(14)

U(Q) = k × u(Q)

where k is the coverage factor with a probability of 95%. k is evaluated
by the effective degrees of freedom (νeff) by the Welch-Satterwhite for
mula, as follows:

νeff =

u4 (Q)
4
4
u Δx u Δt u4 r u4 rep u4 stab
+
+
+
+
νΔx νΔt νr n − 1 n − 1
4
4
uγ uT
+
+

νγ

Measured flow (μL/h)

Time interval (s)

Total time (min)

1
10
100
500
1000

30
10
1
1
1

180
60
3.6
1.5
1

Table 5
Results using the camara Levenhuk and 5 mL syringe.

(15)

νT

where n is the number of repeatable measurements, and v is the degrees
of freedom.
5. Setup implementation tests

Measured flow
(μL/h)

Reference Flow
(μL/h)

Uncertainty
(μL/h)

Error
(%)

1
10
100
500
1000

1.0
10.7
101.7
504.9
1034

0.6
1.1
3.3
19.5
40

−
−
−
−
−

0.7
6.9
1.7
1.0
3.4

Uncertainty
(%)
61.2
10.2
3.3
3.9
3.9

Table 6
Results using the camara Levenhuk and 1 mL syringe.

For testing the method, 5 different flow rates were considered: 1000
μL/h, 500 μL/h, 100 μL/h, 10 μL/h, and 1 μL/h. Tests were performed in
the Volume and Flow Laboratory of IPQ in ambient controlled condi
tions (temperature = (20 ± 3) ◦ C and humidity >50%) and water
temperature maximum variation of 0.5 ◦ C. Two glass syringes were
used, with 5 mL and 1 mL. Tests were performed with the two cameras in
order to compare their performances, the Levenhuk DTX50 and the
Alvium 1800 U-1240. Before any measurements, the cameras were
aligned with the capillary, ensuring that the meniscus of the liquid was
in their field of view. Ultra-pure water was used as a calibration liquid,
with a conductivity of 0.05 μS/cm.
In Tables 3 and 4 are presented the time interval between each
measure and the total test time used for each flow rate, for each setup.
The times used in setup 1 were the minimum to have sufficient resolu
tion in the measured distance between frames. Reducing the times
would make it impossible to the camera to detect differences in the
position of the meniscus between frames. For the second setup was
possible to reduce the time interval between measurements to the higher
resolution of the camera used, that allowed achieving a higher resolu
tion measurement of the meniscus displacement between frames. The
largest uncertainty component at the lower flow rates (10 μL/h and 1
μL/h) was the stability. This value is improved, when the total time test
is increased, therefore it was decided to increase the total time for the
low flow rates has described above.
The measured flow and associated uncertainty calculated with the
front tracking method (FR), using the 5 mL and 1 mL syringes, and the
setup 1, with the Levenhuk DTX50 microscope camera, are presented in
Tables 5 and 6, where the measured flow is the flow settled in the flow
generator and the reference flow is the value determined.
An example of uncertainty values can be observed in Table 7 for the
front tracking method, setup 1 at 1000 μL/h and using the syringe of 1
mL.
In this case, the largest uncertainty component comes from
repeatability.
The results obtained using the same conditions, but with the setup 2

Measured flow
(μL/h)

Reference Flow
(μL/h)

Uncertainty
(μL/h)

Error
(%)

1
10
100
500
1000

1.2
11.1
103.6
519.8
1032

0.5
1.1
3.1
14.8
29

−
−
−
−
−

16.7
9.9
3.5
3.8
3.2

Uncertainty
(%)
40.3
10.2
3.0
2.8
2.9

Table 7
Uncertainty calculation for a set flow rate of 1000 μL/h of a Nexus pump using
the 1 mL syringe for the front tracking method setup 1.
Uncertainty
components

Estimation

u(xi)

ci

(ci × xi)2

Meniscus displacement
(mm)
Radius (mm)

12.118

Time (s)

86

Repeatability (μL/s)

0.0035

7.60 ×
10− 02
1.47 ×
10− 03
5.80 ×
10− 02
0.0035

2.37 ×
10− 02
7.13 ×
10− 01
− 3.34 ×
10− 03
1

Stability (μL/s)

0.00031

1

Expansion coefficient
(/◦ C)
Temperature (◦ C)

0.00024

3.12 ×
10− 04
6.93 ×
10− 06
0.288

Flow (μL/h)
ucomb (μL/s)
ucomb (μL/h)

1032.79
0.0040
14.55
79
2.03
29.6
2.9

3.24 ×
10− 06
1.10 ×
10− 06
3.75 ×
10− 8
1.19 ×
10− 05
9.74 ×
10− 08
8.95 ×
10− 13
3.95 ×
10− 10

νeff

k
Uexp (μL/h)
U (%)

0.805

19.524

0.137
− 6.88 ×
10− 05

Table 8
Results using the camara Alvium and 5 mL syringe.

Table 3
Total test times for setup 1.
Measured flow (μL/h)

Time interval (s)

Total time (min)

Measured flow
(μL/h)

Reference Flow
(μL/h)

Uncertainty
(μL/h)

Error
(%)

Uncertainty
(%)

1
10
100
500
1000

300
120
10
2
2

60
30
15
3
1.5

1
10
100
500
1000

0.94
10.6
101.4
495.9
1012.6

0.24
1.01
2.9
12.8
20.5

5.9
− 6.0
− 1.3
0.8
− 1.2

25.5
9.5
2.9
2.5
2.2
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and the Alvium 1800 U-1240 camera, are presented in Tables 8 and 9.
An example of uncertainty values can be observed in Table 10 for the
front tracking method, setup 2 at 1000 μL/h and using the syringe of 1
mL. The repeatability measurements are represented in Fig. 10.
From Table 10 and Fig. 10 it can be seen that the largest uncertainty
component is related to the syringe radius calculation. The repeatability
uncertainty value has improved when compared with setup 1 due to the
use of the new camera and improvement on the picture’s resolution.
From the results showed in Tables above, it is possible to see that for
the higher flow rates, namely 1000 μL/h, 500 μL/h, and 100 μL/h, the
uncertainty improvement made by using the second setup is small,
around 1%. But for the smaller flow rates: 10 μL/h and 1 μL/h, with the
second setup, it was possible to achieve much better results, with the
uncertainty value for 1 μL/h below 10%.

Table 10
Uncertainty calculation for a set flow rate of 1000 μL/h of a Nexus pump using
the 1 mL syringe for the front tracking method setup 2.
Uncertainty
components

Estimation

u(xi)

ci

(ci × xi)2

Meniscus
displacement (mm)
Radius (mm)

11.76

Time (s)

44.107

Repeatability (μL/s)

0.0013

1.83 ×
10− 02
1.47 ×
10− 03
5.80 ×
10− 02
0.0013

2.35 ×
10− 02
9.63 ×
10− 01
− 6.28 ×
10− 03
1

Stability (μL/s)

1.37 ×
10− 04
0.00024

1.37 ×
10− 04
6.9282 ×
10− 06
0.288

1

1.86 ×
10− 07
2.01 ×
10− 06
1.33 ×
10− 7
1.80 ×
10− 06
1.88 ×
10− 08
3.18 ×
10− 11
6.39 ×
10− 13

Expansion coefficient
(/◦ C)
Temperature (◦ C)

6. Internal validation results

Flow (μL/h)
ucomb (μL/s)
ucomb (μL/h)

Two internal comparisons were performed to validate the front
tracking method. The first used a using a Nexus 3000 syringe pump and
the gravimetric method. The second used a Sensirion meter and the
interferometric method described in Ref. [8].

νeff

k
Uexp (μL/h)
U (%)

6.1. Nexus pump 3000
The gravimetric calibration of the Nexus 3000 syringe pump was
performed in similar conditions as described in section 5, for the same
flow rates. The results of the comparison are presented in Fig. 11 and
Fig. 12. For this comparison, it was used the second setup with the highresolution camera and the stainless-steel line. With the 5 mL syringe it’s
not possible to test 1 μL/h flow rates, therefore it was not possible to
compare this point with the two methods.
From Figs. 11 and 12 and Tables 11 and 12, it can be seen that the
majority results of the comparison of the gravimetric method and the
front tracking method are consistent (within the mutual uncertainty)
with each other. Also, it can be verified that for the 1 mL syringe the
uncertainty values of the front tracking method are smaller when
compared with the gravimetric method.

0.575

22.94
997.06
0,0020
7.3252
109
2.02
14.8
1.48

− 8.14 ×
10− 01
− 2.77 ×
10− 06

Fig. 10. - Nexus pump repeatability using front tracking method at 1000 μL/h
and setup 2.

6.2. Sensirion meter
The interferometric calibration of a Sensirion thermal flow meter
SLG64-0075 (Fig. 13 and Table 13) was performed at seven different
flow rates according to the procedure and conditions described in
Ref. [8]. For this comparison the second setup of the front tracking
method was used, with the high-resolution camera and the
stainless-steel line. The results of the comparison are presented in
Fig. 14.
It can be verified that the results are consistent in both methods used
in the tests, and the uncertainty values are, in general, similar between
the front tracking method and the interferometric method.
8. Calibration of an implantable insulin pump
Implantable insulin pumps are used to deliver continua dosing of
insulin to diabetic patients. The type of insulin pump used in this work is

Fig. 11. Results of calibration of the Nexus pump by the gravimetric and front
tracking method with a 5 mL syringe.

Table 9
Results using the camera Alvium and 1 mL syringe.

fitted with a volume chamber of a specific volume that has an attached
plastic tube that is connected to the capillary or the balance, depending
on the calibration method used. It has a range from 0.025 UN (0.25 μL/
h) to 3 UN (30 μL/h). It can also be used for bolus administration from 10
UN (100 μL) to 0.025 UN (0.25 μL). The resolution is 0.05 UN. The
manufacturer declares an accuracy of 5%. This pump was chosen to be
tested during this work because it represents the most common type
used by Type 1 diabetic patients.
Tests of the insulin pump were performed using the front tracking

Measured flow
(μL/h)

Reference Flow
(μL/h)

Uncertainty
(μL/h)

Error
(%)

Uncertainty
(%)

1
10
100
500
1000

0.99
9.97
99.6
499.8
997

0.07
0.31
2.2
6.9
15

0.9
0.3
0.4
0.05
0.3

6.9
3.1
2.3
1.4
1.5
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Fig. 13. - Sensirion thermal flow meter SLG64-0075.
Fig. 12. Results of calibration of the Nexus pump by the gravimetric and front
tracking method with a 1 mL syringe.

Table 14
Calibration of the insulin pump using the front tracking method with 1.15 mm
internal diameter capillary.

Table 11
En values for the Nexus pump with 5 mL syringe.
5 mL syringe
Nominal Flow
(μL/h)

Gravimetric (μL/h)

Front Tracking (μL/h)

Error
(%)

Uncertainty
(%)

Error
(%)

Uncertainty
(%)

En

10
100
500
1000

6.7
− 0.3
0.1
0.01

6.4
2.5
1.6
2.3

− 6.0
− 1.3
0.8
− 1.2

9.5
2.9
2.5
2.2

− 1.1
− 0.27
0.24
− 0.39

Nominal flow rate (mL/
h)

Measured flow rate (mL/
h)

Error
(%)

Uncertainty
(%)

1
10

0.99
10.03

0.01
− 0.31

15.91
14.18

Table 15
Calibration of the insulin pump using the front tracking method with 0.5 mm
internal diameter capillary with coating.

Table 12
En values for the Nexus pump with 1 mL syringe.

Nominal flow rate (μL/
h)

Measured flow rate (μL/
h)

Error
(%)

Uncertainty
(%)

1
10

0.85
10.02

16.96
− 0.19

12.80
11.14

1 mL syringe
Nominal Flow
(μL/h)

Gravimetric (μL/h)

Front Tracking (μL/h)

Error
(%)

Uncertainty
(%)

Error
(%)

Uncertainty
(%)

En

1
10
100
500
1000

−
−
−
−
−

15.2
5.3
2.4
1.2
2.4

0.9
0.3
0.4
0.05
0.3

6.9
3.1
2.3
1.4
1.5

0.13
0.55
0.57
0.24
0.21

1.3
3.1
1.5
0.4
0.3

Table 16
Calibration of the insulin pump using the gravimetric calibration.

Sensirion meter
Interferometric (μL/h)

Front Tracking (μL/h)

Error
(%)

Uncertainty
(%)

Error
(%)

Uncertainty
(%)

En

91
64
31
6
4
3
1

1,0
2,7
4,0
5,8
5,8
5,2
1,0

2,0
2,0
2,1
1,4
2,4
3,0
2,0

0,3
4,0
2,2
2,3
4,3
5,1
0,4

3,4
3,4
3,4
3,9
4,4
5,1
9,9

− 0,18
0,33
− 0,46
− 0,85
− 0,30
− 0,01
− 0,38

Measured flow rate (μL/
h)

Error
(%)

Uncertainty
(%)

1
10

1.51
11.49

− 50.5
− 12.9

54.46
5.71

linked to the coating, as it can allow for a reduced friction between the
calibration fluid (in this case water) and the surface of the capillary.
The obtained uncertainty value for the gravimetric method at 10 μL/
h is the lower than the ones obtained by the front tracking due to longer
test time (4 h), however the error is higher in both flow rates tested.
Also, the uncertainty at 1 mL/h is much higher than the front tracking
method.
The stability of the flow was also studied in this type of pump using

Table 13
En values for the Sensirion meter.
Nominal Flow
(μL/h)

Nominal flow rate (μL/
h)

method with setup 2 at 1 μL/h and 10 μL/h and the gravimetric method
[2,13]. Two different capillaries were used in the front tracking method,
one of 1.15 inner diameter and another with 0.5 mm diameter with
internal hydrophobic coating. The results can be found in the following
tables.(see Table 14 – 16)
In the front tracking method, the results obtained with the 0.5 mm
internal diameter capillary with coating showed the lowest uncertainty
values among all the capillaries, however, it also showed higher errors
when compared to the 1.15 mm capillary. The low uncertainties may be

Fig. 14. - Sensirion flow meter comparison of results.
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the front tracking method, see Fig. 15. The gravimetric method results
have a similar behavior.
According to Ref. [14] the insulin pump delivers pulsed flow rates
consisting of constant delivered volumes at given time intervals, the
observed variation arises from the plastic tube deformation due to the
increased pressure during the volume delivery. The tube goes back to its
initial form as the pressure releases due to the flow in the tube. There
fore, is this specific case the calibration procedure of flow determination
and results analysis should be based on the increment of volume per unit
time. In this case both methods were not suitable for insulin pump
calibration due to the communication rate instability, has a consequence
in the time stamp.

Fig. 15. – Front tracking method 10 μL/h insulin pump flow stabil
ity behaviour.

draft. Joana Afonso: Validation. Rui F. Martins: Writing – review &
editing.

9. Conclusions
A new method for measuring microflow rates lower than 1 mL/h
using the front tracking technology along with the detail uncertainty
calculation was developed by the Volume and Flow Laboratory of the
Portuguese Institute of Quality in cooperation with FCT/UNL –
UNIDEMI, in order to decrease the measuring range of IPQ with
acceptable uncertainty values, in some cases better than the gravimetric
method implemented.
Two cameras were tested, specific measuring software was devel
oped in open-source programming language, and improvements were
made in the experimental setup to improve the accuracy and uncertainty
of the front tracking method.
The use of a higher resolution camera and zoom lens, together with a
stainless-steel capillary connection line allowed a significant improve
ment in the measurement accuracy and uncertainty value of the front
tacking method developed. The obtained results and conclusions can be
of assistance to any laboratory that is trying to build such a setup for
microflow measurements.
It was observed that for the lower flow rates (10 μL/h and 1 μL/h) the
repeatability uncertainty value decreased when the total test time was
increased, therefore, in those cases it was chosen to double and triple the
total time.
From the internal comparisons made with the gravimetric method
and the interferometric method, it was possible to conclude that this
front tracking method can be used for calibrations of micro flow
measuring instruments with a range from 1000 μL/h down to 1 μL/h and
with an uncertainty value from 2% to 7% (k = 2). This method is simple
to implement in a laboratory and the setup is relatively cheap compared
to the gravimetric or interferometric method. The calibration procedure
is easy to apply and can be used for both syringe and flow meters.
The front tracking method was also applied in the calibration of an
insulin pump for the first time, and it was verified that the results were in
general better that with the gravimetric method but there is still the
need to improve the general calibration procedure and data analysis of
this type of drug delivery device.
Future work can be made by improving the repeatability of the front
tracking method by creating a new setup with a translation stage to
allow tracking the liquid meniscus for longer periods in smaller
capillaries.
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