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Abstract

If a high and on-going research dynamics is taken as a rejuvenating factor microfluidics can still be regarded as a truly young discipline,
although some microfluidic devices definitely can not be considered as “youngsters” any more. In a time of 30 years of ISFETOLOGY
it may be worth to take a look at these devices in order to examine, whether they had—and still have—the potential to stimulate the
imagination and creativity of researchers in a similar way as the lon Sensitive Fieldeffect Transistor did since its invention in 1970. The
area of micropumps is definitely one of those “long runners”. Starting in the mid 1970s a steadily growing and astonishing diversity of
micropump principles, technical concepts and applications has emerged in this area. Until today MEMS science is delivering a constant flov
of novel modelling approaches, microstructured materials, actuation principles, fabrication technologies and applications, that are readil
taken and transferred into micropump research. Among the potential applications especially the combination of biochemical sensing an
microfluidics has provided a substantial stimulus for micropump research and development in the past and will do so in the future.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction ment generated inside the pump chamber into a desired uni-
directional flow. The medium (i.e. liquid or gas) is obviously
Most micropumps found today can roughly be divided delivered in a series of discrete fluid volumina whose mag-
into two groups: nitude depends from the actuator stroke voluf i.e. its
The so-called “reciprocating micropumps” use the oscil- net volumetric displacement during one cycle.
latory or rotational movement of mechanical parts to dis- It should be mentioned, that biological evolution has
place fluid. Micropump development has started with “pis- perfected this “technical” concept—even in micro dimen-
ton type” reciprocating micropumps like micro diaphragm sions—long before any technical realizations were even
pumps and peristaltic micropumps that do still form the main considerable. Some predaceous bugs, like Graphosoma
representatives of this class in the MEMS world. The com- lineatum,[1,2] use piston micropumps at the end of their
mon principle employs a pump chamber which is closed picking stylet for the external digestion of their insect prey
with a flexible diaphragm on (at least) one siéi&y( 19. Os- (Fig. 1b. These micropumps exhibit a muscle-operated pis-
cillatory movement of the diaphragm generates a two-phaseton and passive flap valves as inlet and outlet check valve.
pump cycle with periodic volume changes and, hence, under-One micropump is used to dispense saliva loaded with di-
and overpressure transiemip in the pump chamber. Dur-  gestion enzymes through the picking stylet into the victim'’s
ing the so-called “supply phase” the underpressure in the body. A second micropump sucks the externally digested
pump chamber will suck fluid through the inlet into the pump food back.
chamber. During the following “pump phase” overpressure  “Continuous flow micropumps” are based on a direct
in the pump chamber transfers liquid into the outlet. The transformation of nonmechanical or mechanical energy into
valves at the inlet and outlet will block unwanted reverse a continuous fluid movement. Devices with ultrasonic, mag-
flow in the respective pump phases. They therefore act asnetohydrodynamic (MHD), electrohydrodynamic (EHD),
“fluidic rectifiers” that direct the bidirectional fluid move- electroosmotic or electrochemical actuation mechanisms
have been developed up to now. As the design principles
are quite different depending on the respective physical or
* Tel.: +49-761-203-7490; fax449-761-203-7492. chemical principle this publication will only give a brief
E-mail address: woias@imtek.de (P. Woias). overview for this class of micropumps.
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Fig. 1. (a) Principle set-up of a “piston type” micropump. (b) Schematic
set-up of the saliva dispensing micropump of “Graphosoma lineatum”.

2. Early research on reciprocating micropumps

Instead of using passive valves the first technical micro-
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Fig. 3. Planar peristaltic micropunip].

of 1.94ul and a maximum output pressure of 100 mmHg
were calculated. Measurement data confirm a maximum
stroke volume of 1.l with 90V actuation and a maxi-
mum counter pressure of approximately 60 mmHg at 70V
actuation voltagég4]. Although used only in unidirectional
mode here, this type of micropump would also allow bidi-
rectional fluid transport by simply changing the valve actu-
ation scheme.

A similar silicon-based device was first realized by Smits
[5] with a planar peristaltic micropump. They published their
results in 1990. The micropump is made from an anisotrop-
ically etched silicon wafer that carries valve seats on its top-
side and connecting microchannels at the bottomKgpes).

The wafer is sealed with glass by anodic bonding from both
sides. The top glass wafer was left unconnected to the three
silicon valve seats and converted into three pump/valve di-
aphgrams by glueing piezo disks at these places. The prob-
lem of liquid wetting of the valve actuators is prevented here

pump designs were based on an actuation of both, the pumrpy the planar construction which separates the piezoactua-

diaphragm and the valves. Spencer ef4jl.have presented

an early example in 1978. They mention an even earlier pub-
lication from Thomas and Bessm8] which dates from
1975. Spencer’s approach is depicted-ig. 2 A cylindri-

cal micropump body was machined from stainless steel and
covered with a piezoelectrically actuated stainless steel shim
as a pump diaphragm.

The active flap valves were made from piezoelectric bi-
morphs with dimensions of ®mmx 4 mmx 20 mm. These
bimorphs were fully immersed in liquid and, thus, had to
be coated to avoid electrical short circuits. With a pump-
ing actuation voltage of 100V a theoretical stroke volume
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Fig. 2. Schematic cross-section of a micro diaphragm pump with active
valves[4].

tors from the liquid flowpath.

A maximum pump rate of 10@l/min with an opera-
tion frequency of 15Hz and a maximum outlet pressure of
60 mbar at zero flow are reported for this device. HSJ.
gives no geometrical data at all. A calculation of the real-
ized flow rate indicates, however, that the pump diaphragms
must exhibit a similar size as described4.

The first micro diaphragm pump with passive check valves
has also resulted from research at the University of Twente
and was presented in 1988 by Van Lintel et[él. It uses
again a three-layer set-up with two glass sheets enclosing
an anisotropically etched silicon wafdfig. 4). Typical di-
mensions were 12.5 mm for the pump diaphragm diameter
and 7 mm for the diameter of the membrane valves. A stroke
volume of 0.23ul was achieved with an actuation voltage of
100 V. This corresponds to a maximum flow rate @fl8nin
at 1 Hz operation frequency and a maximum counter pres-
sure of 100 mbar.

While the early work of Spencer and Thomas is widely un-
known today, the publications of Smits and Van Lintel mark
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Fig. 4. Micro diaphragm pump with piezoelectric actuat{6h.
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the beginning of extensive micropump research in MEMS. diaphragm  counter electrode

An astonishing high number of diaphragm and peristaltic —— : = A .
micropumps was developed in the following with varying j actuation unit
valve types and geometries, actuation mechanisms and fab- ‘s ) _
rication technologies. Several discriminating features and Yy v j"a"’e Ul
trends can be observed concerning the functional elements inlet outlet

and basic properties of these devices, which shall be briefly _ , _ )
summarized in the following. Fig. 5. Electrostatically actuated micro diaphragm puib).
concerning the electronic drivEf]. Moreover, thermopneu-
3. Actuation principles matic actuators can be made very compa@}, but are nev-
ertheless capable to generate strokes up to severalh00
Up to now almost the whole range of microactuation to achieve high pump raté8]. Integration into standard sil-
techniques available have been used for the design oficon processing is easily achievd]. A crucial drawback
micropumps. Common principles include piezoelectric of this actuation principle is a relatively long thermal time
[11-15,17,40,42] thermopneumatic[7—10], electrostatic constant, especially during the cooling process. This limits
[18-20] and electromagnetic actuatigi6,17], whereas the upper actuation frequency to approximately 50 Hz. The
some others, like shape memdg/1] or magnetostrictive  typical electrical power consumption is in the range of sev-
effects are rarely found. eral watts which usually excludes portable operation from a
As shown before, piezoelectric actuation was the first ac- battery. Also, at these power levels a heating of the trans-
tuation principle used in micropumps. It is a very attractive ported medium can not be excluded.
concept, as it provides a comparatively high stroke volume, Fig. 5 shows the first practically successful micropump
a high actuation force and a fast mechanical response. More-with electrostatic actuation from Zengerle et @9], who
over, commercial PZT material is readily available for a hy- also realized the first vertically-stacked modular micropump
brid integration. The comparatively high actuation voltage design in silicon. The actuator is made from two silicon
and the mounting procedure of the PZT disk can be regardedchips that embody the flexible pump diaphragm and a rigid
as disadvantages. A systematic optimisation of the mount-counter electrode in a capacitor-like configuration. Applying
ing process can significantly improve reliability and yield of high voltage to the capacitor electrodes causes electrostatic
this type of actuatof22,23] Nevertheless, hybrid integra- attraction of the pump diaphragm which in extreme gets
tion requires a very well-defined glueing which is critical fully attached to the counter electrode. After discharge of
for the actuator performance and not easily done. Therefore,the capacitor the pump diaphragm relaxates to its rest posi-
screen printing24,25]and thin-film deposition of PZT ma-  tion. With this rapid actuation principle bidirectional pump-
terial have been studied as an alternative quasi-monolithicing was observable at high operation frequencies caused by a
integration technique. Although the feasibility of these tech- time delay between the diaphragm movement and the some-
nigues could be demonstrated, the resulting strokes (e.g.what slower valve switchin¢l9].

1pm at 100V in[24]) are small in comparison to glued Electrostatic actuation offers operation frequencies up to
PZT bulk material (e.g. 1pm at 100V in[11]). Optimi- several kHz, an extremely low power consumption and full
sation of the geometrical design was done at several placesMEMS compatibility[18—20] A major disadvantage results
to achieve higher strokes at lower voltadé4,26] Typi- from the inherently small actuator stroke, which is usually
cal actuation voltages of such optimised design are in thelimited to practical values aroundpsn with correspond-
range of 100V (e.g. 13076 for the micropump in12]), ing actuation voltages around 200V. Also degradation of

which is a significant improvement in comparison to other the actuator performance is found sometimes in long-term
micropumps that sometimes use commercial piezo buzzershigh voltage operation. This is due to the build-up of sur-
without any optimisation (e.g. 4009 for the micropump face charges at the insulator inside the capacitor, which
in [13]). This lower actuation voltage is also helpful for the reduce the internal electrical field strength and, therefore,
design of highly miniaturized electronic drivers which allow the stroke. Bipolar operation is a practical solution to over-

low-power operation from a battefg2]. come this problem at the prize of a more complex electronic
As a second concept thermopneumatic actuation was firstdriver.
demonstrated by Van de Pol et &l] with a micropump sim- Electromagnetic actuation is used sometinj&§,17].

ilar to Van Lintels device. Instead of a PZT disk an air-filled Although not well compatible with MEMS integration,
chamber with an internal heater resistor was integrated onthis actuation concept can easily be adapted in a modular
top of the pump diaphragm. The heater is realized either asway and offers the benefit of a separate optimisation of
a free-hanging structurfy—9] to achieve a better thermal micropump and actuation unit. The two references cited here
efficiency or simply attached to the pump diaphrad]. use a permanent magnet attached to the pump diaphragm
This type of actuator represents a low-voltage alternative that is moved by an external coil. The overall electrical and
to the piezoelectric drive and does not require big efforts mechanical properties are comparable to thermopneumatic
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actuators with the advantage of a slightly faster mechanical by Olsson et al[28,29] Another planar design was devel-

response. oped by Foster et &l30] on the basis of a more complicated
flow-rectifying valve structure proposed by Teglal].
Vertically-stacked devices are originating from the work of

4. Valve design Gerlach et al[32] and, later on, Koch et g5]. They use the
conical sidewalls of anisotropically etched silicon cavities

In the MEMS devices demonstrated above mechanical to build a diffuser/nozzle element with no additional techno-
check valves were used, either with membranes or with flaps.logical effort. A theoretical treatment of the pump principle
The effort to design and fabricate such valves should not bein conjunction with the corresponding diffuser/nozzle ele-
underestimated. A number of critical properties like back- ments is available in a number of publicatid88,32-34]
ward flow, pressure drop and switching speed have to be kept The advantage of valveless micropumps is a relatively
under tight control to achieve a working micropump. More- Simple construction in comparison to pump concepts with
over, wear and fatigue can be a critical issue, especially in check valves or active valves. The pumping of particle-
polymer-fabricated devices. There is also the risk of valve loaded media or sensitive material is easier to achieve due
blocking by even small particles, which instantly degrade to the open flow structures. These benefits are, however, ac-
the pumping performance. This limits the application range companied by the lack of self-blocking. Any overpressure at
of most valve-based micropumps to filtered media. the outlet will cause reverse flow that becomes predominant

The so-called “valveless” micropump concept can avoid when the pump is switched off. A “valve-less micropump”
these problems. The device was introduced by Stemmewith improved blocking capability was found by Stehr et al.
and Stemme27]. It uses diffuser/nozzle elements with [35,36] who discovered and evaluated the pumping effect
flow-rectifying properties to mimic the function of a check of a bossed silicon diaphragm valve that was periodically
valve Fig. 6). According to[27] a maximum achievable actuated by a piezoelectric bimorph. Here the dynamic mod-
forward—backward flow ratio of 2.23 can be calculated for ulation of the gap width between boss and valve seat does
this type of “valve” which is sufficient for a pumping ef-  resultin a flow-rectifying behaviour. The device was able to
fect. The prototype shown iRig. 6 was fabricated from a  transport liquids and gases. The pumping direction could be
cylindrical brass body with an outer diameter of 29 mm and reversed by a variation of the actuation frequency. Reverse
tested with two different diffuser/nozzle geometries. The flow in the off state could be prevented to a certain extent
theoretically calculated forward-to-backward flow ratios by simply closing the valve. During operation however,
of 1.48 and 1.67 agreed well with the experimental data. reverse flow was present as in the other valveless designs.
A remarkably high zero-pressure flow of 11 ml/min and a
maximum outlet pressure of approximately 100 mbar were
found for water, depending on the diffuser/nozzle geometry 5. Basic dosing properties
in use. This micropump was also able to pump gases.

Based on this prototype various planar silicon micro-  Among the large number of micropump designs and con-
pumps were realized in the following. To reduce inlet and cepts the basic dosing properties turn out to be quite simi-
outlet pressure pulses and to increase the pump flow perfor-lar. Fig. 7 shows the typical behaviour of the pump rate as
mance, a set-up of two valveless micropumps was realizeda function of the actuation frequency and also the typical
influence of a varying outlet overpressijid].

Usually the pump rate is linearly increasing with the op-
eration frequency up to a certain corner value (here approx-

; : . . imately 150 Hz). From this linear behaviour the stroke vol-

| | ] | ] ume AV of the diaphragm actuator can be calculated (here
diffuser/nozzle JL Jr P approximately 122nl). In the linear range the actuator is.ob—
element — L) — viously capable to deliver the full stroke and the duration
of a pumping cycle is still long enough to allow a full re-
laxation of the valve movement and all pressure and flow
transients. Above the corner frequency flow saturation is
observed due to an increasingly insufficient relaxation and
other, secondary effects which depend on the individual mi-
cropump design. The falling branch of the pump rate curve
inlet  pump chamber outlet indicates an increased energy loss (e.g. by squeeze film
damping) and an increasing time lag between diaphragm and
valve movement which as mentioned eventually can lead to
reverse pumpingl9].

Fig. 6. Valve-less micro diaphragm pump with piezoelectric actuation 1 h€ backpressure curve shows a linear degradation of the
[27]: schematic diagram (top) and pumping principle (bottom). pre-set flow rate as soon as the outlet overpressure increases.

pump diaphragm piezo disk

(conical)

inlet outlet
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1400 7 = . - - - w - unreliable manual priming procedures had to be performed
1200+ SO SO 0" o . U | in the first time. A more practical approach was made with a
T : > CO»-purge of the dry devicg7]. Residual CQ inside the
% 10007 r P L | pump was easily dissolved in the following aqueous prim-
o 8007 S G : ' 1 ing solution, which resulted in a complete filling. The prob-
‘g 600 : , s _ lem of bubbles travelling towards the micropump in the inlet
E P ] tubing, however, remained unsolved.
a2 : These problems were discussed quite edfly7,38]
200 : 1 sometimes even with the pessimistic argument that a micro
044 B L T e diaphragm pump with passive valves would not be able to be

self-priming at all due to several physical reas§8fs,36]
This discussion was set in 1996 with the first “self-filling”
polymer-fabricated micropump by Dopper et[al3]. A first
comprehensive treatment of the subject was performed in
1998 by Richter et al. Using basic laws of thermodynamics
and fluid compression, minimum values for the compres-
sion ratioe, i.e. the ratio of the stroke volum&V and the
pump chamber volum¥y were calculated and proven with
experimental dat§39].
] Typical ¢ values for a liquid pump were found to be in
] the order of 10%, whereas a gas pump already requires a
. significantly higher compression ratio in the order of 40
1 An even higher compression ratio has to be achieved for a
R S T e TR ST TR WY G g gas pump with a wetted mnerst_ru.cture which meets the case
— of bubble-tolerance and self-priming.
These design rules were consequently followed in the
Fig. 7. 'I_'ypical dosing be?haviour of a micro diaphragm pump: pump ra_1te first—and up to now smallest—self-priming and bubble-
as function of the operation frequency (top) and as function of the applied tolerant silicon micropump that was realized in 1996 by
outlet backpressure (bottom), both with water as medjiij. i . - -
Linnemann et al.,, Woias et al. and published in 1998
[11,12] As seen irFig. 8, the internal volume of the pump
At a certain value (here 800—900 mbar), the pressure peakschamber was considerably reduced by means of a combined
generated inside the pump chamber are no longer highchemical and mechanical grinding of the middle wafer.
enough to open the outlet valve which means that the mi- Moreover, an optimised piezoelectric actuator was designed
cropump stops operation. A similar characteristic is found capable to perform comparatively high strokes at low chip
for underpressure at the inlet.

I_Especially the influence of a varying_ pressure can pose T ype——

a limit to the dosing accuracy of a micropump. The ap- disk

plication of high force actuation helps to extend the max-
imum backpressure values well beyond the operational
values expected in a certain application. In these cases the
pressure-dependent flow curve may become sufficiently flat
to ensure an accurate dosing. Additionally, metric dosing
can be provided via design. Refd0,41] describe a preci-
sion micropump with a mechanical double limiter that sets
the diaphragm movement to a pre-defined value and thus
allows only a certain amount of liquid to be transported
during each pump cycle. With this concept metric dosing
could be demonstrated in a flow range of 0—2ml/h and for
outlet overpressures and inlet underpressures of 200 and
—100 mbar, respectively.

None of the earlier micropump designs described above
was self priming and bubble-tolerant which meant that even
small gas bubbles in the pumpchamber could severely de-
teriorate the pumping performance of these devices. Many Fig. 8. Self-priming and bubble-tolerant silicon micro diaphragm pump

devices even stopped working as soon as a gas bubble arp1 12} schematic diagram (top) and photograph (bottom, courtesy of
rived at the inlet valvg39]. To avoid this, complicated and  FhG-1zM, Munich, Germany).
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dimensions. The first design had a compression ratio of 7. Continuous flow micropumps—an overview
1:9.4 which proved to be sufficiently high for self-priming
and bubble-tolerand89]. Later versions were gradually op- In contrary to reciprocating micropumps the so-called
timised[12] finally up to a compression ratio of 1:2, which  “continuous flow micropumps” provide a direct energy
is extremely high in relation to the small chip size of only transfer and hence a steady flow if required. Various working
7mmx 7mmx 1 mm. principles, like electrohydrodynamic, electrokinetic, ultra-
Other successful self-priming and bubble-tolerant de- sonic and RF, magnetohydrodynamic and electrochemical
signs that follow the same rules are described in Refs. displacement (EC) micropumps are found in literature. A
[8,13,14,17,41,42] Some approaches, e.g. the device de- frequent common property of these micropumps is the sim-
scribed in[35,36] turned out to be only self-priming from  plicity of the microstructures involved, as no mechanically
the dry state but not fully bubble-tolerant which resulted in moving parts are required. The performance is, however,
a limited practical applicability. in many cases strongly influenced by a number of fluid
properties which limits a certain principle to a small class
of fluids. In most cases gas transport is not possible.

6. Materials and fabrication technologies The EHD principle of fluid transport was proposed first
around 1960 and picked up 30 years later by Bart @4l

After the early designs which were realized by conven- and Richter et al[45,46]for their electrohydrodynamic mi-
tional machining[1,2], micropump fabrication has soon cropumps. They used the EHD induction effgt], i.e. the
become an almost exclusive domain for silicon microma- generation and movement of induced charges at a fluid—fluid
chining. Micromachined silicon and glass have been usedor fluid—solid boundary layer and the EHD injection effect
advantageous due to the high geometric precision avail-which is based on the electrochemical formation and move-
able with this technology. Aside from that long-term tests ment of charged ion§45,46] The micropump of Richter
have shown that wear and fatigue of mechanically moving et al. may be taken as a practical examgtg( 9): sili-
parts, e.g. valve flaps, does not occur in silicon micropumps con chips with identical grid electrodes were realized by
[12,22] From this reason, true high performance applica- anisotropic etching and sputter deposition of gold, bonded
tions, e.g. in drug delivery, can still be regarded as a clear together in pairs and placed into a flow channel. High volt-
domain of silicon micromachining as demonstrated by re- age was applied between the electrodes to inject ions into
cent industrial efforts in this directigd0,41] However, the the liquid. Transport of the ions in the electric field between
disadvantages of a rather high fabrication cost and a limited the electrodes was able to induce fluid transport through the
material choice have stimulated the search for alternatives.grid electrodes.

In the meantime polymer microfabrication, namely microin-  With voltages up to 800V a high net flow of 14 ml/min
jection moulding[10,13,42] polymer hot embossin{#3] was achieved with ethanol. The maximum outlet pressure
and stereolithography15,16] have been demonstrated as was 24 mbar at 700V actuation. Bidirectional pumping was
alternative technologies for micropump fabrication. How- feasible by reverse poling of the electrodés]. In a later
ever, the goal of a true “low-cost” micropump, although publication a similar structure was proposed for flow mea-
often promised, is not satisfied with several of these tech- surement on the basis of charge injectjd6]. The simplic-
nologies which are still highly complex and therefore com-
paratively expensive microfabrication processes. Moreover,
other material-related aspects, like limited lifetime can be a
critical issue.

In this situation an interesting pragmatic concept was pre-
sented by Piet Bergveld's group with the work of Béhm
et al.[14,17]who has also done successful research on the
later described electrochemical pumping principle. Instead
of polymer microfabrication they have used conventional
polymer molding as a true low cost method to realize micro
diaphragm pumps with piezoelectric and electromagnetic ac-
tuation. Other research is using well-established printed cir-
cuit board technology for the realization of micropumps and
microfluidic device$8]. These concepts may not provide the
performance of thoroughly designed silicon devices, but will
definitely deliver an acceptable result at very moderate fab-
rication costs. They seem to be an interesting choice for all
moderate-performance and low-cost applications, provided
that other requirements, like reproducibility and operational
stability, can be satisfied. Fig. 9. SEM detail photograph of an EHD micropuri4s].
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ity of this concept is striking. It is based on the injection of an electric current into two
However, all EHD pumping principles rely critically on  electrodes located at facing side walls of a microchannel.
the electric properties, namely permittivity and conductiv- This charge injection generates a transversal ionic current
ity, of the fluid to be transported. Typically the electri- in the microchannel which is simultaneously subjected to a
cal conductivity must remain in between ¢ and 10°S magnetic field oriented in an angle of 9t current direc-
which severely limits the application to non-conducting and tion and microchannel axis. The Lorentz force acting onto
non-ionic fluids (e.g. solvents). Consequently, only a few the ionic current in the solution will then generate a fluid
studies have followed the work described above, e.g. theflow in the microchannel direction. This pumping principle
transport of non-conducting solvents in microarray-based is also bidirectional by nature, as a flow reversal is easily
drug discovenyj47]. achieved by a reversal of the electric current or the mag-
Electrokinetic micropumping is the basis of capillary netic field vector. Typical micro MHD pumps can generate
microelectrochromatography which has seen a tremendousonly small values for pump rate and achievable pressure, e.g.
progress in science as well as in commercialisation during 63l/min and 1.8 mbar for the device described%6] and
the last years, mainly pushed by the “lab on a chip”-concept. do strongly depend on the ionic conductivity of the pumped
A comprehensive treatment of this subject would by far medium. Electrolytic bubble generation at the injection elec-
exceed the scope of this publication and can be found in trodes can easily occur with dc operation. This problem has
a more direct way in related textbooks or papgi8-50] been solved with an MHD pump with ac current injection
Among these an interesting publication was contributed by which additionally uses an electromagnet instead of a per-
Paul et al[51], who studied the electrokinetic transport of manent magngb7]. By driving both the magnet coil and the
liquid in microporous media. By simply using a fused silica current injector from synchronized ac sources, the Lorentz
capillary filled with porous glass beads and with a platinum vector and, hence, the fluid flow direction remain in the same
electrode at either end, they could demonstrate flow ratesdirection. Choosing the operation frequency high enough
in the range of 0.Lul/min at pressures up to 200 atm which  will prevent the electrolytic formation of gas bubbles.

sets an absolute record in high-pressure micropumping. While representing a disturbing effect in MHD pumps, the
RF and ultrasonic pumping exploit the dragging force of electrolytic generation of gas bubbles can also be exploited
a progressive mechanical wajg2,53] or the “quartz wind” as an excellent and simple actuation principle to realize high

of a vertically oscillating surfacg54] which are excited ata  precision dosing systems. This concept has found its first
liquid—solid interface, e.g. the sidewall or end wall of a mi- applications in drug deliver{58] and is well illustrated in
crochannel. Lamb-wave devic§s2] as well as piezoelec- the publications of B6hm et g)59,60] He uses a reservoir
tric ultrasonic or RF transduce[S3,54] have been applied filled with an electrolyte and with two immersed electrodes
for power generation with frequencies reaching from the ul- to generate gas bubbles by current injection. The correspond-
trasonic range up to several 10 MHz. The common property ing volume increase generates a continuous or step-by-step
of these principles is a very small pump rate in the range of displacement in an adjacent meander which carries the fluid
only severalpl/min and an extremely small outlet pressure to be dispensedHg. 10. By a closed-loop control of the
(e.g. 0.13 Pa if54]). This is also confirmed by recent sim- gas generation procef0] this dosing system is capable to
ulations[55]. The premier application can therefore be seen deliver fluid quantities as small as 100 nl with an accuracy
rather in micromixing or fluid positioning (e.g. the move- of at least 5nl.
ment of bacteria-loaded liquid in microscopy) than in fluid Centrifugal pumping is a rather new concept of fluid
transport. transport. It uses the centrifugal force present in a rotat-
Magnetohydrodynamic pumping uses the Lorentz effect. ing microchannel system (usually integrated into a disk)
to transport fluid from the centre to the perimefét,62]

fipemrome

current source
4
|
1 X
meander reservoir
\
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electrodes -

“ ! to dosing target

gas bubbles #

Fig. 10. Electrochemical displacement micropump: function principle (left) and photograph of a chip with two identical device§5@]ght)
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The sequence of the fluid flow is controlled by capillary  Aside from a high measurement precision Gumbrecht’'s
stop valves within the fluidic pathway that can be broken principle does not require a physical contact between the
by a stepwise controlled increase of the rotation speed. Onepumps and the sample solution. Therefore, his approach
distinctive advantage of the concept is the presence of ais well apted for a realization with micropumps which are
single technological platform—usually a plastics disk with frequently prone to contamination. This advantage was
an integrated channel system—that nethertheless allows avaluated first by van der Schoot et §.7] with a hy-
multitude of fluid handling procedures to be integrated via brid nTAS made from two micro diaphragm pumps and
design. Moreover, parallelization of flow-through chemical a K*-sensitive ISFET as sensing element. AlthoU§i]
analysis is feasible without any additional effort by inte- does not present explicit data on the detection accuracy it
grating a multitude of identical systems onto one disk. In is obvious from the measurement curves that this system
this case a varying fluid density will influence the global was able to measure potassium concentrations with high
flow characteristics, as it directly influences the centrifugal precision and reproducibility. In the following, a number of
forces. Another predominant factor is the liquid—surface similar wTAS were realized in the mid 1990s, either based
interaction between the fluid and the channel walls. This on micropumpg68,69] or on conventional pumpg0] and
requires a thorough control of the surface properties within with potentiometric, amperometric and photometric detec-
the fabrication process to achieve reproducible results. tors. This rise of scientific activity was accompanied by

the foundation of a dedicated conference serieg.®AS

in 1994. The first two conference proceedings show a

8. Micropumps and nTAS predominant interpretation of theTAS concept as a com-
bination of mechanical micropumps, microchannel systems
The concept of a “micro total analysis system”|oFAS and chemical sensors, thus mimicking traditional concepts

proposed by Manz et a[63] has stimulated widespread of flow-through chemical analysig1,72] However, con-
efforts to integrate chemical sensors and sample process€erning the micropumps available at that time, one crucial
ing into highly miniaturized stand-alone analytical systems. drawback was originating from their lacking performance
Aside from the miniaturization aspect, the integration of which did not include basic requirements like self-priming
flow-through analysis and chemical sensors provides a num-capability and bubble-tolerance. This and other factors, e.g.
ber of additional advantages. The combination of ISFETs high system complexities, mutual interferences between
and micropumps withinnTAS research can be taken as an sensors and actuators and problems associated with hybrid

excellent example to discuss these issues. or monolithic integration, have delayed the further propa-
Also in 1990 Gumbrecht et d64] demonstrated a fluidic  gation towards fully integrated systems.
concept which turned out to be quite popular in the follow-  In the meantime the focus @fTAS research has shifted

ing WTAS research with an ISFET-based pH detection sys- towards electrochromatography thus providing a higher
tem for clinical monitoring. Their approach was based on impetus for the further development of elektrokinetic pump-
a combination of syringe pumps, microchannels and mono-ing and all associated fluidic devices. In the traditional
lithic ISFET arrays instead of a single sensor. It uses the flow-through analysis the concept of centrifugal fluid trans-
excellent matching of the chemical and electrical properties port has arised as an alternative to mechanical micropumps
within a monolithic sensor array together with an appropri- [73,74] However, within all these paradigm shifts in the
ate liquid handling for the suppression of common mode wTAS area, the combination of liquid handling, fluid trans-
noise disturbances. Moreover, a stable electrochemical ref-port and chemical analysis has always provided a very
erence potential is emulated which allows the application effective and on-going stimulation of microfluidics and
of a metal “reference electrode” instead of a fragile and micropump research.
maintenance-intensive glass reference electrode.

A more detailed evaluation of this and other concepts
of flow-through analysis was given i{65]. The particular 9. Conclusions and outlook
study cited here has used ISFET sensors withlSgatein-
sulator which are known to exhibit a comparatively high The brief—and definitely uncomplete—survey given in
drift and hysteresis. Nevertheless it turned out that a pH this paper reveals an astonishing multitude of micropump
detection accuracy of 0.002 was achievable in series mea-concepts, fabrication technologies, devices and applications.
surements with a constant sample pH. When subjected toAs outlined before, the pioneering work has started around
worst-case measurement conditions, i.e. alternate pH stepd975 and was shifted towards the MEMS area around 1990.
of +£1 units, the hysteresis effect of the ISFET sensor was From this time on the exploratory aspect definitely has been
still considerably reduced to approximately 0.01-0.02 pH the first main driver. Research at that time shows the charac-
degrees. This favourable behaviour was also demonstrateder of a scientific playground in its most positive sense and
under more practical conditions with pH-measurements in was necessarily performed to explore the whole spectrum
an isolated perfused organ system, where pH deviations ofof micropump concepts, actuation principles, valve designs
0.04 could easily be detect¢66]. and fabrication technologies conceivable. The primary goal
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was to realize a novel microfluidic device and to improve its  [7] F.C.M. van de Pol, H-T.G. van Lintel, M. Elvenspoek, J.H.J. Fluit-
performance. Aside from that, the mixture of microactua- {"a;“ A ther’S“OP”eA“"t“a“tC m'g‘;‘i“g“g ?gggd 109”8 ”;'g;o'eng'”ee”ng
tion, microfluidics, microfabrication and application-related echniques, Sens. Actuators A 21-23 (1990) 198-202.
. . h d id I[8] A. Wego, L. Pagel, A self-filling micropump based on PCB tech-
aspects present in a micropump has generated an ideal™ " o10gy, Sens. Actuators A 88 (2001) 220-226.
workbench” for a wide range of MEMS research until  [9] M.C. Acero, J.A. Plaza, J. Esteve, M. Carmona, S. Marco, J. Sami-
today. tier, Design of a modular micropump based on anodic bonding, J.
The first explorative research phase has soon revealed the Micromech. Microeng. 7 (1997) 179-182.
advantages and drawbacks of the various micropump con-[10l B Bistgens, W. Bacher, W. Bier, R. Ehnes, D. Maas, R. Ruprecht,
cepnts. A second phase has started around 1995 with the W.K. Schomburg, L. Keydel, Micromembrane pump manufactured
pS. . P L . . by molding, in: Proceedings of the Actuator ‘94, Bremen, Germany,
stgdy of alternative fabrication technologies and genuine 15-17 June 1994, pp. 86-90.
micropump-related problems. As a result the performance [11] R. Linnemann, P. Woias, C.-D. Senfit, J.A. Ditterich, A self-priming

of micropumps has been constantly increased and features and bubble-tolerant silicon micropump for liquids and gases, in:

such as self-priming, bubble-tolerance, high flow and pres- E;gcseedin%z gf;f;f; MEMS ‘98, Heidelberg, Germany, 25-29 January
isi i » Pp. 532-537.

Surs capabllmes or precision dOSIﬂg have been addresseqlz] P. Woias, R. Linnemann, M. Richter, A. Leistner, B. Hillerich, in:

and solved. : » R » M. , A , B. ,in:

. . . . D.J. Harrison, A. van den Berg (Eds.), Micro Total Analysis Systems
Looking back at this research history one may criticize ‘98, Kluwer Academic Publishers, Dordrecht, 1998, pp. 383—386.

that the overall commercialisation process is still in its be- [13] J. Dépper, M. Clemens, W. Ehrfeld, K.-P. K&amper, H. Lehr, Devel-
ginning. However, the development of the ISFET has taught opment of low-cost injection moulded micropumps, in: Proceedings
us once more that MEMS devices as many other technical of the Actuator ‘96, Bremen, Germany, 26-28 June 1996, pp. 37—40.

. . - inm_ [14] S. Béhm, M. Dierselhuis, W. Olthuis, P. Bergveld, in: D.J. Harrison,
products take an astonishing long time from the first scien A. van den Berg (Eds.), Micro Total Analysis Systems ‘98, Kluwer

tific publication to a commercial produfi5]. It is therefore Academic Publishers, Dordrecht, 1998, pp. 391-394.

more efficient to count the positive aspects and to point out [15] M.C. Carrozza, N. Croce, B. Magnani, P. Dario, A piezoelectrically-
the remaining deficits. On the positive side, mature multidis- driven stereolithography-fabricated micropump, J. Micromech. Mi-
ciplinary knowledge is available today for a number of dif- croeng. 5 (1995) 177-179.

[16] P. Dario, N. Croce, M.C. Carrozza, G. Varallo, A fluid handling sys-
tem for a chemical microanalyzer, Technical Digest of the MME '95,
Sixth Workshop on Micromachining, Micromechanics and Microsys-

ferent micropump concepts. In some cases the optimisation
of the fabrication processes has already reached a high level

[23]. AlSO, the firSt_ rT1icr()l3urnp5 have _enterEd the r_narKEt'_ tems, Copenhagen, Denmark, 3-5 September 1995, pp. 140-143.
place in such promising areas as life sciences and biochemi{17] S. Bshm, W. Olthuis, P. Bergveld, A plastic micropump constructed
cal analysis and others seem to be close to that p&ond 1] with conventional techniques and materials, Sens. Actuators 77

On the other side, cost- and fabrication-optimised designs _ (1999) 223-228. _ _ _
[18] J. Judy, T. Tamagawa, D.L. Polla, Surface-machined micromechanical

and a good performance reprodumblllty are deﬂmtely the membrane pump, in: Proceedings of the MEMS ‘91, Nara, Japan,
next goals to be achieved. Aside from that the perfection of 30 january—2 February 1991, pp. 182-186.

appropriate design and modelling tools is still a need for both [19] R. zengerle, S. Kluge, M. Richter, A. Richte, A bidirectional silicon
commercialisation and basic research. And yet, aside from micropump, in: Proceedings of the MEMS ‘95, Amsterdam, The
all commercialisation issues, there is still enough to learn Netherlands, 29 January-2 February 1995, pp. 19-24. _
about the fundamental—in part very special—processes OC_[20] T. Bourouina, A. Bosseboeuf, J.-P. Grandchamp, Design and simu-

. . . . i lation of an electrostatic micropump for drug-delivery applications,
curring in micropumps and other microfluidic components 3. Micromech. Microeng. 7 (1997) 186188

and systems, like influences of media properties, long-term 21} £ makino, T. Mitsuya, T. Shibata, Fabrication of TiNi shape memory
effects or liquid—surface interactions. micropump, Sens. Actuators A 88 (2001) 256-262.
[22] S. Kluge, G. Neumayer, U. Schaber, M. Wackerle, M. Maichl, P.
Post, M. Weinmann, R. Wanner, Pneumatic silicon microvalves with
piezoelectric actuation, in: Proceedings of the Transducers ‘01/Eu-
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