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Abstract In in-vivo microsystems, one of the components

is a biocompatible micropump in order to produce the nec-

essary force to deliver the fluid from the inlet to the outlet. In

this contribution, a flexible micropump is fabricated which is

aimed to be suitable in drug delivery applications. It provides

high degree of biocompatibility, since the only employed

materials are implantation grade polydimethylsiloxane

elastomer and gold for the electrical interconnects. The

working principle of the micropump is based on transverse

DC electroosmosis which is a new variant of conventionally

applied high voltage DC electroosmosis. This new technique

is based on topography irregularities introduced in the

channel resulting in a non-uniform charge distribution. The

advantage is to drive the micropump using a relatively low

DC voltage of 10 V while getting an effective flow speed of

60 lm/s. In order to characterize the flow speed, dyed 3 lm

beads are dispersed in the working fluid and their speed is

measured by the line scanning technique using a confocal

microscope. It is also observed that the flow has a helical

profile which is an attractive feature for an efficient micro-

mixer in active microfluidics and l-TAS applications.
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1 Introduction

For drug delivery and l-TAS (micro total analysis sys-

tems), micropumps are always a necessary and at the same

time challenging component because of the demanding

requirements. These micropumps are driven using differ-

ent actuating principles such as piezoelectric (van Lintel

et al. 1988; Feng and Kim 2004), thermopneumatic (Kim

et al. 2005; Jeong et al. 2005), electrostatic (Zengerle et al.

1995), and electrokinetic (Peterman et al. 2004; Chung

et al. 2008). Comprehensive overviews of available tech-

nologies are available in the literature (Laser and Santiago

2004; Amirouche et al. 2009). In this work, the actuation

principle and the material selection is discussed, in view of

the requirements and restrictions imposed by the working

environment of the final device.

The ultimate goal is the fabrication of a large area

implantable drug delivery system, for which the pump pre-

sented here would eventually become one of the building

blocks. The major requirements are not only biocompati-

bility but also mechanical flexibility of the final unit due to

physical body movements. To fulfill these requirements

polymers have inherent advantage. Polyimide has shown

biocompatibility and there are recent works on fabricating

micropumps with this material (Komatsuzaki et al. 2011). It

also has the disadvantage of curing at high temperatures

(around 350�C). For this application, elastomer materials are

selected for their stretchability and biocompatibility.

Polydimethylsiloxane (PDMS) is widely used for fab-

ricating microchannels in microfluidics applications (Kim

et al. 2008). Some types of this elastomer are biocompat-

ible up to implantation grade (Nusil 2007). One of the

developed technologies for fabricating PDMS micro com-

ponents is soft-lithography in which patterns are transferred

from a master mold to PDMS (Kim et al. 2008). Since
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material and fabrication cost for this elastomer are rea-

sonable (Domachuk et al. 2010; McDonald and Whitesides

2002), it is selected as the main processing material. In the

literature, there are numerous studies which describe

PDMS microchannel fabrication. These microchannels are

eventually bonded to a rigid substrate for example silicon

(Peterman et al. 2004), or glass (Fadl et al. 2010) to serve

as both the carrier and interconnect layer.

In view of fabrication complexity, the electroosmosis mi-

cropump features one of the most straightforward and favor-

able processes among alternative actuation principles, given

no need for flow rectification valves (Laser and Santiago

2004). New variants of conventional electroosmosis

have emerged in the literature recently (Yang et al. 2009;

Mansuripur et al. 2009). Induced charge electroosmosis has

been introduced recently (Urbanski et al. 2006). Furthermore,

flow over asymmetric electrodes for the first time have been

presented (Ajdari 2000; Brown et al. 2000). Topography and

charge variation have also been used to induce flow under low

DC voltages by Gitlin et al. (2003) and Stroock et al. (2000),

respectively. In the topography variation technique, i.e., the

adopted transverse electroosmosis phenomena in this work,

DC voltages less than 10 V produce flow speeds comparable

to high voltages in conventional electroosmosis.

The transverse electroosmosis phenomenon is theoreti-

cally introduced and experimentally verified in the litera-

ture (Ajdari 2001; Gitlin et al. 2003). The determining

factor in the electroosmosis flow (EOF) is the zeta poten-

tial. There are reports investigating the PDMS zeta

potential in the literature (Tandon et al. 2008). Moreover, it

is verified that all PDMS microfluidics, i.e., both micro-

channel and substrate in PDMS, behave in a similar manner

to the usually adopted PDMS-glass structures (Ren et al.

2001). In this contribution all PDMS microchannels are

fabricated, however the flow speed characterization is done

for a PDMS-glass structure similar to (Gitlin et al. 2003).

For the first time a combination of flexible microfluidics

and flexible electronic interconnects is fabricated. This

micropump is solely composed of PDMS and gold. For an

even better degree of biocompatibility in long-term appli-

cations, the same process flow can be used to substitute

platinum for gold. In a previous work by this group

stretchable gold interconnects using meander shaped con-

ductors with similar 4-lm thick electro-deposited gold layer

on top of copper foil is fabricated (Brosteaux et al. 2007).

Therefore, in case stretchability in addition to flexibility is

needed, the process flow for this unit can be adapted.

2 Design

Transverse EOF is basically the anisotropic response of

the fluid to the obliquely angled grooves inside the

microchannel. As shown in Fig. 1, electrodes are placed

across the channel on the bottom plane and h = 45� oriented

grooves are located on top of the microchannel, where hg, hc

are groove and channel height, and wg, wc are groove and

channel width, respectively. If the grooves are positioned

neither parallel (h = 0�), nor perpendicular (h = 90�), there

will exist a transversal flow in y direction, proportional to the

main flow which is in x and z direction. This flow is called the

transverse electroosmosis flow. As schematically depicted in

Fig. 1, the micro channel is separated in two parts: the active

area with the grooves (lc) and the microscopy area (lm). The

microscopy area is covered with neither grooves nor elec-

trodes in order to allow observation from the top for micro

particle image velocimetry (l-PIV).

To realize the design with planar thin film and soft

lithography processes, two layers of microfluidics and

interconnects are separately fabricated, aligned and bonded

together. Figure 2 illustrates a schematic diagram of the top

and side view of the micropump. The micropump consists

of a microfluidics layer and an interconnect layer. The

microfluidics layer is composed of the microchannel with

liquid reservoirs at its two ends and the grooves. This layer

is eventually aligned and bonded to the interconnect layer.

By applying a voltage across the integrated electrodes, a

helical flow is formed (Fig. 1) which proves to be useful in

active micro mixers (Stroock et al. 2002). Flow speed

depends on the applied electrical field, the average surface

charge, (hg/hc)
2 for small (hg/hc) ratios, and also on lm to lc

ratio, where lc is the channel length. In this work, hg and hc

are designed 10 and 60 lm, respectively, and wg of 35 and

70 lm are tested. Tests have shown that, as long as wg is

small compared to wc, there is no significant importance of

this parameter on flow speed.

Fig. 1 Schematic diagram of the fabricated electroosmosis pump.

The grooves are angled at h = 45� along the microchannel (y axis).

Electrodes are placed across the microchannel. The helical flow

profile is also shown
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3 Fabrication

In this paper the fabrication process is briefly described and

illustrated in Fig. 3. A more detailed fabrication process is

reported in a previous work of the authors (Jahanshahi et al.

2011). Fabrication of the interconnect layer is illustrated in

different steps in Fig. 3a. It starts off with the standard

photolithography patterning of a positive thick photoresist

which serves as the mask for a selective electrodeposition of

Ni/Au in the next step. An intermediate layer of Ni is

electrodeposited prior to Au because of poor adhesion

between Au and Cu. This intermediate layer serves also as a

barrier for the diffusion of Cu in to Au which is potentially

harmful to biocompatibility (Brosteaux et al. 2007). After

stripping the resist, Silastic� MDX4-4210 biocompatible

PDMS from Dow CorningTM is cast on the wafer and

sandwiched between two parallel plates at a pressure of

1 bar to reduce its thickness to 100 lm. MED-6010�

implantable grade PDMS from NusilTM is used also as an

alternative for Silastic, since it has a lower viscosity and it is

therefore, more convenient to achieve lower thicknesses.

After curing the PDMS layer, copper foil and Ni are wet-

etched. For speed measurement purposes instead of the

fabrication process shown in Fig. 3a, patterned Au on a

glass substrate is used as the interconnect layer.

The fabrication process for microfluidics layer is depic-

ted in Fig. 3b. Two layers of SU-8 are patterned sequen-

tially with thicknesses of 60 and 10 lm, in order to form

microchannel and grooves mold, respectively. A long pass

filter is used to eliminate UV wavelengths below 350 nm

during illumination of the SU-8, resulting in sharp vertical

edges (Lee et al. 2003). After preparing the mold, PDMS is

cast, cured at 70�C for 2 h and subsequently, peeled off.

The resulting microfluidics layer, together with the inter-

connect layer (Fig. 3a) are loaded in a Diener PICO� air

plasma for 24 s, 0.8 mbar of chamber pressure, and at

190 W power (Fig. 3c). After this surface activation step,

both layers are subsequently aligned and bonded together.

The fabrication of the micropump is finalized with the

bonding step. The channel and ports should be however

hydrophilic in order to be able to pump the liquid, otherwise

water would be repelled and the proper function of the pump

would be altered. Therefore after 10 min which is sufficient

for permanent bonding, the microchannel is filled with DI

water to preserve the surface hydrophilicity in the presence of

a polar liquid. The later tests have shown that even after

8 months, the channels are hydrophilic and water could be

pumped. The preservation of electroosmosis mobility over

time is also supported by (Ren et al. 2001). For illustration

purposes, a camera image of the final fabricated microfluidics

on top of electrodes is illustrated in Fig. 4. The image shows

the grooves from the top side along the electrodes across the

channel. The onset of the microscopy area is also illustrated.

Concerning the SU-8 multilayer fabrication, solvent

evaporation in the UV-exposed regions of the microchan-

nel causes a height variation in the range of few microm-

eters. Once the second SU-8 layer, i.e., the groove layer, is

spin coated, this non-uniformity is transferred also to this

layer. This height variation is more severe in the wider

channels (Jahanshahi et al. 2011).

4 Results

A camera image of several fabricated micropumps on a PET

carrier is illustrated in Fig. 5. From this image, it can be

seen that the micro pumps are flexible under severe curving

Fig. 2 Micropump design is illustrated in two views. The microflui-

dics layer consists of a microchannel and grooves. It is aligned and

bonded on top of the electrical interconnect layer. The dedicated

region for microscopy is illustrated (lm). The dashed line shows where

the cross section is made

(a) (b) (c)

(b)

(a)

Fig. 3 The process flow of the micropump consists of three major

steps. a Electrical interconnect layer is fabricated by casting PDMS

on Au. b Microfluidics layer is fabricated by PDMS soft lithography.

c Fluidics and interconnect layer are eventually plasma bonded
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radius. Three pumps are fabricated together in this sample,

and as can be seen batch processing is possible, reducing the

total manufacturing and processing costs. The total size of

each micropump is 25 9 1 mm 9 400 lm (length 9

width 9 height). The illustrated sample is merely a proto-

type and the final product for a specific application can be

fabricated substantially smaller in length.

4.1 Confocal laser scanning microscopy

Confocal laser scanning microscopy is a technique for

obtaining high-resolution 3D optical images from trans-

parent or complex shaped samples (Pawley 2006).

Observing 3D samples using conventional optical micro-

scopes is difficult because of their large depth of field

(DoF). In an optical microscope the image is the 2D

superposition of all spatial planes of the 3D sample inside

the DoF distance. Therefore, the 2D resulting image does

not resemble the true 3D object. To overcome this problem

confocal microscopes present very fine DoF in order to

capture only one spatial plane of the sample in each image.

The significance of using confocal microscope in this work

is differentiating between individual micro particles in

different spatial planes.

3-lm dyed amine terminated polystyrene beads from

Poly SciencesTM in aqueous solution (2.5% w/v) are diluted

30 times in DI water and are injected into the microchannel

as a measure for flow speed. A ZeissTM confocal micro-

scope is used to scan an area of 5 lm height, inside the

channel, i.e. the line scan mode with 5 lm DoF. The scan

interval is set to 700 ls which is short enough to provide

sufficient resolution for the fastest micro particles. Mea-

surements are done on the microscopy area shown in

several of the figures in this paper. In this region, there are

neither grooves nor electrodes, resulting in no driving

force. As a result, the flow profile gradually changes from

helical to laminar as the fluid leaves the grooves and sed-

imentation of micro particles occurs. Because of sedi-

mentation, speed measurements in the middle z-plane is

more difficult, especially at lower speeds in which the total

number of particles passing the scan line is less. Therefore,

the middle plane measurements were only done at 10 and

15 V, in order to have enough particles. For other voltages

the measurements were done at z = hc/4 which still had

enough particles for measurement purposes.

For illustration purposes two line scan images are shown

in Fig. 6. Both images are captured in the microscopy area

for a total of 25 s duration, 700 ls sampling rate and over a

17-lm line width. The illustrated images are constructed by

stacking the sequential line scans and the red spot shows

where a particle was detected. Therefore, a shorter spot

height means the particle has passed the scan line faster,

i.e., higher flow speed. In Fig. 6a, the micropump is driven

with 10 V, while in Fig. 6b, it is driven with 2 V.

4.2 Pumping speed

The substrate was accurately positioned horizontally to

minimize the effect of pressure drop due to height differ-

ence. After introducing the particles inside the channel and

Fig. 4 A camera image of the microfluidics along with electrodes is

illustrated. The grooves are located on the right side and the

microscopy area on the left. Groove width is 35 lm and h = 45�

Fig. 5 Camera images showing several micropumps on a PET substrate in different bending conditions. The mechanical flexibility of the sample

is visible
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waiting for the pressure drop settlement, measurements

were started. Figure 7 illustrates the flow speed of the

micropump. A line scan for 60 s duration is performed for

each input voltage in the graph. The images are fed to a

custom written script which calculates the speed based on

the time that it takes for a particle to pass the scan line. The

number of particles in the image is from 10 at the lowest

speed to 500 at the maximum speed. The speed variation in

different micro particles is reflected with the error bars. For

better statistical accuracy whenever the number of particles

was less than 20, test was redone.

Measurements are done for two different channel

widths, 1 mm and 300 lm. There are two major effects

that affect the speed. The first one is the electrical field

which is relative to the applied voltage and 1/wc. Secondly,

the pressure drop which is relative to 1/wc
4. In wide chan-

nels, the former is dominant and as wc decreases the latter

dominates. As can be seen in Fig. 7, flow speed in a 1-mm

wide channel is higher compared to a 300-lm wide channel

despite higher electrical field. This shows the pressure drop

dominance on the flow speed compared to electrical field.

Furthermore, the microscopy area located at the end of the

microchannel increases the total pressure drop, since there

is no driving force in that region. The real speed without

the presence of this region would scale up linearly with a

factor lc/l. Figure 7 also shows that for an applied voltage

of 10 V over a 1-mm wide channel, speed at z = hc/2 is 1.5

times higher than speed at z = hc/4 which is a logical

observation in the laminar region.

A speed of 60 lm/s at 10 V in the middle plane, yields

an average speed of 30 lm/s in a laminar region using the

poiseuille equation (e.g. Granger 1985). This results

roughly to a flow rate of 1.2 lL/min. This is in accordance

to the flow rates reported for commercial drug delivery

systems (Evans et al. 2010). Another point of concern for

the micropump is water electrolysis, and as a result bubble

generation after approximately 5 min of continuous oper-

ation. This limits the use of pump in continuous mode

operation. Back-pressure of the pump is not measured

explicitly, although it is expected to be in the range of

10 Pa which is relatively low.

4.3 Mechanical flexibility

There are mainly two factors contributing to crack forma-

tion: the gold thickness and conductor track width. As the

width scales down gold becomes more stretchable and

therefore, cracks are formed at higher elongations. Never-

theless, there is a tradeoff between track width, or more

generally surface area, and the layer conductivity. Exper-

imentally under the condition of 2-cm curving radius, the

2-lm thick and 200-lm wide tracks did not show any

visible crack.

In Fig. 8, two gold layers embedded in PDMS are

illustrated. In Fig. 8a, the thickness is 100 nm and cracks

are formed mostly in large surface area structures. In

Fig. 8b the gold thickness is 5 lm, and despite the large

(b)(a)

Fig. 6 Two line scan images in the microscopy area are illustrated. In

a the micropump is driven with 10 V and in b it is driven by 2 V. The

horizontal axis represents the scan line width, and the vertical axis is

the total duration of line scanning

Fig. 7 Flow speed with respect to the applied voltage is shown for

channel widths of 1 mm and 300 lm at z = hc/4 spatial plane. Two

measurements are also done in the middle plane (z = hc/2) for 10 and

15 V. The electrical field in a wide and narrow channel are illustrated

on the bottom and top x axis, respectively. Flow speed at 10 V for

three different conditions is highlighted
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surface area there is no visible crack. The rough surface of

gold and PDMS is due to the sacrificial Cu-foil surface

roughness, even though the processing is done on the

smooth side of the foil.

5 Conclusion and future work

In this work, a flexible electroosmosis micropump is

demonstrated and fabricated using the presented flexible

interconnection technology. It is composed of only bio-

compatible PDMS elastomer and a thin layer of gold which is

embedded in PDMS. While keeping high biocompatibility

degrees, it also features flexibility even at high bending

curvatures. The fabrication process can even be adapted to

our previously reported stretchable interconnect technology

(Brosteaux et al. 2007) to produce stretchable micropumps.

The micropump flow speed is characterized using line

scanning technique with a confocal microscope. It features a

flow speed of 60 lm/s at relatively low DC voltage of 10 V.

Therefore, it is particularly useful in battery powered and

hand-held devices not capable of holding large power sup-

plies and not needing a full time operation.

Concerning the mechanical performance, better results

can be achieved by supporting the gold interconnects

with a flexible polymer such as polyimide and also by

shaping them in meander form. Once a flexible polymer

supports the gold meanders, fatigue is heavily improved

(Hsu et al. 2011). This work is now under progress by

the authors.

The most notable drawback is the relatively low maxi-

mum back pressure of 10 Pa. The authors believe that with

careful design control and proper positioning of input and

output reservoirs in a loop or circle such as a spiral

structure with minimum height difference, this issue can be

overcome to a great extent. Furthermore, to preserve the

micro channel hydrophilicity, it should be always in

contact with a polar solution. Therefore this micropump is

inappropriate for pumping non polar solutions.

The other drawback is that the flow rate is dependent on

the working liquid. As the ionic concentration of the

solution is increased, the flow rate decreases. Therefore, the

pumping feasibility should be verified in a specific appli-

cation with a specific fluid. Another concern is the bubble

generation after 5 min of continuous operation due to water

electrolysis. Therefore, using solutions with less ionic

concentration is preferred. The flow rate variation with

respect to working liquid, and bubble generation are

however drawbacks applicable to all kinds of electroos-

mosis and electrokinetic driven micropumps.
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