; €3eBgEBd@AAIBRNCE6>ETEJW | VALVELESS M CROPUMP BACKGROUND OF THE | NVENTI ON
The invention relates generally to apparatus and nethods for controlling

the flow of fluids. Mire particularly, the invention provid wmwﬁ E@Nl ess

punp of sinple construction, and which may be nmade quite s
m cromachi ni ng techni ques. A punp according to the inventio
internal elenents such as airfoil-shaped structures as directi of5¥®8hsitive

el ements for producing different drag farces as fluid flows
m cropunp in different directions. 10 Conventional punp desiy IIIII IIII

use valves as flow directing elenents. These val ves all ow fl

fromthe | ow pressure end to the high pressure end of the punp, &He0¥o
prohibit flow of the fluid back fromthe high pressure end to the | ow
pressure end. Several types WALVBLESAMICROQPUMBracti ce. Passive val ves
may enploy an object such as 15 a novable plate as a direction-checking

conponent. The plate opens due to a_pressur ffere when fluid is
punped forward, and then %AQ&RQ&JNB Sgr’@d YEUT&BI\ISOW ng backward when

t he pressure i s reversed. Such passi ve val ves are popular in many
engi neeri ng apphecanvamson Ceelodes gemersdlyk ol iapparates appldi cattlodof faguch
val ves in 20 m cropunp designs. To begin with, it is not easy to

m cr omachgggtrofeng tBeMlGw OIUNORNS | MNEEE PaYHioalardy,t thd haverstich pravidss a
require. Secondly, the actions of the noving parts, such as the opening and

I I I h f I

5,53 Bk e AP el plh e S
b ked 5 b ll.ect f .th ticl b t t.h

Y becomg PS5 by aicclLect] on, of Ahose PR iches betugen Lhe fpvi

fatigue in the valves and failure of the m cropunp.
invention may use internal elements such as airfoil-shaped structures as

direction-sensitive elements for producing different drag forces as fluid
flows through the micropump in different directions.

10 Conventional pump designs typically use valves as flow directing
elements. These valves allow fluid to flow from the low pressure end to
the high pressure end of the pump, and to prohibit flow of the fluid back
from the high pressure end to the low pressure end. Several types of
valves are used in practice. Passive valves may employ an object such as

15 a movable plate as a direction-checking component. The plate opens due
to a pressure difference when fluid is pumped forward, and then closes to
prevent fluid flowing backwe;rd when the pressure is reversed. Such
passive valves are popular in many engineering applications.

Certain drawbacks limit the application of such valves in

20  micropump designs. To begin with, it is not easy to micromachine the



Active val ves have simlar drawbacks, but provide greater freedomfor
control of the fluid delivery, and | ess backflow. Active valves are even 10
nore difficult to fabricate, though, because of the greater conplexity of
the noving parts and other related structures. Val uel ess m cropunps or
fixed val ve m cropunps have been devised and are finding increasing
application, especially in bio-engineering applications. There are several
advant ages i n val uel ess mcropunps. 15 Birstly, the val uel ess m cropunps
are nuch easier to fabricate using standard m cro-machi ni ng techni ques.
Secondl y, val uel ess m cropunps are nore reliable because there aye no
noving elenments in the inlet and outlet channels. Thirdly, the val uel ess

m cr opunpsnicioldikeribred puopirde pagtss thalo saoh Wdves asyuirevi Sgcondpgngid s i n
the inlet and outlet 20 channels, and therefore will not cause nuch damage

to Dbi o- mleekheSof ﬁiéﬁthg%'spﬁﬁcﬂgg%vme %@ﬁ%%@c@&&)s%@idﬁtﬁ%d%lam? 't

is knowmn inthe art to provide a fixe alve ' co In which the design of
the conduit is,flowdirection sensitive. A lLoweg draq f.orce is prpduced
when 11 ui (3T SmARe Cells WithingPR2lind, o rotteirreif Sy rrRers: T8N i n a
backward direction. Such designs may be based on the 5 concept of non-unit
drag rati &vhan the wedingr duid meluedesnrartinlonr the velye may beeewiceblgekst t he
one-directional flow conduit can be neasured by such ratio. The larger the

rati o,5t hbymareolkictiect bf ehbbe paitidlery bettveon tife nhevingnelenmientst Finally,o
known in the art to provide a m cropunp having fixed 10 val ves fabricated

using m C'tHérB&i}ﬁt!ﬂhﬁGuEeéﬁéhﬁ'%FsandA%ﬁngt Retidas hedy t18gh e faaBukeiPas on
the concept of differentiated drag between the forward and backward fl ows.

O her work n%% Q?c??%l%{?ee&?%trﬁ"ﬁ? ﬁu e aerodynam c characteristics of
rag %

airfoils. "Brit And orces ha eén neasured for 15 different angles
of attack of airfoils fromzero.tg 18(?
]

have different AGHHE Valvae % simypg 33&%‘; eSr»S&‘i/ilhgrg%HJ&i% g?‘%/;t@?gfggeégr%m He
directions. The following table |ists neasured drag coefficients Cd for
vari ous afgt esntybl af tthekflaid delivery, and less backflow. Active valves are even
10 more difficult to fabricate, though, because of the greater complexity of the
moving parts and other related structures.

Valveless micropumps or fixed valve micropumps have been devised
and are finding increasing application, especially in bio-engineering
applications. There are several advantages in valveless micropumps.

15 Firstly, the valveless micropumps are much easier to fabricate using
standard micro-machining techniques. Secondly, valveless micropumps
are more reliable because there are no moving elements in the inlet and
‘outlet channels. Thirdly, the valveless micropum;-s; unlike other pump
designs, do not have any moving components in the inlet and outlet

20 channels, and therefore will not cause much damage to bio-molecules.

Also malfunctions due to blockages are minimized.



4 Table la~a5mm. . . mui amb5i zsu CO0.010 0.014 0.018 0.190 ...
0.230 0.140 0.055 0.025 d 308 000O0O05Cdis defined by: Cd = Dra9~
s/fa P9 Dz Eq. 1 where Drag is the drag force caused by the flow, p is the
density of the working fluid; g is the gravitational force and Vis the
flow velocity. 10 From Table 1, the drag rati os between the forward and
backward fl ow may be obtained (from opposite directions). This ratio, rl,
is also known as the drag efficiency an@ is defined by: Cdlao-a 15 Cda Eq.
2 Table 2 gives the r~ ratios for a ranging fromO degrees to 15 degrees,
based on Table 1 and Equation 2. 5 Table 2. Drag efficiency at Reynol ds
nunber 160,000 a | 05 10 15 ... n | 2.4272 3.9286 7.4468 1.6842 ... From
Table 2, it calt Bekebeart iy thlesartved prbvideaa fixed salvencgadeaitainewtdcl thiegh
drag efficiency. This beconmes obvious when it is noted that the 5 airfoil

exhi bits Khsiost b (al=H : GhieL St ty AWK I .
directi onait%lgﬁ gﬁaﬂﬁés elggg I néggu(;agq%lg&?tt%sﬁ tcsregfﬁﬁﬁég gége. ﬁ]r&?ﬁg fEag\(/:grlsse

flow direction en the,fl is from.sthe trailing edge to.the,l eadi.ng. edge,
the i 11 BiPSRcroTEar ek o 1 o rontadd Aitdcithel Hign b e Miifois
nonstream i ne characteristics. 10 It would be desirable if an inproved

nm cr opunpfleving ke aj dackarrido dEgEIY Y afighe designs, dR_Esbe nbasrshistidhe
regardi ng the behavior of airfoils in nmoving fluids. Such a m cropunp

shoul & becortepthbé nef-linit eivhg eftisioffphe backwand tflon, toatite feasatd €lown
fabricate using known m cromachi ning techni ques. These and ot her advant ages

are provi gad dificiback Vi theVehe RRAGILAIN AW doRidhafl8afase MdshrBarNSf Buch
SUMVARY OF THE | NVENTI ON The present invention provides a val uel €ss

o1 9PUTD b N THACLHGE hePhbiSY R MR TR IR thO%fhvHd WeRBrobP TR’
conduit.

It is also known in the art to provide a micropump having fixed

10 valves fabricated using micromachining techniques. Again, the design

thereof can be based on the concept of differentiated drag between the
forward and backward flows.

Other work has been directed toward the aerodynamic

characteristics of airfoils. Lift and drag forces have been measured for

15 different angles of attack of airfoils from zero to 180 degrees. Airfoils have

been shown to have different drag values for fluid flows arriving from

different directions. The following table lists measured drag coefficients

Cd for various angles of attack a:



6 thereto, an inlet channel coupled to the hollow punp chanber and an
opposite outlet channel coupled to the holl ow punp chanber. The inl et
channel, the holl ow chanber and the outlet channel define a fluid flow path
through the inlet channel, the hollow punp chanber, and the outlet 5
channel . At |east one direction-sensitive elenent is disposed in the flow
path within one of the inlet and outl et channels. The direction-sensitive
el enent may conprise an airfoil installed in the fluid flow path at an
angl e which produces a drag ratio greater than unity on the fluid in the
flow path. The driving el enent nmay conprise an electrostatic/ piezoelectric
10 nenber. The airfoil elenment preferably has an angle of attack of O
degrees-10 degrees. Satisfactory resuraslemay be produced at an angle of 0O
degrees or 10 degr ees or at Sone vaI ue t herebetween. In accor dance W th
vari ous "Hl’? ’ ——a SECOJ tetepeTtTEy e
mount ed i nohe &f the?nlet 3 d out %t channe % 151tgeth Wlt Q'ue first
a|rf0|| el enen a and-_second--a el enents ne pe unted
in the inlt @FQ;MP\eIO 0dA t ReY1&ay0dfth be n%@@@edq h4@he0&§t5 etO eBannel . As
a further alternative, the first airfoil element nmay 'be nounted in the
inlet chande| aB8d the Gecond8airfoi0 el ement Oray beOrounte@d in tige outl et
channel . Sti|l further, a first 20 plurality of airfoil elenments may be
mounted iM The Tnlet cnannel and a second plarality ol _alrrofl_erements may
be nount ecbd &hﬁ ﬁ(_;3 et channel . Each of the first and second
pluralities ot ‘&t Y el ement s may conprise a single cascade of such

el enents or each may conprise a plurality of cascades of such elenents. In
accordance with the inventionCdhe aDred| elenents are arranged 5 so that
they produce different drag forces &g pg¥=fluid as it flows in different
directions. The airfoil elenents function as flow rectifyi n@qellerrents,
allowing the fluid to flow nore easily in one direction as

where Drag is the drag force caused by the flow; p is the density of the
working fluid; g is the gravitational force and Vis the flow velocity.

10 From Table 1, the drag ratios between the forward and backward
flow may be obtained (from opposite directions). This ratio, n), is also

known as the drag efficiency and is defined by:

Cdlso_a

15 cd, Eq. 2

Table 2 gives the n ratios for a ranging from 0 degrees to 15 degrees,

based on Table 1 and Equation 2.



conpared with the opposite direction. The drag ratio of the backward fl ow
against the forward flow of the mcropunp is therefore larger than unity.
10 A principal feature in accordance with the invention is the ability of

t he val uel ess m cropunps in accordance therewith to produce |ower forward
flow drag and hi gher backward flow drag, so that a high flowrate is
produced when conpared with other designs. The m cropunp structure is an
integrated structure and can be fabricated using standard 15 m cromachi ni ng
techni ques. BRI EF DESCRI PTION OF THE DRAWNGS Fig. |Ais a top view of a
first enbodi ment of a mcropunp in accordance with the invention, which has
a plurality of airfoil elenents. 20 Fig. 1Bis a front view of the

i cropunp of Fig. Tdble 2.8 Driag. efficiehcy &t RgyASKE hanpb&t 160,a0@g coef fici ent
of an airfoil eIenent for various angles of attack Flg 3 is a
di agr amratiTc pr ot Wy AT O TEeeTH ' = of—attack and
the drag 8ff|C|e'cy 5 Flg 4A is the 'op vi ew of another eﬁbodlnent of a
nicropunpﬁg C dance he i nvent.| having oil el enent
at an ang oﬁZQB?ack ofehﬁzaégrees7ﬁﬁ4@§ch of1t"42nlet an-out | et
channels. Hig. 4Bis a front view of the mcropunp of Fig. 4A. Fig. BAis a

top view of a still further enbodinent of a mcropunp in 10 accordance with
the inven B 1 U RbeE M | dhsRl-6EB Mt TRIHHIRA cARl Yeh&rdtBeyd! et
channel Eler eo Fél'.g@ 15 |s tcop lew of a still furlt hgr e%% %‘r ment Igf a
m cr opunp a cord i he .i nventi on, having,mul tiple airf enent s
Tount 6 ORISR {FF A ETIEREY- C &ﬁ% R SLVIRS PR B e, gy
still further errbodl ment of a mcropunp in accordance with the i nvention in

whi ch achird®il iaxhibitpeits ftacaulinstbody characteristic property when the flow

direction is from its leading edge to its trailing edge. In the reverse flow
direction when the flow is from the trailing edge to the leading edge, the
airflow no longer presents itself as a “streamline body” and shows non-
streamline characteristics.

10 It would be desirable if an improved micropump could be devised to
take advantage of advances in knowledge regarding the behavior of airfoils
in moving fluids. Such a micropump should be reliable, efficient, of
simple construction, and feasible to fabricate using known
micromachining techniques. These and other advantages are provided by

15 the novel apparatus and methods described herein.

SUMMARY OF THE INVENTION
The present invention provides a valveless micropump which

includes a hollow pump chamber having a driving element coupled



channel s contains a single airflow el enment at an angle of attack of O
degrees. Fig. 6Bis a front view of the mcropunp punp of Fig. 6A 9 Fig.
7TA is a top view of yet another enbodi nent of a mcropunp in accordance
with the invention having nultiple cascades of airfoil elenments in each of
the inlet and outlet channels. Fig. 7/Bis a front view of the m cropunp of
Fig. 7A. 5 Fig. 8Ais a top view of yet another enbodi nent of a m cropunp
in accordance with the invention in whigh a single cascade of airfoi
elenents is located in each of the inlet and outlet channels. Fig. 8Bis a
front view of the mcropunp of Fig. 8A. 10 DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS Figs. | A and 1B are top and front views, respectively, of a

first enbeRérsed! «f iAletathighREIS copledP woPtH holkey Hhiem@PeRRndiber Beldudes a
m cropunp chanber 12 with an electrostatic or piezoel ectric nenbrane 14

nmount ed t SPRSSI [ t }%ﬂg .
coupl ed tgﬁﬁﬁgﬁﬁicrogih%gghghggp&@%iqﬂsﬁgag%ggﬂﬂgbﬁaﬁqf : P%g'sgﬁﬁé ggé
m cropunp 10 has two .airfoil shaped el epents 20 unted.in each of fhe
" et P andcBapRel, e il ehamBes grcribeapiriet IcTai clePafgh taidoMes en
a predeterm ned angle of attack relative to a central axis or axis of
el ongat i opath thxewghi thy iHebghanpel.tthe hpHewppupn chaarkers and shglantiet i s
shown in Fig. | A Though these el enents are described herein mainly as
"airf | schahnebhoad tedt apprditécaicrt sendlliviehalerhdret pridpesodddiin timeylbe
either a gas or aliquid, and is by no neans |limted to air.
path within one of the inlet and outlet channels. The direction-sensitive
element may comprise an airfoil installed in the fluid flow path at an angle
which produces a drag ratio greater than unity on the fluid in the flow
path. The driving element may comprise an electrostatic/piezoelectric
10 member. The airfoil element preferably has an angle of attack of O
degrees-10 degrees. Satisfactory results may be produced at an angle of O
degrees or 10 degrees or at some value therebetween.
In accordance with various embodiments of the invention, a second
airfoil element may be mounted in one of the inlet and outlet channels
15 together with the first airfoil element. The first and second airfoil
elements may both be mounted in the inlet channel, or they may both be
mounted in the outlet channel. As a further .alternative, the first airfoil
element ma&f ‘be mounted in the inlet channel and the second airfoil
element may be mounted in the outlet channel. Still further, a first

20  plurality of airfoil elements may be mounted in the inlet channel and a

second plurality of airfoil elements may be mounted in the outlet channel.



The m cropunp chanber 12 is of generally cylindrical configuration so as to
have a circular top 26, an opposite circular bottom 28, and a wall 5 30 of
circular configuration extending between the top 26 and the bottom 28. An
el ectrostatic or piezoelectric nmenbrane 14 serves as the driving nenber for
the m cropunp 10. The nenbrane 14 is of generally circular configuration
and is nounted on the top 26 of the chanber 12. Opposed inlet and outl et
channel s 16 and 18 are coupled to the mi7cropunp 10 chamber 12 through
openings 32 and 34 respectively in the circular wall 30 of the m cropunp
chanber 12. The inlet and outlet channels 16 and 18 and the m cropunp
chanber 12 are arranged so that the central axis or axis of elongation 22
ext ends t maegbf tae lfirsf ahldesé¢cdrrl phurhlitidd of atrficinetdBehbs andy tdnamdsé ar ough
the center of the mcropunp chanber 15 12. The inlet channel 16 has

opposed, t@gﬁiéa&éyc&?é el eheh! BRWAEAS 3F 88th 4 5 hAge bét}‘rﬁ\ﬁig%cljﬁyt&p 42

and a bot 44, The top 42 and bottom 44 are genera pl ana

cont i nuous vvit(ﬂqthf: toH fﬁG anq bottom 28, respectively, of the m cropunp
chanber 1525€9T Gt PYSHHNE™SE But | et channel 18 includes opposed, generally
paral l el sidewalls 46 and 48 extendi ng between a top 50 and a bottom 52.
The top 50 andl®cosstlapge with Hre mreendion: the Rirel plemends @yiet AFF@aESdwi t h
the top 26 and bottom 28, respectively, of the mcropunp chanmber 12. As
shown 5 n BogthdiBtheheprodiict |diffeaqretd drhgnorcss 26n wihidifiuithesi il diovis dhannel
16 extend upwardly fromthe bottom44 to the top 42 thereof. Simlarly, the

ot e PERAeLERAtR S0 W R DN DAL M
m cr Opurrpeﬂe?n&fltslf i gﬁo&iﬁ‘ga&qe Hnif at%h chth erorienleggily in one direction as
compared with the opposite direction. The drag ratio of the backward flow
against the forward flow of the micropump is therefore larger than unity.
10 A principal feature in accordance with the invention is the ability of the
valveless micropumps in accordance therewith to produce lower forward
flow drag and higher backward flow drag, so that a high flow rate is
produced when compared with other designs. The micropump structure

is an integrated structure and can be fabricated using standard

15 micromachining techniques.

BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1A is a top view of a first embodiment of a micropump in

accordance with the invention, which has a plurality of airfoil elements.

20 Fig. 1B is a front view of the micropump of Fig. 1A.



10 15 and outlet channels 16 and 18 has two of the airfoil-shaped el enents
20 mounted therein. As will becone apparent fromthe discussion to follow,
however, other arrangenents of airfoil-shaped elenments 20 are possible. It
is possible, for exanple, to nount a single one of the elenents 20 or a
plurality of the elenments 20 in one or the other but not both of the inlet
and outlet channels 16 and 18. It is also possible to provide each of the
inlet and outlet channels 16 and 18 witlg a single cascade or a plurality of
cascades of airfoil elements 20. As shown in Fig. | A each of the
airfoil-shaped el enments 20 has a | eading edge 54 and a trailing edge 56.
Fluid flows through the inlet channel 16, the m cropunp chanber 12 and the

outl et channel Fi8 2hsa aihg:iiah@elutﬁngﬁmymmg abéfdeEeitCooifl LPfodlt eleffernttnl et
channel 16 and the outlet channel 18 respectively. The airfoil-shaped

el enent s %5)1, %ﬁgg##ﬁ’ﬂ?ﬁ?ﬁﬁ& _that the | eadi ng edge 54 of each faces in

an upstream ative to the flow. As previously noted, each
airfoil-shaped elepent 20 is nounted so as to be at a .desjred angle of
attack rolati vEigod et CHABTAIMANS Pigt Sﬁgww% - u%qlﬁ/tlﬂatsfauﬂ, %eﬁ‘@g €angl e

24 is shown in 5 Fig. |A Fig. 2 is a diagrammatic plot of drag coefficient
as a funcaingle of athtagkeand thetdreg dibiciemeyai rfoil el enent of particul ar
configuration. In the particular exanple shown, when the angle of attack is

| ess than 11 dogs.ees, is bige dopgviewr vehdthel lembOdAgedesdra hgitrapovep ia drag
ratio can be defined as the ratio between the drag generated when the fl ow

o S R MO S04 el BRIOLAA L a0
ratio pr O\éitt%ec & 16 ld%tgirgees I 2ac eochi'le inlet and outlet channels.

Fig. 4B is a front view of the micropump of Fig. 4A.

Fig. 5A is a top view of a still further embodiment of a micropump in

10 accordance with the invention, having multiple airfoil elements mounted
only in the inlet channel thereof.

Fig. 5B is a top view of a still further embodiment of a micropump in
accordance with the invention having multiple airfoil elements mounted
only in the outlet channel thereof.

15 Fig. 6A is a top view of a still further embodiment of a micropump in
accordance with the invention in which each of the inlet and outlet
channels contains a single airflow element at an angle of attack of O

degrees.

Fig. 6B is a front view of the micropump pump of Fig. 6A.



fl ow resistance through the m cropunp fromthe two opposing flow 15
directions and is useful to define or quantify the efficiencies of

val uel ess punps. If the ratio is larger than unity, the drag generated when
the working fluid flows fromthe |eading edge to the trailing edge is |ower
than that generated when the flowis in the opposite direction. In other
words, if the airfoil elenment is nounted in a channel of a m cropunp, and
an 20 alternating-flow fluid passes throgugh, fluid will flow nore easily
and thus preferentially in a direction fromthe | eading edge to the
trailing edge of 13 the airfoil elenent. Over tine, a net flow of fluid
W ll occur inthis direction. If the ratio is less than unity, a net flow
fromthe trail Fig BAde 4 @op hdewesitlydrganditerr esilddimeitdof & thi@opaithp ihS
equal to unity, there will be no net flow. The higher the ratio, the higher

wi |1 be tBecheiaddeOWitPite ﬁrtf%%nﬁoﬁ ri'l‘%u)gx‘é Qﬁglttij@g @ztgéa?feﬁrlffyai?foif SR Y&l el ess

m cr opunp. %quatl ons 1 and 2, above, d to calculate drag
coefficients and ag ratiog f a.given airfoil configurations. Fig. 3 is
a di agr arrh%teﬁﬁﬁﬁ?‘ﬁ‘i“eglfﬂ%h%na@Lgiqto?%ﬁ%giﬁet ween angl e of attack and drag
efficiency as cal cul ated using equations 1 and 2. The drag ratio increases
steadily from Fig.27B2ya fypong view of the micrapiwmodfFig. 4468 at a = 10.0. This
maxi numis several times unity, which suggests that airfoil el enments of
this type can Figiodafisertop evieweofagetdanettieroambralirtanteoff & anicropunep in

el ements in val uel ess punp configurations of the type described in this

document . 58soRIMeOR Y tHOLBN LIS WisicRCa %B@E%aéchﬂ%tcﬁ{di%ipéle%(}gu mber
of 15 airfoil-shaped elenents 20 that can be nounted in the inlet an

out |l et chappel 18...Figs.. 4A.and. 4B ar p and front views of a
second e og)l%rarl;%%?%%gghv(gflt&e %ggt "Flnng%)o tlJ%C]%Sn?E%'thi s enbodi nent, a
sir3gle airfoil-elenment 20 is . nounted in each of the inlet and outl et

channel s 16 anHig @B i3 plropt yiew of thempicappusne ofiddg 88- i dentify parts of
the val uel ess 20 m cropunp 70 simlar to those of the val uel ess m cropunp

10 of Figs. IA
10 DESCRIPTION OF THE PREFERRED EMBODIMENTS
Figs. 1A and 1B are top and front views, respectively, of a first
embodiment of a valveless micropump 10. The micropump 10 includes a
micropump chamber 12 with an electrostatic or piezoelectric membrane
14 mounted thereon. Opposite inlet and outlet channels 16 and 18 are
15 coupled to the micropump chamber 12.
As shown in Fig. 1A, the valveless micropump 10 has two airfoil-
shaped elements 20 mounted in each of the inlet and outlet channels 16
and 18. The airfoil—shéi)ed elements 20 present a predetermined angle of‘—
attack relative to a central axis or axis of elongation 22 extending through

20  the micropump 10. One such angle 24 is shown in Fig. 1A. Though these

elements are described herein mainly as “airfoils,” it should be appreciated



14 and 1B. Again, each of the airfoil-shaped elenents 20 is nounted at a
desired angle of attack relative to the central axis 22. In designing

m cropunps according to the invention, careful consideration should be
given to the nunber of airfoil elenents used, the 5 flowrate, and the
power consunption. Additional airfoil elenents increase the drag ratio and
thus the directional efficiency and flowrate, but this also results in

hi gher power consunption. It is not necggsary to nount the airfoil-shaped
el ements 20 in both the inlet channel 16 and the outlet channel 18.

Al ternative arrangenents 10 are shown in Figs. 5A and 5B. In the enbodi nent
of Fig. 5A a valueless mcropunp 72 has two of the airfoil-shaped el enents

20 nount eghapthdeuiribed fulidnArly BE eaitérno gak 'droh ligehiapad delsew oSyt ed
in the outlet channel 18. Conversely, the enbodi ment of Fig. 5B shows a
val uel essy:mi - 74 in which two of the airfoil-shaped el enents 20 are
15 nount egﬁ}u%&?ﬁgr%ﬂtlet channel 18, with none in the inlet channel 16.

Again, like or,simlar conmponents in Figs, 5A and 5B are identified by the
sane ref er ence IREBHSIPUR t%b%‘@%%e]df F%Of RENE crlipdrisal gogdiguratign; g
1B. The angle of attack of the airfoil-shaped elements 20 can be of any 20
val ue as Bor@$ tshane aarirtylar pddcen eppesite cacudar hotiom t2& randia walll t
has 15 been found, however, that an angle of attack between zero and 10
degrees pBOvoliescalmeconfignesivn extdndisg bétweth 6 abp 20amhthé witorni ews,
respectively, of a further enbodi nrent of a val uel ess m cropunp 76, in which

each of thg i Afli@tfostalid! bEDIENIEER: HoeBfah8 CAUAES A BhoUSvinge Of

the airfoil-shaped
member for the micropump 10. The membrane 14 is of generally circular

configuration and is mounted on the top 26 of the chamber 12. Opposed

inlet and outlet channels 16 and 18 are coupled to the micropump
10 chamber 12 through openings 32 and 34 respectively in the circular wall

30 of the micropump chamber 12. The inlet and outlet channels 16 and

18 and the micropump chamber 12 are arranged so that the central axis

or axis of elongation 22 extends through each of the inlet and outlet

channels 16 and 18 and through the center of the micropump chamber
15 12.

The inlet channel 16 has opposed, generally parallel sidewalls 38
and 40 extending between a top 42 and a bottom 44. The top 42 and
bottom 44 are generallyvﬁlanar and continuous with the top 26 and
bottom 28, respectively, of the micropump chamber 12. Similarly, the

20 outlet channel 18 includes opposed, generally parallel sidewalls 46 and 48

extending between a top 50 and a bottorn 52. The top 50 and the bottom



el ements 20 nounted at an angle of attack of O degrees. This differs from
the approximately 10 degrees angle of attack shown in the enbodi nent of
Figs. A and 1B, but still provides a reasonable flowrate. To increase the
flow rate, cascades of airfoil elements 20 can be 10 used. This is
illustrated in Figs. 7A and 7B, which are top and front views of yet

anot her enbodi nent of a val uel ess m cropunp 78. Unli ke the val uel ess

m cropunps of the prior enbodi ments, theimcropunp 78 of Figs. 7A and 7B

i ncl udes a m cropunp chanber 80 of generally rectangul ar configuration,
with a rectangul ar el ectrostatic/piezoelectric 15 nmenbrane 82 nounted on a
top 84 of the m cropunp chanber 80. The top 84 and an opposite bottom 86 of
the m cr op@nare perkeesllydplanar aind evmirgudas wiohfthgutep 126 agued batwrge28r al | y
continuous with an opposite _ top 88 and bottom 90 of an inlet channel 92,

respecti V?J:é:/pe(ﬁ%l N ORROH L o @R pPéh ARbepald om 96 of an outlet channel 98.

A central axis 100 extends 20 ‘through the inlet channel 92, the m cropunp
chanmber 80 and,the outl.et_ch el, 98, .and.fl ui | ows, i n.directions _shown
by arrove 1 02 Aschehap FiE P the Airgbitiepantct pleraiisndn RufthEs B dnTele
outlet of the outlet channel 98 respectively. In the valuel ess m cropunp 78

of Figs. vhaangl 7 exiendoapwhsdhhfwamathe bettan thainéhe top 4Rdthugreot.

provi ded with cascades of the airfoil 5 shaped elenments 20 arranged in
mul ti e Simslasty,ctse adef®iliSiiapedSelanttrit$020Thetldas thdesutles, cHlighend 8l 10
of the airfoil-shaped elenents 20 within each of the inlet and outl et

channel s @zt |Fwa Ry 926 the BBtise! SQnif%J_ ti6é ftbpl SO e bRl ALSS

m cropunp 78. In'valueless mcropunps utilizing cascades of airfoil-shaped
10 el ementg 20, such as the val uel ess mcropunp 78 of Figs. 7A and 7B,
there need "hot be any particul ar nunber of cascades. Figs. 8A and 8B, for

example, are t nd front views of yet another enmbodi nent of val uel ess
i ?1[1) tﬁe valveless m?cropumfo/ 10 o? Frigs. 1A and 1B, eac o? the inlet

and outlet channels 16 and 18 has two of the airfoil-shaped elements 20

10 mounted therein. As will become apparent from the discussion to follow,
however, other arrangements of airfoil-shaped elements 20 are possible. It
is possible, for example, to mount a single one of the elements 20 or a
plurality of the elements 20 in one or the other but not both of the inlet
and outlet channels 16 and 18. It is also possible to provide each of the

15 inlet and outlet channels 16 and 18 with a single cascade or a plurality of
cascades of airfoil elements 20.

As shown in Fig. 1A, each of the airfoil-shaped elements 20 has a
leading edge 54 and a traiiiﬁg edge 56. Fluid flows through the inlet
channel 16, the micropump chamber 12 and the outlet channel 18 in a

20 direction shown by arrows 58 and 60 at the inlet channel 16 and the

outlet channel 18 respectively. The airfoil-shaped elements 20 are



m cropunp 112 in which a single cascade 114 of the airfoil-shaped el enents
20 is used in each of inlet and outlet channels 116 and 118. 15 Like the
val uel ess micropunp ?8 of Figs. 7A and 7B, the mcropunp 112 of Figs. 8A
and 8B has a rectangul ar m cropunp chanber 80 and a _ rectangul ar

el ectrostatic/ piezoel ectric nenbrane 82 in the manner of the enbodi nent of
Figs. 7A and 7B. The inlet and outlet channels |16 and 118 of Figs. 8A and
8B are simlar to the inlet and outlet phannels 92 and 20 98 of the

enbodi nent of Figs. 7A and 7B, but are shorter in length. A central axis
120 extends through the inlet channel 116, the m cropunp 17 chanmber 80
and the outlet channel 118. Fluid flows in a direction illustrated by an

arrow 122pgdunifer] istl ehaenthoflehithg die GRvteleadhb fadkd an anr Wpstdadt the
outlet of the outlet channel 118. The vari ous enbodi nents of val uel ess

_ the - - - " d '
ner of -1 nolrHEECPERERES e Mok, b BRiSs B Rt " BaEHCalISERRARRS,

herein in rection sensitive drag-pr enen
airfoil-shaped elenents such as the el enments 20.. However, .the invention is
not 111 ¢ EERGIERPr B oUntEd $ 25 B DA Ptesr R DB S Oh el laRye 10
appropriate shape as long as the resulting drag ratio is |arger than unity.
10 18 | the gemtrad anist36.s A$ Areewusly noted, waleushel sanglerdpuspheovbrinsi ng:
a hol |l ow punp chanber having a driving el ement coupled thereto; an inlet
channed ceiypl kAl to the holl ow punp chanber; an outlet channel coupled to
t he hol | ow punp chanber;
Fig. 2 is a diagrammatic plot of drag coefficient as a function of
angle of attack for an airfoil element of particular configuration. In the
particular example shown, when the angle of attack is less than 11
degrees, the drag is very small.
10 As described above, a drag ratio can be defined as the ratio between
the drag generated when the flow is from the leading edge to the trailing
edge of the airfoil, and the drag generated when the flow is from the
trailing edge to the leading edge. This ratio provides a relative measure of
flow resistance through the micropump from the two opposing flow
15 directions and is useful to define or quantify the efficiencies of valveless
pumps. If the ratio is larger than unity, the drag generated when the
working fluid flows from the leading edge to the trailing edge is lower than
that generated when the flow is in the opposite direction. In other words,
if the airfoil element is mounted in a channel of a micropump, and an

20 alternating-flow fluid passes through, fluid will flow more easily and thus

preferentially in a direction from the leading edge to the trailing edge of



5 the inlet channel, the hollow punp chanber and the outl et channel
defining a fluid flow path through the inlet channel, the holl ow punp
chanmber, and the outlet channel; and at |east one direction-sensitive

el ement disposed in the flow path within one of the inlet and outl et
chanbers. 10 2. A val uel ess m cropunp according to claim1, wherein the at
| east one direction-sensitive elenent conprises an airfoil. 3. A val uel ess
m cropunp according to claim?2, whereinidhe airfoil is installed in the
fluid flow path at an angle which produces a drag ratio greater than unity
on fluid in the flow path. 19 4. A val uel ess punp conprising: a punp
chanber; an el ectrostatic/piezoelectric nenber disposed at the punp

chanber; bhanairfiietelehentel Gwipliade} & triet Plovp cthflnbdér wilknoeaiid éh eignnel
coupled to the punp chanber; and an airfoil elenent nounted in one of the

e d - the.ai Ll ' dtaghatd
Infet an ﬁi%tcltl h'cngkéegflggf% thah uﬁkt?gg‘{r]geﬁ’%%‘ff the fl%\?\%léggezcﬁet he

greater than unity. ess punp a ing to claim?4,

DU 1 SR IBR el ) SRR ATl o ST PR
val uel ess punp according to claim4, wherein the airfoil el ement has an
angl e of aotaeikilow. aphe higher the rotigeghedigher wall\ag the ass flewnmned ¢brei ng
to claim4, wherein the airfoil elenment has an angle of attack of

appr 0x8 matle¢ higleltlgr efficiency of the valveless micropump.

Equations 1 and 2, above, can be used to calculate drag coefficients
and drag ratios for a given airfoil configurations. Fig. 3 is a diagrammatic
plot of the relationship between angle of attack and drag efficiency as
calculated using equations 1 and 2. The drag ratio increases steadily from

10 2.4272 at a = 0.0 to a maximum of 7.4468 at o = 10.0. This maximum is
several times unity, which suggests that airfoil elements of this type can
find effective use as direction sensitive flow control elements in valveless
pump configurations of the type described in this document.

As previously noted, there is no special limitation on the number of

15 airfoil-shaped elements 20 that can be mounted in the inlet and outlet
channels 16 and 18. Figs. 4A and 4B are top and front views of a second
embodiment of a valveless micropump 70. In this embodiment, a single
airfoil-element 20 is mounted in eac;ﬁ of the inlet and outlet channels 16

and 18. Like reference numerals are used to identify parts of the valveless

20  micropump 70 similar to those of the valveless micropump 10 of Figs. 1A



20 9. A val uel ess punp according to claim4, further conprising a second
airfoil elenent nounted in the one of the inlet and outlet channels
together with the first-nmentioned airfoil elenent. 10. A val uel ess punp
according to claim6, wherein the first nmentioned airfoil elenent and the
second airfoil element are both nounted in the inlet channel. 11. A

val uel ess punp according to claim6, wherein the first nentioned airfoi

el enent and the second airfoil elenment age both nmounted in the outl et
channel . 12. A val uel ess punp according to claim4, wherein the first
mentioned airfoil elenment is nounted in the inlet channel, and further
including a second airfoil elenment nounted in the outlet channel. _ 13. A

val uel ess 9t BACCAg4linNEdch of ah® dirfsiPgRabstNdetndn tissROPisUmRhihedOht a
airfoil elenments mounted in the inlet channel and a second plurality of

airfoil elmtds?ﬂgf%g&e{g&ﬁggkgggt%tﬂoeéh{Egﬂﬁal} ?fdsa% 14. A val uel ess punp

according to cla erein each o "second pluralities of
airfoil el emantla %&%rise a single cascade 8f such gIFements. .
(o

15. A
val uel ess punp SIS CTUFLORHTERS P& ath B7C ¢ HeVERHQR, sfrfefidkond
pluralities of airfoil elements conprise a plurality of cascades of such
el enent s. cogsigerasioneshevlg hepgivenpio thagumbeuep adHaimelensmtgansed the
cylindrical configuration having opposite upper and | ower walls of
gener ab | y fliw-ebter aahf ilgur powen adflsansptienal | Aefdigenat ahirfoiti efashérmtsshape
ext endi ng between the opposite upper 5 and | ower walls;
increase the drag ratio and thus the directional efficiency and flow-rate,
but this also results in higher power consumption.
It is not necessary to mount the airfoil-shaped elements 20 in both
the inlet channel 16 and the outlet channel 18. Alternative arrangements
10 are shown in Figs. 5A and 5B. In the embodiment of Fig. 5A, a valveless
micropump 72 has two of the airfoil-shaped elements 20 mounted in the
inlet channel 16 and no airfoil-shaped elements mounted in the outlet
channel 18. Conversely, the embodiment of Fig. 5B shows a valveless
micropump 74 in which two of the airfoil-shaped elements 20 are
15 mounted in the outlet channel 18, with none in the inlet channel 16.
Again, like or similar components in Figs. SA and 5B are identified by the
same reference numerals as those used in the embodiment of Figs. 1A and
1B.

The angle of attack of the airfoil-shaped elements 20 can be of any

20 value as long as the airfoil produces a drag ratio larger than unity. It has



an el ectrostatic/piezoelectric nmenbrane of generally circular configuration
di sposed on the upper wall opposite the |ower wall; an elongated inlet
channel coupled to the side wall of the punp chanber at an opening therein
and havi ng opposite upper and |ower walls 10 which are joined to and
generally coplanar with the upper and | ower walls of the punp chanber; an
el ongated outl et channel coupled to the side wall of the punp chanber at an
openi ng therein opposite the opening thegein at which the 22 el ongat ed

i nput channel is coupled and having opposite upper and | ower 15 walls which
are joined to and generally coplanar with the upper and |lower walls of the
punp chanber; and an airfoil elenment nounted in one of the inlet and outl et

chanber s peenesteryingvdeineBat biiea APROSH ABRatRNRtwaed 2cdveindal] deghaliseof .
17. A val uel ess punp according to claim 16, wherein the elongated inlet

channel a : et channel |ie along a conmon axis of
el ongati o%g%‘?(ltﬁgﬁfﬁ g Iregeusgﬂ&l['he punp chanber. 18. A val uel ess punp

according to claiml1y7, wherein the airfaoil elenent forng an angle of O
Gogrees 10" deBiBbsoh PRI OB BsrHh 204 ot UedRdErBRCTTEY RIATHBIATS
punp according to claim 18, wherein the airfoil elenment forns an angle of
appr oxi nateigodinkanjr ebe vdlveleshaniaepmpxit, of whishgeadtoef the. indetvahdel ess
punp according to claim 18, wherein the airfoil elenent fornms an angl e of

appr 0Xg mabeaklet léhaiegelsed 6Wainldl t1ige coanalis axisingle ehonghitthenairfdiBshaped
. AF. F. AYA3Y. AAF. AYA3l .AF.F.A3 y. Al .F. A3[ F. A33. A3. 3. A3A3. AF3. A3. 3. AHF. A

- ALA3" . AYLerfiéh t€%20 mburb AW jaﬁ:élé"%f attack of O degrees. This differs from

the approximately 10 degrees angle of attack shown in the embodiment of
Figs. 1A and 1B, but still provides a reasonable flow-rate.
To increase the flow rate, cascades of airfoil elements 20 can be
10 used. This is illustrated in Figs. 7A and 7B, which are top and front views
of yet another embodiment of a valveless micropump 78. Unlike the
valveless micropumps of the prior embodiments, the micropump 78 of
Figs. 7A and 7B includes a micropump chamber 80 of generally
rectangular configuration, with a rectangular electrostatic/piezoelectric
15 membrane 82 mounted on a top 84 of the micropump chamber 80. The
top 84 and an opposite bottom 86 of the micropump chamber 80 are of
rectangular configuration and are generally continuous with an opposite .
top 88 and bottom 90 of an inlet channel 92, respectively, and an opposite
top 94 and bottom 96 of an outlet channel 98. A central axis 100 extends
20 through the inlet channel 92, the micropump chamber 80 and the outlet

channel 98, and fluid flows in directions shown by arrows 102 and 104 at
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micropump 112 'in which a single cascade 114 of the airfoil-shaped

elements 20 is used in each of inlet and outlet channels 116 and 118.
15 Like the valveless micropump 78 of Figs. 7A and 7B, the micropump 112
of Figs. 8A and 8B has a rectangular micropump chamber 80 and a
rectangular electrostatic/piezoelectric membrane 82 in the manner of the
embodiment of Figs. 7A and 7B. The inlet and outlet channels 116 and
118 of Figs. 8A and 8B are similar to the inlet and outlet channels 92 and
20 98 of the embodiment of Figs. 7A and 7B, but are shorter in length. A

central axis 120 extends through the inlet channel 116, the micropump
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The various embodiments of valveless micropumps in accordance

S5 with the invention are shown and described herein in terms of direction-
sensitive drag-producing elements which are airfoil-shaped elements such

as the elements 20. However, the invention is not limited to airfoils. The
drag-producing elements can assume any appropriate shape as long as

the resulting drag ratio is larger than unity.

10
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1. A valveless micropump comprising:

a hollow pump chamber having a driving element coupled thereto;
an inlet channel coupled to the hollow pump chamber;

an outlet channel coupled to the hollow pump chamber;

S the inlet channel, the hollow pump chamber and the outlet channel
defining a fluid flow path through the inlet channel, the hollow pump
chamber, and the outlet channel; and

at least one direction-sensitive element disposed in the flow path
within one of the inlet and outlet chambers.
10
2. A valveless micropump according to claim 1, wherein the at
least one direction-sensitive element comprises an airfoil.
3. A valveless micropump according to claim 2, wherein the
airfoil is installed in the fluid flow path at an angle which produces a drag

ratio greater than unity on fluid in the flow path.
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S an inlet channel coupled to the pump chamber;
an outlet channel coupled to the pump chamber; and
an airfoil element mounted in one of the inlet and outlet channels,

the airfoil element producing a drag ratio greater than unity.

5. A valveless pump according to claim 4, wherein the pump is a
micropump.
6. A valveless pump according to claim 4, wherein the airfoil

element has an angle of attack of O degrees — 10 degrees.

7. A valveless pump according to claim 4, wherein the airfoil
element has an angle of attack of approximately O degrees.
8. A valveless pump according to claim 4, wherein the airfoil

element has an angle of attack of approximately 10 degrees.
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10. A valveless pump according to claim 6, wherein the first-

mentioned airfoil element and the second airfoil element are both mounted

in the inlet channel.

11. A valveless pump according to claim 6, wherein the first-
mentioned airfoil element and the second airfoil element are both mounted

in the outlet channel.

12. A valveless pump according to claim 4, wherein the first-
mentioned airfoil element is mounted in the inlet channel, and further

including a second airfoil element mounted in the outlet channel.

. 13. A valveless pump according to claim 4, comprising a first

plurality of airfoil elements mounted in the inlet channel and a second

plurality of airfoil elements mounted in the outlet channel.
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such elements.

15. A valveless pump according to claim 13, wherein each of the
first and second pluralities of airfoil elements comprise a plurality of

cascades of such elements.

16. A valveless pump comprising:

a pump chamber of generally cylindrical configuration having
opposite upper and lower walls of generally circular configuration and a
sidewall of generally circular shape extending between the opposite upper

S and lower walls;

an electrostatic/piezoelectric membrane of generally circular
configuration disposed on the upper wall opposite the lower wall;

an elongated inlet channel coupled to the side wall of the pump
chamber at an opening therein and having opposite upper and lower walls

10  which are joined to and\génerally coplanar with the upper and lower walls

of the pump chamber;

an elongated outlet channel coupled to the side wall of the pump

chamber at an opening therein opposite the opening therein at which the
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and extending between the opposite upper and lower walls thereof.

17. A valveless pump according to claim 16, wherein the
elongated inlet channel and the elongated outlet channel lie along a

common axis of elongation extending through the pump chamber.

18. A valveless pump according to claim 17, wherein the airfoil
element forms an angle of O degrees —10 degrees with the common axis of

elongation.

19. A valveless pump according to claim 18, wherein the airfoil
element forms an angle of approximately O degrees with the common axis

of elongation.

20. A valveless pump according to claim 18, wherein the airfoil
element forms an angle of approximately 10 degrees with the common axis

of elongation.



