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We study pressure and flow-rate fluctuations in microchannels, where the flow rate is supplied by a syringe pump. We demon-
strate that the pressure fluctuations are induced by the flow-rate fluctuations coming from mechanical oscillations of the pump
motor. Also, we provide a mathematical model of the effect of the frequency of the pump on the normalized amplitude of
pressure fluctuations and introduce a dimensionless parameter incorporating pump frequency, channel geometry and mechanical
properties that can be used to predict the performance of different microfluidic device configurations. The normalized amplitude
of pressure fluctuations decreases as the frequency of the pump increases and the elasticity of the channel material decreases.
The mathematical model is verified experimentally over a range of typical operating conditions and possible applications are

discussed.
1 Introduction

All flow systems can experience fluctuations, even when ap-
parently steady operating conditions are imposed. In particu-
lar, the wide applicability of microfluidic systems for fluid de-
livery operations in chemical, materials, biological and medi-
cal processes ' raises the question of characterizing the mag-
nitudes of the pressure or flow-rate fluctuations. To the best
of our knowledge, there have been few studies of these in-
evitable fluctuations. For example, recently Li et al.® pro-
vided visual evidence of the flow-rate fluctuations that arise in
flow-rate driven microfluidic flows and correlated the fluctua-
tions with the mechanical oscillations that occur with syringe
pumps. Here, we document direct measurements of the pres-
sure fluctuations in flow-rate driven microfluidic flows, and
provide a mathematical model in good agreement with the
data that shows lower relative pressure fluctuations for higher
frequencies and in softer systems.

The mechanical response of microfluidic devices can be
characterized by measuring the deformed shape of the soft
channels and the pressure in the channels. For example, di-
rect measurement of the shape of channels for pressure-driven
flow have been reported.”® Also, by measuring the pressure
drop, the flow rate of a microchannel can be calculated and
the dynamic characteristics of the microfluidic device can be
determined. >'® Similar ideas have been demonstrated to of-
fer a strategy for flow control in microchannels: by measuring
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the input and output amplitudes of the pressure in microfluidic
circuits with passive elastomeric features, the effect of the fre-
quency of a time-modulated pressure source on fluid flow can
established and controlled .

While pressure fluctuations are often thought of as caused
by flow-rate fluctuations, 12,13 pressure fluctuations can occur
independently of flow-rate fluctuations, due to the deforma-
bility of elastic tubes common to many flow devices.'* For
example, such pressure fluctuations have been studied in mod-
els of physiological flows when the Reynolds number is high,
e.g.>1% In microfluidic systems, for which the Reynolds num-
ber is typically low to moderate, e.g. Re < 10, syringe pumps
have been used widely to supply continuous flow rates. How-
ever, although syringe pumps are a common source of flow-
rate fluctuations®, to the best of our knowledge, the magni-
tude of the correspond pressure and flow-rate fluctuations, and
how they vary with pump frequency, geometrical features and
physical properties, have not been quantified; some qualitative
comments can be found in the literature, such as the remark
that fluctuations in flow rate are larger at lower flow rates.’

In this paper, we present experimental measurements of
the frequency and amplitude of syringe-pump-driven pres-
sure fluctuations in PDMS microchannels. A model is estab-
lished to explain the temporal development of pressure fluc-
tuations as a function of pump frequency, geometrical param-
eters and fluid properties. Using a non-dimensional Strouhal
number that compares the forcing frequency to a viscoelas-
tic frequency, the normalized amplitude of the pressure fluc-
tuations can be quantified. The model then suggests several
methods for reducing relative pressure fluctuations in soft mi-
crochannels.
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2 Experimental setup

We report two types of flow-rate-driven experiments: studies
of (i) pressure fluctuations and (ii) droplet generation. In par-
ticular, the droplet generation experiments will be used as a
tool for characterization of the fluctuations in the flow rate.
We design a T-junction microchannel to conduct these exper-
iments. The width, height and length of the rectangular mi-
crochannels are, respectively, 100 um x 10 ym x 100 mm. In
our experiments, one type of syringe pump (Harvard Appa-
ratus Standard Infuse/Withdraw PHD Ultra Syringe Pump) is
tested. HSW syringes are used for the experiment, and the di-
ameters D of the syringes are 4.69, 9.60, 12.45 and 15.90 mm.
Water is chosen as the working liquid and the pressure drop
across the system is measured. The simplified model of the
experimental system is shown in Fig. 1. Here, Q; (possibly
time-varying) is the inlet flow rate and Q, is the outlet flow
rate.

The gauge pressure at the inlet of the PDMS microchannel
is measured by a pressure sensor (OMEGA PX26-005GV, 0-
Spsi) and is referred to below as the pressure drop AP, which
can vary in time. The listed output voltage for the OMEGA
PX26-005GV pressure transducer is 50 mV at 5 psi . In or-
der to maintain accuracy for readings at lower pressures, an
instrumentation amplifier circuit is used to amplify the volt-
age output of the sensor to a range that is easily readable by
available equipment. The circuit is constructed from three op-
amps (Texas Instruments UA747), two of which serve as input
buffers for the third, which is wired as a standard differential
amplifier. This approach allows for accurate pressure read-
ings from 690 Pa to 34.5 kPa in the current experiments (or
as low as 200 Pa if needed). The output voltage of the circuit
is calibrated by applying a known hydrostatic pressure to the
pressure transducer. It is important to note that the voltage
output is sensitive to changes in the power input to the sensor,
so a consistent voltage supply should be used.

With the goal of measuring pressure fluctuations in mind,
we note that there are several possible limitations on the reso-
lution of the fluctuations (e.g. '°). For our experiments, the re-
sponse frequency of the pressure transducer is 1000 Hz and the
sampling frequency of the data acquisition is 60 Hz. The fre-
quency scales associated with flow through the channel range
from 5 — 15 Hz, based on the range of mean flowrates. There-
fore, as discussed further below, the sampling frequency of
the pressure transducer is much higher than the measured fre-
quency of the pressure fluctuations. Frequencies lower than
5 Hz reflect oscillations of the channel as one self-contained
element within the microfluidic network and do not indicate
well-resolved waveforms within the channel geometry itself.

We use Sylgard 184 to fabricate the PDMS microchannels.
To study the effect of the elasticity of the microchannels on the
pressure fluctuations, different Young’s moduli £ of PDMS

T-junction Droplet

microchannel generation
~ HH‘\ /'
[ | I ]

T
Pressure Pressure
Sensor \ Pressu |'e/r Sensor

drop

Fig. 1 Simplified model of the experimental system, where Q; and
Qo denote, respectively, the input and output flow rates. For the
experiments on drop generation, we use the same device.

are compared in the same microchannel system. The Young’s
modulus of PDMS is determined by the mixing ratio, the heat-
ing temperature and the heating time. '’ For PDMS fabrica-
tion, the mixing ratios of the base polymer to the curing agent
are chosen as 15 to 1 and 5 to 1, and heating occurs at the
curing temperature of 70°C for 10 h. The PDMS channel is
connected to the syringes and pressure transducers by polyte-
trafluoroethylene (PTFE) tubing with inner diameter 0.6 mm,
thereby forming a network of the pump, pressure transducer,
and channel. The Young’s modulus of PTFE is approximately
two orders of magnitude larger than that of PDMS, and there-
fore the effect of the elasticity of the connecting tubing on the
pressure fluctuations within the network is neglected.

For the two-phase flow experiments reported in Section
5, water-in-oil droplets are generated in the T-junction mi-
crochannel, where the viscosity u,, of the deionized water used
is 1 cP, the viscosity u, of silicone oil is 5 cP, and the interfacial
tension is Y =40 mN/m. The values of all the experimental pa-
rameters are given in Table 1. The capillary number, Ca = ‘%,
where v is a typical speed, characterizes two-phase for water
drops in oil. For typical values of our experiments Ca ~0.1.

3 Pressure fluctuations measurement

We define (AP) as the mean pressure drop and AP(r) as the
pressure drop fluctuations. Then, the instantaneous pressure
drop AP(¢) is

AP(1) = (AP) + AP(1) (1)

For the same PDMS device, different diameters of syringes
are tested. In a typical experiment, after a steady flow is estab-
lished, which takes about 2 minutes, the gauge pressure at the
inlet of the PDMS microchannel is measured, and gives the
pressure drop AP(¢). Fig. 2 shows time traces of the instanta-
neous pressure drop AP(r) normalized by the mean pressure
drop (AP) for a fixed mean flow rate of the syringe pump.
It can be seen that both the amplitude and frequency of the
pressure fluctuations vary with the syringe diameter. In partic-
ular, the pressure fluctuations are approximately time-periodic
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Table 1 Parameters of the microchannel, syringe and fluid.

Explanation Variables | Values
Channel width w (um) 100
Channel height h (um) 10
Channel length [ (mm) 100
Syringe diameters (1 ml) D; (mm) | 4.69

(2.5 ml) D, (mm) | 9.60

(5 ml) D3 (mm) | 12.45

(10 ml) Dy (mm) | 15.90
Viscosity of water Uy (cP) 1
Viscosity of silicone oil Uo (cP) 5
Interfacial tension Y (mN/m) | 40
Young’s modulus of PTFE Ey MPa) | (6+2)x 107
Young’s modulus of PDMS E, (MPa) | 1.0+0.1
Young’s modulus of PDMS E>, MPa) | 2.0+0.1
Pitch for syringe pump screw | s (mm) 1.056
Constant in equation (4)8 c 0.8+0.2

and the smaller amplitude, higher frequency fluctuations occur
for the smaller diameter syringe. Moreover, for the syringe
of larger diameter, the amplitude of the pressure fluctuations
reaches nearly 3% of the mean pressure drop (AP). Also, we
note that the absolute amplitude of the pressure fluctuations is
about 1.0 kPa, and the frequency f of the pressure fluctuations
is about 0.01 Hz.

The measured frequency f of pressure fluctuations is ex-
pected to follow the inherent mechanical frequency f; of the
screw-driven syringe pump?°, which varies with the syringe
diameter D and mean inlet flow rate (Q;) according to

_40)

D%’

f @)
where s is the pitch of the screw in the syringe pump. Fig. 3
shows the measured frequency f of pressure fluctuations plot-
ted against the mean inlet flow rate for four syringe diame-
ters: the dotted lines show the prediction of the mechanical
frequency f; from equation (2), and the ratio f/f; is shown in
the inset of Fig. 3. For the inlet flow rates ranging from 0.03
- 0.09 ml/min, the deviation between f and f; is smaller than
10%.

We next quantify the amplitude of the pressure fluctuations
using the root-mean-square of the pressure drop fluctuations
AP,,,s normalized by the mean pressure drop (AP), as shown
in Fig. 4, which includes the results of different syringe di-
ameters D, mean inlet flow rates (Q;) and Young’s moduli E.
We note that the normalized amplitude AP,,,;/{AP) of pres-

1.03

1.02

1.01f

AP(t) / PO

0.99r

098 L L L L L L
400 500 600 700 800 900
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Fig. 2 Measured pressure fluctuations in a PDMS microchannel.
Young’s modulus of PDMS: E=1.0 + 0.07 MPa, the mean inlet flow
rate of syringe pump: (Q;)=0.02 ml/min, dark line D= 12.45 mm
and light line D=15.90 mm.

sure fluctuations varies by two orders of magnitude over two
decades in mechanical frequency f;, and can be reduced by de-
creasing the Young’s modulus E of the channel for the same
mechanical frequency of the syringe pump.

4 Mathematical model

For a closed channel, continuity dictates that the difference
between the inlet flow rate Q; and the outlet flow rate Q, is
equal to the time rate change of the volume V of the channel
itself, where the volume (V = whl) is equal to the product of
the width, height, and length of the channel, respectively. As
the typical flows are incompressible, the continuity of the flow
rate can be expressed as

dv
Qi=Qo=—- 3)

If w > h, the resistance of the channel is controlled mainly
by h, so the change in the height of the channel induced by
the pressure field needs to be considered. The actual height
can then be expressed as hg + Ah, where hy is the undeformed
channel height and A#h is the deformation of the channel. This
deformation is a function of the maximum pressure’, which is
set by the pressure drop AP. Hence, the typical magnitude of
channel deformation can be expressed as

Ah=cYAP )
E

where c is an order-one constant®, which is determined by the
stiffness of the microchannel. In our experiments, the thick-
ness of the PDMS microchannel is 2 mm, so by linear inter-
polation of published results® based on the thickness of the
channel wall, we estimate ¢ ~ 0.8 £0.2.

This journal is © The Royal Society of Chemistry [year]
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Fig. 3 Measured frequency of pressure fluctuations relative to the
mechanical frequency of the syringe pump under different flow
rates. Syringe diameters: o D =4.69 mm; [0 D =9.60 mm; >

D =12.45 mm;sr D =15.90 mm. The mechanical frequency
predicted for each inlet flow rate is defined by the dotted lines — ——.
The inset shows that the ratio of the measured (f) to the predicted
(fy) frequencies is nearly constant, independent of the mean inlet
flow rate.

The inlet flow rate is specified by the pump, and the outlet
flow rate is assumed to be a linear function of the pressure
drop between the inlet of the channel and the outlet. By using
the model of Poiseuille flow and allowing for the deformation
Ah of the channel height, the outlet flow rate can be described
approximately by

wh’ Ah
0,- (1

12ul h
where u is the fluid viscosity of the single-phase flow. By lin-
earizing the outlet flow rate Q, with respect to Ah, substituting
equations (5) and (4) into (3), with volume V = wil(h+Ah), we
obtain

) AP (5)

2 3
cw?l dAP wh
0= ——AP, (6)
E dt 12,ul
1 11

which was also obtained in the analysis of Leslie et al.

Assuming the flow rate of the pump is a periodic func-
tion of time, we define (Q;) as the mean flow rate of the
pump and Q;(r) as the flow-rate fluctuations. We take Q;(r) =
\/erms cos (2mfit), substitute into equation (6) and integrate,
which yields the pressure drop

n 20,
AP(t) = 2 (0:) + V20ms cos (2nfit —0)
12ul 2 2
H \/(Lﬁ) +(2ncw21) f2
12ul E i
(7N
e T
where ¢ = arccos [1 + (%) [2:| is the phase delay of

the pressure compared with the flow rate.
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Fig. 4 A log-log plot of the mechanical frequency of the syringe
pump and the normalized amplitude of pressure fluctuations.
Young’s modulus of PDMS: E=1.0 + 0.07 MPa, experimental
syringe diameters: x D =4.69 mm; ¢ D =9.60 mm; + D =12.45
mm;* D =15.90 mm. Young’s modulus of PDMS: E=2.0 + 0.12
MPa, experimental syringe diameters: v D =4.69 mm; A D =9.60
mm; < D=12.45 mm;[> D =15.90 mm.

Subtracting the mean pressure drop from equation (7), tak-
ing the root-mean-square and rewriting in terms of the normal-
ized amplitude Q,.,/{(Q;) of the flow-rate fluctuations, then
the normalized amplitude of pressure fluctuations becomes

AmeS — 1 an‘lS (8)
(AP)  /1+5:2 (Qi)
where
ufi
St = 24me (h3 )( ) ©)

The dimensionless parameter St represents a type of Strouhal
number for the oscillations of the elastic channel system. This
Strouhal number is a non-dimensional frequency that incorpo-
rates the mechanical frequency f; of the pump, the frequency
E [u associated with the fluid-structure interaction, and the ge-
ometrical parameters of the microchannel. However, in or-
der to test the model prediction of equation (8) for the overall
behavior of pressure fluctuations, the normalized amplitude
Orms/{(0;) of flow-rate fluctuations needs to be estimated.

5 Estimating flow-rate fluctuations

One way to measure the flow-rate fluctuations, which has
practical significance in many experiments, is by using a two-
phase flow, forming droplets, and measuring the length of the
droplets. For example, it is known that in a T-junction mi-
crochannel, the length of the droplets is correlated with the
flow-rate ratio of the two immiscible fluids. Thus, we ex-
pect that at low capillary numbers (Ca <« 1), the length of the

4 | Faraday Discuss., [year], [voll-6

This journal is © The Royal Society of Chemistry [year]

Page 4 of 6



Page 5 of 6

Lab on a Chip
6 107
005
004 £\
L A 4
= 00 ‘?\f ¥ 5
g %_ T ,
i 002 4 | % -1 X
= 0.01 A~
= 0 § £ e tm~ *7 s
= 10° 107 107" 5 b i D_é Xi{‘\
f (H2) 3 g 10° **ﬁ 1
3 .
2t 3 4
T
i
. I I . 10’4 .
10 0.02 0.04 0.08 0.08 0.1 1 0 L
- . : : : 10 10 10
f (Hz) St

Fig. 5 Measured length of droplets under different mechanical
frequencies f; of the syringe pump. w is the width of the
microchannel, (L) is the mean value of droplet length and Lyms/(L)
is the normalized amplitude of droplet length fluctuations. The data
can be fit with the linear equation (L)/w = ¢1Q;/Qp + ¢2, where

Qo = 0.2 ml/min is a constant and Q; is changing and c; are
constants; from the data we estimate ¢; = 1.5 and ¢ = 0.3.The inset
shows that the normalized amplitude of droplet length fluctuations
varies with the mechanical frequency (different flow rates) of the
syringe pump. The same syringe diameter was used in all of these
experiments.

droplets is a linear function of the flow-rate ratio of the two im-
miscible fluids.?! If there are periodic flow-rate fluctuations,
the lengths of the droplets also vary in time.?® In our experi-
ments, the frequency of drop formation, and our sampling fre-
quency, are much larger than the mechanical pump frequency
fi- Hence, we are able to detect fluctuations in drop length,
which in turn provide estimates of (the more slowly changing)
fluctuations in flow rate.

Using the same T-junction microchannel as above, we now
report our results for droplet generation. Here, water is chosen
as the dispersed phase and silicone oil is chosen as the contin-
uous phase. The flow rate of the continuous phase is spec-
ified as 0.09 ml/min, so the capillary number Ca of droplet
generation is about 0.2. The diameter of the syringe used for
droplet generation is 12.45 mm (similar results were obtained
for 9.60 mm and 15.90 mm diameter syringes). The flow rate
of the syringe pump varies from 0.01 - 0.65 ml/min, and the
mechanical frequency of the syringe pump varies from 0.002
- 0.09 Hz, which is comparable to the range studied for the
measured pressure fluctuations above. Water-in-oil droplets
are generated in the T-junction microchannel, with frequen-
cies ranging from 50 - 100 Hz, which is much higher than
the mechanical frequency f; of the syringe pump. We use a
high-speed camera to capture images of drops, with a frame
rate 1000 fps (and typically 5-8 drops per frame). By using

Fig. 6 A log-log plot of the non-dimensional Strouhal number and
the amplitude of pressure fluctuations. Young’s modulus of PDMS:
E=1.0 = 0.07 MPa,syringe diameters: x D =4.69 mm; e D =9.60
mm; + D =12.45 mm;* D =15.90 mm. Young’s modulus of
PDMS: E=2.0 + 0.12 MPa, syringe diameters: v D =4.69 mm;
D=9.60mm; < D=12.45 mm;> D =15.90 mm. The confidence
interval of the model prediction is defined by the two dotted lines:

image-processing software in Matlab, the length of individual
droplets is measured. Fig. 5 shows the results of droplet length
as a function of the mechanical frequency f;. Here, the mean
length (L) of droplets is normalized by the channel width w,
and the root-mean-square of droplet length fluctuations L, is
normalized by the mean droplet length (L).

From Fig. 5, the mean length of droplets varies linearly
with the flow rate of the syringe pump, as expected given that
the droplet generation rate is much faster than the frequency
of operation of the syringe pump. Also, the normalized am-
plitude L,,,s/(L) of droplet length fluctuations varies with the
flow rate of the syringe pump, as shown in the inset of Fig.
5. We observe that L,,,/(L) decreases as the flow rate in-
creases, and becomes nearly constant at higher flow rates, with
about a 10% deviation shown via the error bars. The fluctua-
tions are higher at lower frequencies, as indicated previously
by Kim et al.® As the syringe pump is driven by a stepper
motor (1.8° for each step in this experiment), the mechanical
oscillations significantly increase as the motor rotation speed
decreases. Therefore, droplet generation becomes steadier as
the mechanical frequency f; increases, which helps to ratio-
nalize the measured L,,,5/(L) (see inset to Fig. 5).

Based on the measurements L,,,;/(L) of droplet length fluc-
tuations, the normalized amplitude Qs/{(Q;) of flow-rate
fluctuations can be estimated as a function of frequency. In
particular, we can represent the data in Fig. 5 as (L)/w =
¢10i/Qp + ¢3, where Qp = 0.2 ml/min is a constant and Q; is
changing and c; are constants; from the data in Fig. 5 we esti-

This journal is © The Royal Society of Chemistry [year]
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mate c; = 1.5 and ¢ =0.3. Then, based on our rapid sampling,
we can conclude that <Qé’l"; = L(’L”SY (inset of Fig. 5).

Next, we use the estimation of Q,,s/(Q;) to complete the
model prediction of the pressure drop fluctuations, equation
(8). Replotting the normalized amplitude AP,,s/(AP) from
Fig. 4 using the non-dimensional Strouhal number defined
in equation (9 ) allows a collapse of the experimental results
for the two different Young’s moduli of PDMS we used, as
shown in Fig. 6. Based on the uncertainties in the estimate of
Orms/{Q;), the confidence interval of the model predictions is
plotted with two dotted lines in Fig. 6, where we used equation
(8) with the measured values of Q,,,,s/{Q;). There are no fitting
parameters here, as all parameters are known or measured, and
the experimental results are mainly within the confidence in-
terval of the model predictions. The slight under-prediction of
the pressure fluctuations at lower Strouhal numbers may indi-
cate a possible under-estimation of the flow-rate fluctuations
at low frequencies, in the range where the syringe pump step-
per motor becomes less reliable, as noted above, although the
discrepancy is nearly within the limits of experimental error.

From the above analysis, in syringe-pump-driven microflu-
idic systems, the normalized amplitude of pressure fluctua-
tions can be quantified based on the Strouhal number. For a
specific flow-rate fluctuation of the syringe pump, by increas-
ing the Strouhal number, the normalized amplitude of pressure
fluctuations is reduced significantly, which improves the sta-
bility of the flow.

6 Conclusions

In syringe-pump-driven microfluidic systems, pressure fluc-
tuations are observed in an elastic microchannel. The syringe
pump is driven by an electrical stepper motor, from which me-
chanical oscillations are expected to generate flow-rate fluc-
tuations and in turn leads to the pressure fluctuations in the
channel flow. We confirmed that the frequency of pressure
fluctuations is consistent with the mechanical frequency of the
syringe pump.

Most importantly, we developed a mathematical model of
the pressure fluctuations in an elastic microchannel. As the
flow rate of the syringe pump increases, the amplitude of pres-
sure fluctuations is affected mainly by the mechanical fre-
quency of the pump. For a specific microfluidic device, the
normalized amplitude of pressure fluctuations is reduced as
the mechanical frequency of the syringe pump increases, but
varies with the Young’s modulus of the channel material, as
captured by the Strouhal number dependence in equation (8).
By increasing the Strouhal number, the amplitude of pres-
sure fluctuations in an elastic microchannel is greatly reduced,
which improves the stability of syringe-pump-driven microflu-
idic flows.
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