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a  b  s  t  r  a  c  t

We  report  for  the  first  time  an  electrolytic  micropump  based  on  an  electrode  chip  fabricated  on  a  printed
circuit  board  (PCB),  and  compare  its  performance  with  that of  a micropump  based  on  an  electrode  chip
fabricated  using  conventional  microfabrication.  Gold  interdigitated  (IDT)  electrodes  are  patterned  on
a PCB  to minimize  ohmic  loss during  electrolysis.  Custom-built  acrylic  fixtures  are  used  to characterize
pumping  performance  of  various  electrode  chips  with  different  electrode  shapes  and  materials.  Hydrogen
and oxygen  gas  bubbles  produced  by electrolysis  generate  liquid  flow  inside  a  microchannel.  As predicted
by  the  theory  of  water  electrolysis,  the  micropump  produces  flow  rate  increasing  linearly  with  current  at
a wide  range  (1 mA–2  A).  Our  micropump  yields  the  maximum  flow  rate  of  31.6  ml/min  and  maximum
backpressure  of  547  kPa (at 34 �l/min),  significantly  high  compared  with  the  previous  micropumps  based
on  various  actuation  mechanisms  including  piezoelectric  actuation,  electroosmosis  and  phase  change.
The  PCB-based  micropump  with  a thick  electroplated-gold  electrode  (0.43  �m)  chip  shows  the  overall
nterdigitated electrode best  performance  in  terms  of flow generation,  power  consumption  and  cost,  compared  with  the  PCB-
based  pump  using  an thin  electroless-gold  electrode  (0.04  �m)  and  the  pump  using a microfabricated
chip  with  a  sputtered  gold  electrode  (0.2  �m).  We  anticipate  the  PCB-based  electrolysis  pump  will  be
used  in  portable  lab-on-a-chip  devices  where  an  integrated  microscale  pressure  source  with  low  power
consumption  and  simple  fabrication  is  crucial.

© 2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

A self-contained, microscale, active pump has been an thriv-
ng area of research owing to its wide applications including LOC
Lab on a chip), biomedical microdevices (e.g., implantable drug
ispenser), microelectronic-device cooling, miniaturized fuel cells
nd microhydraulics [1–10]. The LOC promises a rapid and sensitive
nalysis of biological and chemical analytes with minute reagent
nd sample consumption at low cost [11,12]. A micropump is an
ndispensable component of an LOC since it is essentially a pressure
ource driving liquids inside a network of microscale channels and
uidic components. However, many of LOCs still rely on a power-
ungry external pressure source [13], sometimes inaccurate finger

ush [14] or tedious manual pipetting. Thus, a simple micropump
hat is monolithically fabricated and integrated into an LOC, and

∗ Corresponding author.
E-mail address: dohyun.kim@mju.ac.kr (D. Kim).

ttps://doi.org/10.1016/j.sna.2018.04.042
924-4247/© 2018 Elsevier B.V. All rights reserved.
can deliver suitable pumping performance could be one of key
ingredients for a wide success of the LOC.

Since 1970s when the first micropump was  introduced [15],
pumps of various actuation mechanisms, materials, shapes, form
factors and figures of merit have been presented. Micropumps are
usually classified based on ways to transfer momentum to liq-
uid and characteristics of moving boundary [1,4]. A majority of
micropumps published are “displacement” pumps consisting of a
reciprocating diaphragm (solid) that is actuated piezoelectrically,
electrostatically, thermopneumatically, etc. Having a periodically
moving diaphragm, although some of these pumps yield excellent
pumping performance, an intricate fabrication process includ-
ing bonding of multiple thin-film layers and manual gluing of a
piezoelectric film hinders facile integration into an LOC. Microp-
umps having rotational vanes (e.g., gear pump) share a similar
drawback of manufacturing complexity. In order to overcome this

limitation, “dynamic” micropumps in which direct, continuous
momentum transfer to liquid generates flow have been pro-
posed [1,10]. However, high operational voltage (electroosmotic,
electrohydrodynamic), sensitivity to liquid and surface condition

https://doi.org/10.1016/j.sna.2018.04.042
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2018.04.042&domain=pdf
mailto:dohyun.kim@mju.ac.kr
https://doi.org/10.1016/j.sna.2018.04.042
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electroosmotic), limited selection of working fluids (electrohy-
rodynamic), and complex operation/fabrication and large current
magnetohydrodynamic) may  have been the reasons that these
umps are not widely accepted as an integrable LOC component.

Other types of displacement micropumps based on phase
hange, electrowetting, or ferrofluids exploit aperiodic pressure
radient between driving fluid (liquid or gas) and immiscible work-
ng fluid [8]. These micropumps have generally simpler structures,
hus leading to easier fabrication than the reciprocating-diaphragm

icropumps do. Among the phase-change methods, electroly-
is of water, an electrochemical conversion of liquid (water) to
as (hydrogen and oxygen) has drawn much attention as an
ctuation mechanism because of large volume expansion, high
fficiency, excellent backpressure and low power consumption
16–19]. Moreover, since it only requires electrodes and electrolyte
n a reservoir with no moving parts, simple construction and fab-
ication render an electrolytic micropump promising as an LOC
ressure source [5,19,20].

Many different approaches were taken to improve the
erformance of electrolytic micropumps including electrode-
esign optimization [21,22], feedback control [23], parallelization
24], remote operation [25], protective electrode coating for
nhanced lifetime [26], separation of electrolyte and working fluid
21,25,27–29] and bidirectional pumping [30]. All of these pre-
ious electrolytic micropumps have been fabricated on silicon
r glass substrate using conventional microfabrication techniques
23,28,31–34]. However, microfabrication is costly and a cleanroom
s not always accessible. On the other end of the spectrum, sim-
le metal wires inserted in a reservoir were proposed as electrodes
35,36] but may  result in reduced manufacturing precision and infe-
ior reproducibility as these electrodes are manually assembled.

In order to address these issues of the previous electrolytic
icropumps, we employ the printed-circuit-board (PCB) tech-

ology for fabrication. The PCB is an appealing platform for
OC devices because it has suitable manufacturing precision
or microfluidic devices [37]. Various mechanical, electronic and
lectro-mechanical components can be assembled on a PCB [37,38].
oreover, being a mature technology, many design tools are avail-

ble to users and a PCB can be readily manufactured through
ell-standardized foundry services at low cost and in large volume.
pplication of the PCB technology to a microanalytical platform, so-
alled Lab-on-PCB has caught attention recently [36,37,39–42]. For

 pressure source, there have been attempts to make reciprocating-
iaphragm micropumps [43,44] and thermopneumatic pump [45]
sing the PCB technology. However, manual assembly of multiple
CB layers, heating wires, a piezo actuator and a diaphragm ren-
ered device manufacturing too complex for wide-spread usage.

In order to see if a PCB-based electrolytic micropump has the
otential to be used in portable LOC devices, we designed and

abricated PCB chips with interdigitated (IDT) gold electrodes for
lectrolysis. Pumping performance was analyzed in terms of flow
ate and backpressure. We  noted that the flow rate and backpres-
ure are surprisingly high compared with the values published in
ecent review papers [1–10]. Lastly, we compared the performance
f PCB-based micropumps with that of a microfabricated pump

n terms of pumping efficiency, lifetime, cost and manufacturing
ccuracy.

. Theory

.1. Electrolysis as a pumping mechanism
When a voltage higher than the standard equilibrium voltage
cell

0 = 1.23 V (1 atm, 25 ◦C) of two half-cell reactions (1) is applied
o a pair of electrodes contacting aqueous solution at acidic or
tors A 277 (2018) 73–84

neutral pH, water molecule is electrochemically dissociated into
hydrogen and oxygen molecules. An oxidation occurs by receiving
two electrons from a water molecule to generate one half of oxy-
gen gas molecule on anode. Simultaneously a reduction takes place
on cathode by giving two electrons to two hydrogen ions to form a
hydrogen gas molecule:

Anode : H2O(l) ↔ 2H+(aq)  + 2e− + 1
2
O2(g)

Cathode : 2H+(aq) + 2e− ↔ H2(g)
. (1)

The net reaction of water electrolysis is:

Net : H2O(l) → H2(g) + 1
2
O2(g) , (2)

and the stoichiometric ratio of evolved gas to consumed liquid
equals to 3:2. At a sufficiently high rate of gas evolution, electrolyte
near the electrodes is supersaturated with the gas, and eventually
gas bubbles are formed [20,46–48]. Theoretical volume expansion
under isobaric condition was  calculated by the ratio between liq-
uid volume consumed and gas volume created through electrolysis:
astounding ×1360 vol expansion [16]. Also, theoretical pressure
generated under isochoric condition was as much as 200 MPa,
superior to other common actuation mechanisms including piezo-
electric and electromagnetic actuations [16]. Thus, electrolysis is
well suited for the pumping mechanism where large volume expan-
sion as well as high pressure are critical.

2.2. Flow rate

Assuming that current flowing through an electrolysis cell con-
tributes to electrolysis 100%, the volume of generated gas V [m3]
is proportional to the total electrical charge C [C] consumed by the
cell and can be expressed as follows [20]:

V = 3Vm
4F

C = 3Vm
4F

It (3)

where Vm is the molar gas volume (24.7 × 10−3 m3/mol at 1 atm,
25 ◦C), I the current [A] and F the faraday constant (96,485 C/mol).
The flow rate Q [m3/s] that a pump generates is equivalent to the
rate of gas production:

Q = dV

dt
= 3Vm

4F
I . (4)

It is noted that the flow rate is proportional to the applied cur-
rent if a constant-current mode (dc) is used. According to Eq. (4),
the flow rate Q is about 10 �L/min under 1 atm when I is 1 mA  [49],
sufficient for common LOC applications.

2.3. Pumping efficiency

Efficiency of an electrolytic pump can be defined as the ratio of
measured volume expansion to theoretical volume expansion [32].
For a constant-current mode and pumping duration t, the pumping
efficient � can be expressed using flow rate Q:

� = Vexperimental

Vtheoretical
= Qexperimental × t

Qtheoretical × t
= Qexperimental

Qtheoretical
. (5)

The pumping efficiency is lower than 1 because not all currents
contribute to gas production; some to nonfaradaic reaction such as
double-layer charging, and side faradaic reaction such as electrode

and adhesion-layer dissolution. In addition, there exist inevitable
gas losses including gas recombination into water, gas dissolution
and diffusion into neighboring electrolyte, and gas and electrolyte
leakage [50].
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.4. Power consumption

An important consideration for a micropump integrated into
 portable LOC device is to minimize power consumption. For
onstant-current operation, the consumed power of an electrolytic
ell Pcell can be expressed as:

cell = IVcell , (6)

nd the power can be reduced by decreasing cell voltage Vcell. The
ell voltage is a sum of standard equilibrium voltage Vcell

0 and
vervoltage Vact, Vcon and Vohm:

cell = V0
cell + Vact + Vcon + Vohm . (7)

In order to drive electrolysis reaction in an appreciable rate for
umping, activation overvoltage Vact has to be applied to elec-
rodes. This overvoltage is used to overcome the reaction energy
arrier and highly depending on electrode materials and surface
onditions. Vact shows a logarithmic relation with current. Platinum
s commonly used as the electrode material owing to high catalytic
ctivity and chemical inertness [51]. However, the platinum also
hows a high catalytic activity on gas recombination into water
31]. Thus, we chose gold for chemical inertness [52] and material
ompatibility with the PCB manufacturing process. Concentration
vervoltage Vcon is related to mass transport and is increased when
elivery of reactants to the electrode and removal of products from
he electrode are slow. It is known that concentration overvoltage
s much lower than ohmic and activation overvoltages [53]. The
hmic overvoltage is proportional to current I and the total ohmic
esistance including cell resistance Rcell, bubble resistance Rbubble
nd circuit resistance Rcircuit [51]:

ohm = IRohm = I(Rcell + Rbubble + Rcircuit) . (8)

At a mild operating condition, bubble and circuit resistances
an be negligible [54]. In this study, as a first-degree guideline for
lectrode design, we attempted to minimize cell resistance Rcell
ecause (1) the activation overvoltage is not controllable since gold
as selected as the electrode material owing to compatibility with

he PCB process and chemical inertness; and (2) the concentration
vervoltage, and the ohmic overvoltage caused by the bubble and
ircuit resistances were assumed to be small compared with the
hmic overvoltage caused by the cell resistance.

.5. Minimizing cell resistance

A majority of electrolytic micropumps rely on IDT (inter-
igitated) electrode [20,23]. Its advantage over conventional
icroelectrode geometry (e.g., single band, circle) is a low cell resis-

ance as it can minimize current path between anode and cathode
y putting electrode pairs in close proximity using a periodical
epetition of electrodes [55]. The cell resistance Rcell [�] can be
xpressed with the specific resistance of electrolyte � [�·m]  and
he proportionality factor called cell constant � [m−1]:

cell = �� . (9)

In our micropump, 1 M sodium-sulfate solution was  used as the
lectrolyte [36,56] owing to low cost, low electroactivity and high
lectrical conductance (∼91.1 mS/cm at 15% concentration) [57],
hat is, low specific resistance. The cell constant � is determined
y the shape of an IDT electrode, namely, W the width of a finger
band), S the space between two fingers, lb the finger length and nb
he total number of fingers. Olthuis et al. derived expression for �

or an IDT electrode with more than 2 fingers [58]:

 = 1
(nb − 1)lb

2K(k)

K
(√

1 − k2
) , (10)
Fig. 1. (a) Layout and dimension of an IDT electrode, and (b) the cell constant � as
a  function of electrode width W and spacing S calculated using a MATLAB code.

where the elliptic integral K(k) and the modulus k are expressed as
following:

K(k) =
∫ 1

t=0

1√
(1 − t2)(1 − k2t2)

dt , and (11)

k = cos
(
�

2
W

S + W

)
. (12)

In our design, the footprint size of the IDT electrode was  deter-
mined as 9.4 × 9.4 mm2 to fit in an electrolyte chamber. Therefore
the finger length lb was chosen to satisfy a geometric relationship:

lb + 2S + 2W = 9.4 mm , (13)

and the number of electrode nb was chosen to satisfy another geo-
metric relationship:

(nb − 1)S  + nbW = 9.4 mm , (14)

as seen in Fig. 1a. Using a MATLAB code, we  calculated cell constant

� (Eq. 10) as a function of W for a constant electrode spacing S and
for a number of fingers nb (>2) satisfying the geometric relationship
Eq. (14). Calculation was  repeated for the three cases S = 20, 50 and
100 �m.
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 view, (b) side view, (c) top view and (d) bottom view.
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Fig. 2. A jig for measuring flow rate: (a) isometric

It was found that � is a monotonically increasing function of W
s seen in Fig. 1b and also increases with S. Consequently, we  noted
hat the smallest W and S, the minimum feature size achievable
n available PCB fabrication or microfabrication techniques, should
e used in order to minimize Rcell. In addition, choosing the small-
st S may  increase the overall electrode area for electrolysis (Eq.
3) by increasing W and thus reduce Rcell (Fig. 1b). In Experimen-
al section, three microfabricated electrode chips with different W
nd S values were tested to study an impact of the cell constant �
o the power consumption Pcell. For pumping-performance test of
CB electrode chips and their performance comparison with that
f microfabricated chips, we chose W = 100 �m and S = 100 �m as it

s the minimum achievable feature size of the PCB manufacturing
ervice we employed.

. Design and fabrication of micropumps

.1. Jigs for testing flow rate and backpressure

A jig was designed to measure flow rate generated by micro-
abricated or PCB chips with different electrode shapes and

aterials (e.g., electroplated, electroless or sputtered gold).
MMA (poly methyl methacrylate) was used for the jig, owing
o low gas permeability, transparency and good machinabil-
ty. Fig. 2 shows a 3-D solid model for our jig. The top plate
length × width × height = 100 mm × 65 mm × 20 mm)  houses a
hamber (∼1.4 ml)  to store electrolyte solution and retain gas
ubbles not to clog the flow-rate measurement channel. The
apered shape of the chamber enabled smooth transitions from
he inlet port to the chamber and from the chamber to the flow-
ate measurement channel. Inlet port and outlet port #1 were
hreaded so that 3-way cock valves (Diba Industries Inc., CT, USA)
or injecting electrolyte and sealing the chamber were installed.
utlet port #2 was also threaded for connecting a tube to waste.

lectrolyte was loaded into the chamber through Inlet port and
hen Outlet port #1, while Outlet port #2 was closed. In this way,
nly the chamber was filled with electrolyte and the electrolyte
ront was formed at the chamber exit, connected to the flow-rate
Fig. 3. An exploded view of an electrode chip clamped between the top and bottom
plates.

measurement channel. The channel (21.4 mm × 1.5 mm × 2.5 mm)
was used to visually measure flow rate. During measurement,
Inlet port and Outlet port #2 were closed using the cock valves,
but Outlet port #2 was open for venting. A ruler was affixed next
to the channel to aid visual characterization of flow rate. The
maximum flow rate about 32 ml/min (flow velocity = ∼142 mm/s)
was tested using this jig. High-speed video capture (400 frames
per second) was  good enough record a motion picture of flow.
A slot (75 mm × 25 mm × 1 mm)  was machined to clamp and
replace a chip readily after use. As seen in Fig. 3, an IDT electrode
chip is clamped between the top plate and the bottom plate
(100 mm × 65 mm × 10 mm)  and secured tightly using M4 and M6

screws. A gasket tape (Gore Series 500, W.L. Gore and Associates
Inc., DE, USA) was attached to the both sides of the chip to minimize
gas and electrolyte leakage.
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Table 1
Design parameters of microfabricated electrode chips.

Chip No. W (�m) S (�m) Area (mm2) SU-8 Insulation Layer

1 50 50 37.05 X
2  50 100 18.05 X
3  20 50 21.56 X
4  100 100 35.88 O
ig. 4. A 3-D model of the second jig for backpressure measurement: (a) isometric
iew and (b) side view.

For backpressure measurement, a similar but slightly different
ig was designed (Fig. 4). The chamber volume was increased 3.5
imes (i.e., 4.7 ml)  for high-current experiment. An external in-line
ressure sensor was connected to the jig for backpressure measure-
ent. The flow rate was measured using an in-line flow sensor, not

mage analysis, because the channel would have been filled with
he liquid to reach the external pressure sensor and the flow front
nd could have not been observed by a digital camera. Since the
ow rate was not measured using the channel, its length was short-
ned (12 mm)  and width was increased (4 mm)  to reduce a pressure
oss at high flow rates. In addition, Outlet port #1 was  removed as
here was no need to form the liquid front end at the exit of the
lectrolyte chamber. Removing the port also minimized gas and
lectrolyte leakage.

.2. Microfabricated electrode chip

Two types of microfabricated chips were designed. The first type
ithout an SU-8 insulation layer, was designed for studying an

mpact of cell constant on power consumption. An SU-8 insula-
ion layer was added to the second type because we noticed a short
ifetime of the first type without a proper feed-line protection. The
econd type was also used for performance comparison with PCB
lectrode chips, and flow-rate and backpressure measurements at
igh currents (up to 2 A).

For the first type, the IDT electrodes of three different dimen-
ions were designed (Chip No. 1–3 in Table 1). The electrodes were
atterned on a gold-coated glass slide (75 mm × 25 mm  × 1 mm)

sing a standard lithography process. Briefly, a thin-film gold of
00 nm was sputtered on thoroughly cleaned glass slides with
0-nm titanium adhesion layer using a foundry service (Korea
dvanced Nano Fab Center, Suwon, South Korea). A positive pho-
Fig. 5. Photograph of a microfabricated IDT chip with an SU-8 insulation layer. The
inset figure shows electrode fingers (spacing S and width W), feed line and the SU-8
insulation layer.

toresist GXR-601 (14 cp, AZ Electronic Materials, Luxembourg) was
used as an etch mask for wet  etching after photolithography and
development (AZ 300 MIF, AZ Electronic Materials). IDT-electrode
patterns were obtained by timed wet etching of gold using TFA
etchant (8 wt%  iodine, 21 wt%  potassium iodide, 71 wt% water,
Transene Company Inc., MA,  USA), and subsequent etching of the
titanium adhesion layer using TFTN etchant (HCl based, Transene
Company Inc.). After etching, the photoresist was stripped using
acetone.

The second type of the microfabricated chip has identical elec-
trode width and spacing of 100 �m (Chip No. 4, Table 1). Nano SU-8
(Formulation 2, Microchem, MA,  USA) was used to cover feed line
and exposed glass surface. The SU-8 was chosen because of film
robustness and easy fabrication [59]. Lithography process was opti-
mized to form a 5.7-�m-thick SU-8 insulation layer with proper
adhesion to gold and glass surfaces. A calibrated wafer-inspection
microscope (LEICA INM-100, Leica, Wetzlar, Germany) was  used
to characterize the accuracy of microfabrication performed in our
cleanroom (Semiconductor Process Diagnosis Research Center at
Myongji University, South Korea). The manufacturing error, an
average dimensional deviation from the designed electrode width
W (measured at five different locations of five samples) was about
3.72 �m.  Fig. 5 shows a photograph of a microfabricated electrode
chip of the second type. The magnified photo shows electrode fin-
gers, feed lines and an SU-8 insulation layer.

3.3. PCB electrode chip
PCB electrode chips were designed using OrCAD software
(Cadence Design Systems, CA, USA), and fabricated using a local
PCB foundry service (Hansaem Digitec, South Korea). Considering
the manufacturing specification of the foundry service, electrode
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Fig. 7. PCB electrode chips: (a) A photograph of a PCB chip and a magnified figure
of  electrode fingers (spacing S and width W), a feed line and a solder mask; (b) A
layer diagram of the PCB chip with electroplated gold electrode; (c) A layer diagram
ig. 6. A layout of a PCB electrode chip. The inset figure shows detailed electrode-
nger and solder-mask design.

idth and spacing were determined as 100 �m (i.e., W = 100 �m,
 = 100 �m,  identical to Chip No. 4, Table 1). In order to accommo-
ate an IDT electrode within the given footprint of 9.4 × 9.4 mm2,
he number of electrode fingers (nb) was determined to be 46, and
he total electrode area was 35.88 mm2. Pad Designer in the OrCAD
ackage was used to design electrode fingers, bonding pads and
older-mask (a lacquer-like polymer layer for insulation) features.
CB Editor was used to connect between electrode fingers, feed

ines and bonding pads (Fig. 6).
Fig. 7a shows the photograph of a fabricated PCB electrode

hip. Two types of PCB chips were fabricated with the same lay-
ut: one with an electroplated gold film (Fig. 7b) and the other
ith an electroless gold film (Fig. 7c). Detailed fabrication pro-

ess of a PCB can be found elsewhere [60]. Briefly, 1-mm-thick
R-4 (fiberglass-reinforced epoxy laminate material), coated with
6.87-�m-thick copper foil, was laminated with a photoresist dry
lm. After photolithography and dry-film development, the cop-
er foil is selectively removed by wet etching. After the dry film

s stripped, a solder mask is patterned to protect copper traces.
xposed copper surfaces (electrode fingers and bonding pads) are
lated with gold using two methods: (1) In the ENIG (Electroless
ickel Immersion Gold) process, nickel is autocatalytically electro-
lated on the copper surface, and then nickel atoms are displaced
y gold atoms to form a thin layer [61]; and (2) In the “hard gold”
rocess, a gold layer is electroplated on an electroplated nickel
dhesion layer. Fig. 7b and 7c show thickness of metal layers char-
cterized by a measurement service (AUtech, South Korea) using

 dissected PCB cross section. The inset figure of Fig. 7a shows a
agnified photo of electrode fingers taken using the inspection
icroscope (Leica INM 100). It was noted that the feed line were
ell protective by the solder mask. The manufacturing error for

he electroless-gold-electrode chip was measured (at five different
ocations of five samples), and it was about 1.97 �m.  The manufac-
uring error of the electroplated-gold-electrode chips was about
.51 �m.

. Experimental

.1. Experimental set up for flow-rate measurement

Fig. 8 shows a schematic diagram and a photograph of the exper-

mental setup for flow-rate measurement of our micropumps. An
lectrode chip, attached with sealing tapes, was tightly clamped
n the PMMA jig using screws. For visualization, solution of 1 M
odium sulfate with a red food-color dye was injected into the jig
of the PCB chip with electroless gold electrode.

using a syringe pump (Legato 100, KD Scientific Inc., MA,  USA);
the electrolyte chamber and flow-rate measurement channel can
be easily noticed in the inset figure of Fig. 8b. After electrolyte
was injected, the both cock valves were tightly closed to pre-
vent leakage, but the vent is left open for liquid flow. A precision
source meter (B2901A, Keysight Technologies, CA, USA) was used
to apply constant current (1 mA–2 A). The cell voltage Vcell and the
power consumption Pcell was  measured accurately using the source
meter.

Gas bubbles were generated by electrolysis and trapped inside
the electrolyte chamber because the bubbles tends to float and
the height of the chamber is larger than that of the measure-
ment channel (5 mm vs. 2.5 mm).  Pressurized electrolyte rushed
through the microchannel, connected to the vent (Outlet port #2,
atmospheric pressure). The front end of running flow was  then
recorded with the ruler situated next to the channel, using a high-
speed digital camera. The recorded motion picture was analyzed
using an open-source image-analysis software ImageJ (National
Institute of Health, MD,  USA). A PC was used to control all the
electronics including the syringe pump, source meter and digital
camera. Microfabricated chips with various electrode shapes and
PCB electrode chips with different gold films were tested in this

experimental setup for flow-rate measurement. Temperature was
23 ± 1 ◦C during the measurement.
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Fig. 8. The experimental setup for flow-rate measurement: (a) a schematic diagram
and (b) a photograph (the inset figure shows top view of the PMMA jig with red-
colored electrolyte for visualization) (For interpretation of the references to color in
this  figure legend, the reader is referred to the web  version of this article).
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S = 50 �m) where electrode degradation was observed after the
ig. 9. The experimental setup for backpressure measurement: (a) a schematic dia-
ram and (b) a photograph.

.2. Experimental set up for backpressure measurement

In order to assess the capability to drive liquid through a compli-
ated network of microscale channels, backpressure was  measured.
or backpressure measurement, a new experimental setup was
lso made as seen in Fig. 9. Major differences from the flow-rate
easurement setup are: (1) Electrolysis was performed in the sec-

nd type of PMMA  jig (Fig. 4); and (2) An external in-line flow
ensor (MFS-5, Elveflow, France) was used for flow-rate measure-
ent instead of image analysis. A micro metering valve (P-446,

DEX Health & Science, WA,  USA) was used to control backpres-

ure, which was then measured using an external in-line pressure
ensor (MPS-5, Elveflow). All the fluidic components were linked
sing 1/16-inch Teflon tubing. The both sensors were connected to
Fig. 10. Performance characterization of microfabricated electrode chips: (a) flow
rate  as a function of input current and (b) flow rate as function of power consump-
tion.

a sensor reader (MSR, Elveflow), connected to the control PC for data
acquisition. Only the PCB chip with the electroplated gold electrode
was tested using the backpressure-measurement setup because of
its better pumping performance than other types of electrode chips.

A knob of the metering valve was set to a predetermined position
and a constant current was  applied (0.1–2 A). Flow rate and back-
pressure were simultaneously recorded as a function of time. It was
noted that flow rate and pressure values surged in the beginning
of electrolysis, and became a steady state later. The pressure value
dropped back to atmospheric pressure slowly when the current
was turned off. We  determined backpressure by averaging pressure
values at this steady-state region.

5. Result

5.1. Characterization of the micropump using microfabricated
electrode chips

Three different microfabricated electrode chips (Chip No. 1–3
in Table 1) were tested using the flow-rate-measurement setup
(Fig. 8). Fig. 10a shows that flow rate linearly increases with input
current according to Eq. 4, except the 10-mA case (W = 50 �m,
experiment. Flow rates for the same input current are very sim-
ilar regardless of electrode geometry. Fig. 10b shows that power
consumption is largest for the chip with W = 50 �m and S = 100 �m
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Fig. 12. Pumping efficiency as a function of input current (the microfabricated chip
with  electrode geometry W = 50 �m and S = 50 �m).

Fig. 13. Performance comparison between PCB electrode chips (electroless or elec-
ig. 11. Electrochemically damaged IDT-electrode fingers of a microfabricated elec-
rode chip (W = 50 �m,  S = 50 �m).

here the cell constant is largest (k = 0.00453 mm−1). Power con-
umption of the chips with similar cell constants (0.0022 mm−1

or W = 20 �m and S = 50 �m,  and 0.0023 mm−1 for W = 50 �m and
 = 50 �m)  was analogous. Consequently, we noted that the cell
esistance Rcell is a major factor affecting power consumption (Eqs.
6)–(9)) under the given experimental condition.

The microfabricated electrode chips can only be used 2–4 times,
ndicating short lifetime. We  inspected the chips after being mal-
unctioned; the feed lines and electrode fingers were delaminated
rom the glass substrate owing to electrochemical damage on the
itanium adhesion layer as can be seen in Fig. 11. Such electrochem-
cal damage on gold or platinum electrodes are well documented in
iterature [21,24,47,50]. The electrode damage may  reduce pump-
ng efficiency, but a damage to the feed line can completely
erminate electrolysis reaction. The reason that the flow rate at
0 mA  is much less than expected value assuming a linear increase
W = 50 �m,  S = 50 �m case) was due to electrode delamination. In
rder to extend the lifetime, the feed line was insulated using an
U-8 layer [59] for the second type of microfabricated chips, which
ill be detailed in Section 5.3.

Pumping efficiency � was lower than 1 and increased with
he input current of 1–5 mA  (Fig. 12, W = 50 �m,  S = 50 �m).  As
escribed earlier (Section 2.3), not all currents may  have con-
ributed to gas production. Gases may  have been lost owing to gas
ecombination, gas dissolution and diffusion into electrolyte, and
as leakage. It is thought that the value of � increases with the input
urrent because the volume loss owing to gas recombination, and
as diffusion and dissolution becomes relatively insignificant as the
ate of gas production increases [50].

.2. Characterization of the micropump using PCB electrode chips

The foundry-processed PCB electrode chips (electroless or elec-
roplated gold) were tested using the same test setup under the
ame experimental condition. The lifetime of the PCB chips is much
onger than microfabricated chips without the SU-8 layer; the feed

ine was intact even after 6–7 runs. Also, the flow rate of the
CB chips was linear throughout tested current range of 1–10 mA,
hereas the flow rate fell off at 10 mA  for the microfabricated chip

wing to electrode delamination.
troplated golds) and microfabricated chip: (a) flow rate as a function of current and
(b) flow rate as a function of power consumption.

In order to examine the potential of PCB-based electrolytic
micropumps, we sought to compare performance of the PCB chips
(electroless and electroplate gold) with that of the microfabri-

cated chips having the same design (Fig. 6) and an SU-8 insulation
layer for feed-line protection. As can be seen in Fig. 13, flow rate
of the PCB chips with electroplated gold was 10.2–109.2 �l/min
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Table  2
Performance comparison of the three types of electrode chips, (a) the microfabricated chip, (b) the PCB chip with electroless gold and (c) the PCB chip with electroplated
gold  electrode.

PPI (�l/C) Linearity (R2) Lifetime (min) Manufacturing error (�m) Cost ($)

63.9 3.72 322
11.3 1.97 10
30.6 4.51 19
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Microfabricated 200.1 0.998 

PCB  (electroless gold) 130.7 0.994 

PCB  (electroplated gold) 184.5 0.999 

power consumption of 2.8–32.9 mW)  and that of the PCB chips
ith electroless gold was 9.8–75.3 �l/min (power consumption

f 1.6–21.2 mW).  For the microfabricated chips, flow rate was
1.0–120.1 �l/min (power consumption of 4.0–108.6 mW).  Com-
arison results are summarized in Table 2.

Pumping performance index (PPI) is defined as the slope of a
ow rate vs. current curve (Fig. 13a), essentially volume expansion
er electrical charge consumed during electrolysis. The microfabri-
ated chips with an SU-8 insulation layer shows slightly higher PPI
han the PCB chip with electroplated gold (7.8%), and much higher
PI than the PCB chip with electroless gold (34.7%) as seen in Table 2.
s the nominal area of the IDT electrode is same for these three

ypes of chips and the same current is applied, the nominal current
ensity should be equal. However, exposed side walls of an IDT elec-
rode also provide additional surface area for electrolysis. Fig. 7b
nd 7c show that the side-wall heights of the electroplated and elec-
roless gold electrodes of the PCB chips are much larger than that
f the microfabricated chip (22.98 �m and 21.51 �m vs. 0.22 �m).
ickel and copper present in the PCB electrodes also have high cat-
lytic activities on electrolysis [51]. Therefore, the actual current
ensity should be larger for the microfabricated chip, resulting in

 higher rate of gas evolution [46,48,50,51,62]. Nevertheless, the
eason that the PCB chip with electroless gold electrode shows
ower flow rates than that of the PCB chip with electroplated gold is
ot well understood. It is speculated that faster degradation of the
lectroless-gold electrode, evidenced by shorter life time (Table 2),
ay  be attributed to the lower flow rates, probably owing to a thin

NIG gold layer (40 nm vs. 430 nm). As seen in Fig. 13b, power con-
umption of the PCB chips was observed to be significantly lower
almost three times) than that of the microfabricated chip for a
iven flow rate. Having the same nominal electrode area but much
aller side walls, the cell resistance Rcell of the PCB chips should be
ower, and circuit resistance Rcircuit, impeding current through feed
ines and electrode fingers, should be lower as well. The linearity
R2 value) between input current and flow rate was  close to 1 for
he all types of electrode chips (Table 2), indicating that the linear
elationship of Eq. (4) holds well as long as the electrode chips are
ot damaged significantly.

In addition to the PPI, we compared auxiliary performance char-
cteristics of the three types of electrode chips in Table 2. Lifetime
s defined as the longest time that an electrode chip generates a
table flow rate under application of 1-mA constant current. The
CB chip with electroless gold electrode yielded the shortest life-
ime, and the PCB chip with electroplated gold was  next, probably
wing to the thin ENIG layer. However, rather surprisingly, the
icrofabricated chip with SU-8 insulation layer showed the life-

ime almost twice longer than that of the PCB chip with almost
wice thicker gold layer. The shorter lifetime of the PCB chips could
e attributed to electrochemical damage on copper and nickel lay-
rs [18]. As described earlier, manufacturing error is defined as the
verage value of absolute difference between the measured and
ominal electrode width (W) of five chips, measured at five dif-

erent locations. Notably, the well-established PCB process shows
 similar manufacturing error (1.97 �m and 4.51 �m for the PCB

hips with electroless and electroplated gold, respectively) with
hat of microfabrication performed in our cleanroom, which may
ave not been fully optimized (3.72 �m).  It is noted from this work
Fig. 14. Flow rate as a function of input current for the PCB chip with electroplated
gold electrode.

that process optimization is important to achieve accurate micro-
fabrication.

Lastly, we  compared the costs of manufacturing electrode chips.
For the cost of microfabricated chips, photomask-manufacturing
cost, gold-sputtering service fee, cleanroom fee, labor cost and all
material costs were counted per chip. For the PCB chips, foundry-
service fee was  divided by the number of chips. The cost of the
PCB chips were 17 or 32 times lower than the microfabricated
chips. Considering PPI, power consumption, lifetime, manufactur-
ing error and cost, the PCB chip with electroplated gold was deemed
the overall best performing chip for application in a portable LOC
device. Consequently, we sought to further analyze the pumping
performance of the PCB chip with electroplated gold electrode.

5.3. Performance analysis of the PCB chip with electroplated gold
electrode

Deemed promising, we  examined the pumping performance
of the PCB chip with electroplated gold electrode to its limit. For
flow-rate measurement, the input current was  increased up to 2 A.
It was  observed that the lifetime of the chip reduces as the cur-
rent increases; the IDT electrodes failed immediately for a current
larger than 2 A. An excellent maximum flow rate of 31.6 ml/min at
2 A (the average flow rate: 30.3 ml/min) was observed as seen in
Fig. 14. The flow rate shows a linear relationship with current in
the given current range (R2 = 0.997). The flow rate of our microp-
ump  was  the third highest, based on the review papers we studied
[1–10], chasing the electroosmotic pump by Yao et al. [63] (flow
rate of 33 ml/min) and the reciprocating-diaphragm pump by Kim
et al. [64] (flow rate of 32.9 ml/min). The micropump by Kim et al.
was piezoelectrically actuated using 150-V square-wave voltages
at 300 Hz. 100-V dc voltage was required for the electroosmotic

pump by Yao et al. In contrast, our operational voltage was mere
5.9 V for the maximum flow rate of 30.3 ml/min, which is advan-
tageous to be used in a portable LOC device. Moreover, complex
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This material is based upon work supported by the MOTIE
f  backpressure. The empty symbols indicate data measured in the flow-rate mea-
urement jig (Fig. 2) and experimental setup (Fig. 8) assuming zero backpressure.

nd costly porous frit or nanochannel fabrication is required for
he electroosmotic pumps [65].

We also sought to compare our pump to previous electrolytic
umps. PPI values of the previous pumps were estimated using
ublished flow rate vs. current data [20,21,24,31,34–36,50]. As

ong as a constant current is applied, flow rate is proportional to
he current, predicted by Eq. (4), but is less than calculated value
wing to various gas losses and low current density. Depending on
xperimental conditions including electrode geometry, electrode
aterial and electrolyte, the PPI values lie between 76.8–193 �l/C,

quivalent to 41.7–104.8% of the PPI of the PCB chip with electro-
lated gold electrode. The values are not drastically different from
ur results. However, the maximum flow rates reported previously
re much smaller (0.19–141.4 �L/min) than ours (31.6 ml/min). A
ajor difference could be that much larger current can be applied

A vs. �A∼ mA)  in our PCB pump, thanks to the longer lifetime.
The significantly high flow rate was achieved, but the test was

erformed under near-zero backpressure condition as seen in the
chematic diagram of the experimental setup (Fig. 8). An LOC device
sually consists of a network of long microchannels. Therefore the
apability to overcome backpressure has been of a great interest for
n integrable micropump. Using the second jig (Fig. 4) and exper-
mental setup (Fig. 9), backpressure was measured by applying
onstant current of 0.1–2 A. Fig. 15 shows the relationship between
ackpressure and flow rate. It should be noted that the first jig
Fig. 2) was used for zero-backpressure data for the 0.5–2 A cases
indicated by empty symbols) owing to a measurement limit of
he flow sensor MFS-5 (i.e., 5 ml/min). Pressure-generation perfor-

ance was also outstanding: maximum 547 kPa (∼5.4 atm) at the
ow rate of 34 �l/min. As can be seen in all the backpressure vs. flow
ate curves, the flow-rate reduction worsened at higher backpres-
ure, considering ideal curves represented by straight lines [66,67].
t is speculated that pressure loss owing to gas recombination into

ater, gas dissolution and diffusion into electrolyte exacerbates at
 high backpressure [50]. Electrolyte leakage though the jig, fluidic
ttings and couplings were readily observed at a high pressure (e.g.,
200 kPa) and may  be a cause of reduction in flow rate. We  also
ompared the measured backpressure with the published values
n the review papers [1–10]. Electroosmotic micropumps yielded
utstanding backpressure at the cost of exceptionally high opera-
ional voltages: 11 MPa  at 2 kV [68] and 2 MPa  at 5 kV [69]. Volume
xpansion by phase change of paraffin generated 0.9 MPa but at

rders-of-magnitude-lower flow rate (74 nL/min) than our microp-
mp  was obtained [70]. To best of our knowledge, our micropump
ielded the best backpressure except those three cases.
tors A 277 (2018) 73–84

In summary, our PCB-based electrolytic micropump achieved a
top-tier pumping performance in comparison with the published
micropumps often relying on high operation voltages, intricate and
costly fabrication techniques, and yielding inferior flow rates. The
established and affordable PCB technology may  be well-suited to
fabricate a micropump for a portable LOC device, comparing with
a pump using a microfabricated electrode chip, in terms of flow
generation, power consumption, lifetime and cost.

6. Conclusions

Much efforts have been made to develop a microscale pump
with high flow rate, backpressure, energy efficiency, and yet low
cost and simple fabrication because it is an indispensable com-
ponent for various applications including lab on a chip (LOC),
microelectronics cooling and microhydraulics. A large body of
literature and commercialization efforts have been focused on
reciprocating-diaphragm micropumps based on piezoelectric actu-
ation, but high actuation voltage, pulsating flow, and, most of all,
complicated microfabrication process may  have been major road-
blocks to wide adaptation in LOC devices, especially for portable
applications. Numerous, scientifically intriguing pumping mecha-
nisms have been suggested to overcome the limitations but they
are not free of drawbacks including complicated operation, high
power consumption and input voltage, low flow rate, irreplicable
pumping rate control, and complex fabrication.

Structure, operation and fabrication of an electrolytic microp-
ump  are usually simpler than other types as requiring only
electrodes and electrolyte for generation of flow. In addition to
ordinary flow-rate performance, one limitation of the previous
electrolytic pumps was  expensive and hard-to-access cleanroom-
based microfabrication. We  opted to use the PCB technology for
fabrication because it allows mature, affordable, straightforward
foundry-based manufacturing. In our study, the PCB chip with
electroplated IDT gold electrode was  an excellent choice for a
micropump, considering overall flow generation, power consump-
tion, durability, manufacturing error and cost. Our PCB-based
micropump yielded an outstanding flow rate up to 31.6 ml/min
and backpressure up to 547 kPa with a mild input voltage ranged
1.7–5.9 V, which are significantly high performance compared with
previous micropumps of various actuation mechanisms including
electrolytic pumps. A microfabricated chip with sputtered-gold
electrodes and an SU-8 insulation layer was  better than the
PCB counterpart in terms of lifetime and volume generation
(i.e., PPI). However, it may  not be well suited for portable LOC
applications where cost and power consumption are of con-
cern.

Another notable advantage of the PCB technology over the
conventional microfabrication is versatility to incorporate a large
collection of electronic, electric and electromechanical compo-
nents, and scalability to form a complex microfluidic system
for multistep bioassays. We  are currently working to build a
portable PCB-based LOC system integrated with a CMOS impedance
microarray for DNA and protein analysis and with our electrolytic
micropumps for flow control. We  foresee in near future that PCB-
based micropumps are used in a wide range of LOC applications
where low voltage, low power consumption, low cost, high pump-
ing rate and lastly simple electric control of fluids are important.
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