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Syringe-pump-induced fluctuation in all-aqueous
microfluidic system implications for flow rate
accuracy†

Zida Li,a Sze Yi Mak,a Alban Sauretb and Ho Cheung Shum*ac

We report a new method to display the minute fluctuations induced by syringe pumps on microfluidic

flows by using a liquid–liquid system with an ultralow interfacial tension. We demonstrate that the

stepper motor inside the pump is a source of fluctuations in microfluidic flows by comparing the

frequencies of the ripples observed at the interface to that of the pulsation of the stepper motor. We also

quantify the fluctuations induced at different flow rates, using syringes of different diameters, and using

different syringe pumps with different advancing distances per step. Our work provides a way to predict

the frequency of the fluctuation that the driving syringe pump induces on a microfluidic system and

suggests that syringe pumps can be a source of fluctuations in microfluidic flows, thus contributing to

the polydispersity of the resulting droplets.
1. Introduction

In the last decade, microfluidic technology has been shown
to be a powerful tool to generate emulsions,1 which are of
great importance in various fields including food industry,
cosmetics, drug delivery, and oil extraction.2–6 Many proper-
ties of emulsions are related to their sizes, which therefore
need to be controlled. Monodispersity is a major advantage
of microfluidic emulsification when compared to other
methods, such as mechanical agitation, and has inspired
intense research efforts to apply microfluidic droplets. In
classical microfluidic methods involving syringe pumps, the
generation of droplets is done in a passive way through a
Rayleigh–Plateau instability which breaks a jet into droplets;
size is expected to be uniformly distributed across drop-
lets.2,7–13 The exquisite control brought by microfluidic
methods enables the generation of droplets with size poly-
dispersity of typically less than 5% and usually between
1% and 3%, as reported in previous experimental studies.13–16

However, the exact source of the polydispersity remains
unexplored. The precision of the measurement techniques,
such as image analysis, probably accounts for part of the
polydispersity. Variability in the operating flow conditions
may also play a role, but detailed studies have been limited by
the inability to detect any sort of fluctuations in microfluidic flows.

Microfluidic flows used to generate emulsions can be
characterized by parameters such as the viscosity of the two
phases, their densities, the channel diameter and the interfa-
cial tension.2 These quantities are unlikely to fluctuate in a
controlled environment; for instance, the temperature does
not fluctuate sufficiently to contribute to the size polydisper-
sity observed. Among the parameters, the flow rates of the
two phases represent the most likely candidate source of fluc-
tuation. Until now, flow rates delivered by syringe pumps
are believed to be highly precise despite the lack of measure-
ment approaches to precisely quantify and visualize the flow
rate delivered by syringe pumps in microfluidic systems.17

By tracking the interface in a two-phase flow, fluctuations in
the flow rates can potentially be detected. Indeed, as the flow
rate fluctuates, the diameter of the inner jet varies,18 leading
to a deformation of the interface and formation of ripples.19

Classical oil–water systems used in microfluidics have an
interfacial tension around 20 mN m−1 (ref. 20) and exhibit
no visible fluctuation of the jet of one phase in the other.
Because of this relatively large surface tension, the minute
fluctuations are typically not visible, as the interfacial tension
effects tend to minimize the interfacial area and smoothen
the interface. In addition, the amplitude of the fluctuation
that syringe pumps induce is expected to be small;21,22 there-
fore, the fluctuation can hardly be visualized at the interface.
To do so, a fluid system characterized by an ultra-low interfa-
cial tension is needed. Recently, many studies have focused
on aqueous two-phase systems, which consist of two immisci-
ble aqueous solutions of incompatible macromolecules such
oyal Society of Chemistry 2014



Fig. 2 Schematic of the experimental setup. (a) A pressure-driven
pump dispenses the outer phase into the square outer capillary
through a needle, and a syringe pump drives the inner phase into the
cylindrical inner capillary. (b) Pressure-driven pump setup. Pressurized
air flows through a pressure regulator and flows out at constant pressure.
Then the air fills a gas tight reservoir, which in turn pushes the fluid out.
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as polymers. The nature of the two phases leads to an ultra-
low interfacial tension, typically 10−5 to 10−4 N m−1, much
smaller compared to a classical oil-in-water system where
the interfacial tension is more than 100 times larger.23,24

The use of all-aqueous systems decreases the damping due
to capillary effects of the initial perturbation and allows
the visualization of previously undetectable fluctuations in
the fluidic environment.

In this paper, we report a method to display the minute
fluctuations that syringe pumps induce with an aqueous two-
phase system. We consider two co-flowing streams and observe
the ripples generated at the interface (see Fig. 1(a)). Because of
the ultra-low interfacial tension, the interface is highly sensitive
and easily deformed by perturbations.25 By comparing the fre-
quencies of the resultant ripples and of the pulsations in the
flow rate, we confirm that the stepper motor inside the syringe
pump is a source of the fluctuations. Visual examination of
the ripples provides a simple way to estimate the upper bound
of the amplitude of these fluctuations. Our work provides an
approach to characterize pulsations in syringe pumps and
suggests the possibility for manipulating multiphase flow by
minute vibrations.

2. Experimental methods

The device used in our experiments is a common glass capil-
lary microfluidic device, which consists mainly of a cylindri-
cal and a square glass capillary,26–29 as illustrated in Fig. 2(a).
The cylindrical glass microcapillary, with an outer diameter
of 1.0 mm, is tapered to the desired diameter, around 50 μm,
Fig. 1 Optical microscope image of an inner jet surrounded by a
continuous phase. The inner phase is a 15 wt% tripotassium phosphate
(K3PO4) solution, and the outer phase is a 17 wt% polyethylene
glycol (PEG, MW = 8000) solution. (a)The fluids are driven by syringe
pumps (LSP01-2A), and the flow rates of the inner and outer phases
are Qin = 4 mL h−1 and Qout = 7 mL h−1, respectively. (b) The fluids
are driven by pressure-driven pumps. The estimated flow rates are
Qin = 3.6 mL h−1 and Qout = 4.9 mL h−1. Scale bars are 200 μm.
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and then co-axially aligned within the square capillary, whose
inner dimension is 1.05 mm. The outer phase of a polyethyl-
ene glycol (PEG, 17% wt, MW = 8000) solution flows in the
square capillary, while the inner phase of a tripotassium
phosphate (K3PO4, 15% wt) solution flows in the cylindrical
inner capillary. The interfacial tension of the two phases is
estimated to be around 0.03 mN m−1.30 The two fluids meet at
the tip of the inner capillary and form a jet (see Fig. 1(a–b)).
We observe the ripples at the interface of the jet using an
inverted optical microscope (XD-101, Jiangnan, Inc.) equipped
with a high speed camera (MotionPro X4, Redlake, Inc.) at
typically 4000 frames per second. After recording a high-speed
movie of the ripples, three methods are used to measure the
frequency depending on the quality of the images and dis-
placement of the ripples (see ESI,† S1). We ensured that these
three methods lead to similar results when applied to the
same experiment. In the first method, we process the images
to identify the interface, observe the oscillations of the inter-
face at a certain location, and obtain the frequency spectrum
by applying a Discrete Fourier Transform. This process usu-
ally gives a spectrum with the single largest peak correspond-
ing to the dominant frequency component. We then fit the
spectrum to a Gaussian curve and obtain the mean frequency
associated with the ripples and the corresponding variance.
In the second method, we observe the periodic changes in the
apparent grayscale intensity on the interface due to the differ-
ing lensing effects from the oscillating jet diameter. We pick
the grayscale value at a point in each frame and apply the
same transform and fitting method as mentioned above to
obtain the mean frequency and variance. In the third method,
Lab Chip, 2014, 14, 744–749 | 745



Fig. 3 Frequency of the ripples fripples as a function of the flow rate of the
outer phase Qout while the inner phase is injected at a constant flow
rate Qin = 7 mL h−1 using a 10 mL syringe driven by an LSP01-2A
syringe pump. The squares with error bars are the measured frequency
of ripples, and the continuous line is the frequency of fluctuation
induced by the syringe pump that drives the inner fluid, estimated with
relation (1).
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we count the ripples manually and then calculate the mean
frequency and variance.

Unless otherwise mentioned, the inner phase is contained
in glass syringes (SGE 10 mL gas tight syringe, internal diam-
eter 14.57 mm) and injected to the device using syringe
pumps (longer pump model LSP01-2A, advancing distance
per step, s = 0.03125 μm), while the outer phase is dispensed
using a pressure-driven pump. The stepper motor inside a
syringe pump supplies the driving force for the fluid to be
injected in the device. For each step of the motor, the push-
ing block (see Fig. 2(a)) moves forward over a given distance,
leading to a pulse, which can be a source of disturbance in
the flow rate of the syringe pump. We obtain the disturbance
frequency associated with the stepper motor, fpulse, by calcu-
lating the number of steps of the pushing block per second.
The corresponding frequency of pulsation is thus given by

f Q
D spulse = 4
2π

(1)

where s represents the advancing distance per step of the
pushing block, Q is the fluid flow rate and D is the internal
diameter of the syringe which depends on the model consid-
ered. To vary this last parameter, we also use another two
syringes with different internal diameters (SGE 5 mL and
Hamilton 25 mL gas tight syringe, with internal diameters
D = 10.30 mm and D = 23.03 mm, respectively). To consider
the influence of the advancing distance per step, s, we also
performed experiments with another model of syringe pump
characterized by a different advancing parameter (Cole Parmer
Model EW-4900-45, advancing distance per step, s = 0.165 μm).
In this study, we highlight the influence of a syringe pump on
the fluctuation of the flow rate. For comparison, we also
performed some experiments using a pressure-driven pump,
as illustrated in Fig. 2(b). Pressurized air flows through a
pressure regulator and flows out at constant pressure. The air
fills a gas-tight reservoir, which in turn pushes the fluid through
a piece of tubing into the device. This system is expected to
present less fluctuations than the syringe-pump system though
the pressure regulator may also introduce some tiny fluctuations.

3. Results and discussions

To detect the minute fluctuations of the inner fluid flow rate
Qin, we co-flow an aqueous two-phase system characterized
by an ultra-low interfacial tension23 and monitor the inter-
face. Indeed, when both fluids are injected using syringe
pumps, regular and periodic ripples are observed, as reported
in Fig. 1(a). We then replace the two syringe pumps with
pressure-driven pumps. With this method, the amplitude of
the fluctuation is significantly reduced and the associated fre-
quency becomes irregular, as shown in Fig. 1(b). Note that
some ripples are still observed, likely due to the spring load-
ing force from the pressure regulator and the surrounding
environment, such as tiny vibrations of the benchtop. This
result confirms that the periodic ripples are largely caused by
746 | Lab Chip, 2014, 14, 744–749
the fluctuations generated during liquid dispensing by the
syringe pump and also confirms the sensitive nature of the
interface in the aqueous two-phase system.14 To ensure that
the fluctuations do not originate from a faulty syringe pump,
we repeat the experiments using different syringe pumps of
the same model, and similar ripples are observed (see Fig. S5
in ESI†); this suggests that the ripples are generic to the
systems with syringe pumps. To identify the source of rip-
ples, we repeat the experiments and systematically vary the
flow rates of both the inner and the continuous phases. The
frequency of the ripples, fripples, only depends on the flow rate
of the inner phase, Qin (see Fig. 3). Indeed, since the cross
sectional area occupied by the continuous phase close to the
nozzle is about 500 times larger than that occupied by the
inner phase, for the flow rates considered here, the mean
velocity of the continuous phase is two orders of magnitude
smaller than that of the inner phase. Therefore, the wave-
length of the fluctuations induced by the outer phase is too
small to be observed. The frequency of the ripples, fripples, is
identical to the frequency of the pulsations of the syringe
pump that drives the inner phase, fpulse = 4Q/(πD2s), as calcu-
lated with relation (1) (see Fig. 3). Therefore, these observa-
tions suggest that the ripples visible at the interface between
the two immiscible phases are induced by the pulsation of
the stepper motor in the syringe pump and that each advanc-
ing step causes one pulse.

Based on the above hypothesis, the frequency of the
pulsations should vary according to the speed at which the
relevant components in the stepper motor move. This
speed depends on various parameters, such as the flow rates,
the internal diameter of the syringe, and the advancing
distance per step (which depends on the design of the
syringe pump and is provided by the manufacturer). If the
ripples are caused by the pulsations of the syringe pump,
their frequency is expected to show a unique dependence
This journal is © The Royal Society of Chemistry 2014
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on these parameters. For a given combination of a syringe
pump and a syringe, an increase in the flow rate is achieved
by a proportionate increase in the advancing speed of the
stepper motor. Therefore, the frequency of the ripples is
expected to increase linearly with an increasing target flow
rate, as indicated by relation (1). In addition, if we consider a
syringe with a different diameter, the advancing speed of the
stepper motor should change accordingly to maintain the
same fluid flow rate as predicted by relation (1), leading to a
different pulsation frequency. Thus the ripple frequency,
fripples, should scale with the diameter of the syringe as D2

for constant flow rates and step size of the motor. This sug-
gests that a proper rescaling of the frequency by D2 should
lead to a collapse of the data for a given model of syringe
pump. The linear dependence is indeed observed; the data
for the different syringe pumps can indeed be collapsed onto
a single curve, as shown by the comparison of the experimen-
tally observed and the predicted frequencies of the ripples
as a function of the target flow rate in Fig. 4. Experimentally,
we have obtained the relationship between the ripple fre-
quencies and driving flow rates for three different syringes
with different internal diameters (10.30 mm, 14.57 mm and
23.03 mm). The experimental results are in excellent agree-
ment with the prediction based on the above relationship,
as shown in Fig. 4.

Our results suggest that the ripple frequency can be pre-
cisely predicted if the dispensing conditions and the configu-
rations of the syringe pump are known. To confirm this, we
repeat the experiments using a syringe pump of a different
brand with different specifications, and we calculate the pre-
dicted ripple frequencies for different flow rates and syringes
of different internal diameters, using the new advancing
distance per step of the motor. Indeed, the observed ripple
frequencies are precisely predicted (see Fig. 5). These results
confirm our hypothesis that each observed ripple at the
Fig. 4 Frequency of the ripples as a function of the flow rate of the
inner phase Qin for different sizes of syringes, driven by an LSP01-2A
syringe pump. Data points with error bars denote the measured fre-
quencies of ripples for different syringe diameters: blue (SGE 5 mL),
green (SGE 10 mL), and red (Hamilton 25 mL). The black dashed-
dotted line is the analytical prediction given by relation (1).
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all-aqueous interface with ultralow interfacial tension is trig-
gered by an advancing step of the stepper motor. To the best
of our knowledge, this is the first systematic and direct visu-
alization and confirmation of the fluctuations in flow rates
induced by syringe pumps. Our approach can serve as a test
for checking the advancing step size of syringe pumps
against their specifications.

Another important parameter to quantify is the amplitude
of the fluctuation of the flow rate, but it is more difficult to
predict. Consider a jet of radius rj in an axisymmetric co-flow
capillary of radius R. We estimate the amplitude by approxi-
mating that, to first order, the dimensionless radius of the
jet, r = rj/R, is the same as in an axisymmetric capillary of

equivalent diameter D L= / =2 1185π μm (where L = 1.05 mm

is the thickness of the square capillary). Then, in this axisym-
metric capillary of radius R, r is related to the ratio of the
inner Qin and outer Qout flow rates, as well as the viscosity of
the inner ηin and outer ηout phases through the relation:18
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The geometry of the problem described in the above
experiments is more complicated to model due to its devia-
tion from the axisymmetric case, since the outer capillary has
a square cross-section rather than a circular one. However,
for simplicity, we will use the previous equation as an approx-
imation to estimate the amplitude of the flow rate fluctua-
tions. We denote δQin and δr as the fluctuations of the flow
rates and the jet radius, respectively; therefore:

Qin = Qin,0 + δQin and r = r0 + δr (3)

With small fluctuations, i.e. δQin/Qin,0 ≪ 1 and δr/r0 ≪ 1,
relation (2) leads, to first order in δr and after simplification, to
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Fig. 5 Same as Fig. 4 but with different syringe pumps, Cole Parmer
EW-74900-45, whose advancing distance per step is 0.165 μm.
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To highlight the effects of stepper motors in syringe
pumps on the fluctuations in flow rates dispensed, we pick
the syringe pump with the largest amplitude of fluctuations,
probably due to aging of the machine parts and prolonged
usage (Fig. 1). We extract the experimentally observed average
diameter of the jet, djet as well as the amplitude of the
fluctuation of the jet radius, δr, and obtain djet = 435 μm,
δd = 2 and δr = 13 μm in a capillary of equivalent diameter
D = 1185 μm. The viscosity values of the inner and outer
fluids are ηin = 1.37 mPa s and ηout = 13.0 mPa s, respec-
tively. Using these values and expression (4), we obtain an
estimate of the inner flow rate fluctuation for the parameters
used in Fig. 1(a), δQin/Qin ~ 0.09. From this simple model,
the fluctuations in flow rate due to the syringe pump are
estimated to be around 9%. Despite the fact that our capillary
is not axisymmetric and relation (1) or (2) may not be totally
adapted, we have been able to provide a first estimate of the
amplitude of perturbation. The uncertainty obtained is an
upper bound since the estimation is performed using data
from a driving syringe pump that is known to provide pro-
nounced fluctuations in flow rates. In a normal microfluidic
operation, the observed fluctuations are likely much smaller
on the order of 1–2%. Our experimental results thus provide
a simple way to estimate both the frequency and amplitude
of fluctuations in flow rates caused by the syringe pump
used. To estimate the polydispersity of the resulting emulsion
generated with such a syringe pump, we apply a scaling law
previously derived for the diameter of droplets formed by the
breakup of a widening jet.27 The drop diameter is shown to
be related to the inner fluid flow rate Qin and the velocity of
the outer phase uout, through the relation

d Q
Qdrop
in

out

∼
1 2/

⎛

⎝
⎜

⎞

⎠
⎟ (5)

The polydispersity of the emulsion droplets is therefore
estimated to be:
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For the system considered here, a syringe pump dispenses
the inner fluid, and a pressure-driven pump dispenses
the outer fluid. Therefore, the uncertainty in the outer fluid
flow rates is much smaller than that for the inner fluid flow
rate. Based on this approach, the polydispersity is estimated
to be δddrop/ddrop ~ δQin/2Qin ~ 4.5%. Despite the simplifying
assumptions, our approach suggests that the perturbation in
the flow rates induced by the syringe pump can lead to varia-
tions in the size of the droplets which are of the same order
as the measurements reported in the literature.13–15 Using
this approach, 1–2% fluctuations in the flow rates delivered
by the corresponding syringe pumps will result in a polydis-
persity in droplet size of about 0.5–1%. The variability in the
748 | Lab Chip, 2014, 14, 744–749
values of polydispersity reported may be due to the difference
in the performance of different syringe pumps.

4. Conclusions

In this article, we report the first visualization of fluctuations
induced by a syringe-pump in a liquid–liquid system with
ultralow interfacial tension by observing the generated rip-
ples on the interface. These ripples, which are normally hid-
den in systems with a much higher interfacial tension, are
visible due to the passive nature of the all-aqueous interface
with significantly lower tension. We quantitatively character-
ize the ripples against different flow rates, syringe diameters,
and step sizes of the syringe pumps and also provide a first
estimate of the amplitude of the fluctuations. These results
confirm our hypothesis that each ripple is generated by one
moving step of the stepper motor. Our work provides an
approach to characterize syringe pumps, based on microfluidic
flows, to unprecedented precision and inspires a new way to
detect minute fluctuations in flow rates. We also show that the
small variation of the flow rate induced by syringe pumps
potentially plays a role in contributing to the polydispersity of
emulsions.13–16 Furthermore, the sensitivity of the interface
reported here suggests the possibility to manipulate fluid
dynamics in passive interfaces through minute vibrations
including sound waves. By varying the flow rate in a controlled
manner, it is foreseeable to form interfacial ripples with tun-
able frequency and amplitude, as we have deduced in this
work. This provides an opportunity to correlate the deforma-
tion of the interface to the variation of the flow rates.
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