I Mcrofluidic Sensor For Interfacial Tension

Measur enment and Met hod for Measuring Interfacial

Tension Field of the Invention 5 This invention

relates to mcrofluidic sensof for interfacial tension

measurenent and net hod for neasuring interfacial

tensi on and rel ates particularly t hr ough not

excl usj vel a mcrofluidic device and net hods f
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Background to the Invention As shown in Figure 1,

known neasurenent nethods of interfacial tension can

be prelcddhd lnvéitioe groups: 15 direct neasurenent

usi ng m crobal ance; measur enent of capillary

pressure anal ysis of capillar ravity forces;
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th mensi ons, thus no calibration is required. In the

seco dck r,rg&nr&qothes"q\rgnece tension is proportional to

capi e Py press WAl'ch can be 25 neasured directly

with a pressure sensor The third nethod neasures
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In the fourth nethod, the shape of the droplet 1is

d|st8??@d1%§9§ﬁ@?ace tension and gravity. Measuring

the geomedireyt r@éasarepend&m@ mictoteqanad;| ows t he

det er m nat | jon. For this measurenent

net hod,” F" %ﬂﬁ eﬂ%% 3 aﬁ%iérg%sﬁputer eval uation is

needed.* TH@lysplomﬂplﬂqy@mm/fpreeﬂm qgue 30 evaluates the

di stort,io aggdgkggggmgngmneeds a CCD canera. Besides

t hese techni ques here is interest in interfacial

t ensi ot niSHERIFE rﬁﬁﬂm%W“d§ﬁall sanpl es. The study of

pnterfaces of very small particles and in finely
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systems use a plate or a ring of platinum-iridium alloy or platinum. The plates and

rings have of standard dimensions, thus no calibration is required. In the second
method, surface tension is proportional to capillary pressure, which can be
25 measured directly with a pressure sensor. The third method measures gravity rise
or size of a droplet after detachment. In the fourth method, the shape of the droplet
is distorted by surface tension and gravity. Measuring the geometry of a pendant
drop allows the determination of surface tension. For this measurement method, a
CCD camera and computer evaluation is needed. The spinning drop technique

30  evaluates the distortion of a drop and needs a CCD camera.

Besides these techniques, there is interest in interfacial tension measurement of
small samples. The study of interfaces of very small pariicles and in finely
dispersed systems is micro tensiometry. The main application fields of micro

35 tensiometry are criminology, biology and pharmaceutical micro reactors. The two
methods currently known for micro tensiometry are:-

(a) micropipette technique; and



35 tensionetry are crimnol ogy, biology and

phar maceutical mcro reactors. The two methods
currently known for mcro tensionetry are: (a)

m cropi pette technique; and 2, (b) atomic force

m croscopy. These are shown in Figure 2. 5 1In the

m cr opi pette technique of Figure 2(a), a droplet is
first c:ﬁptu e at the tip of a mcropipette.
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It would be of advantage to be able to measure interfacial tension of micro droplets
and bubbles in a simple configuration utilizing microfluidic technology. This should
enable:
30 ¢ asmall sample size, higher accuracy, and faster resuits;
* interfacial tensions of all immiscible systems (both liquid/liquid and
gas/liquid),
¢ lower cost and easier handling
e be suitable for hand-held systems and portable field measurements; and
35 e an integrated “lab-on-chip” device with a microchannel and optical wave

guides is possible.



| oner cost and easier handling be suitable for

hand- hel d systens and portable field neasurenents; and
35 an integrated "l ab-on-chip" device with a

m crochannel and optical wave, guides is possible. 3
Summary of the Invention In accordance with a first
preferred enbodi nent there is provided a mcrofluidic
5 sensor conprising: (a) a first inlet channel for a
first fluid; (b) a second inlet channel for a second
f | ui Sumrayy of themsetment channel intersecting with
both first inlet channel and the second inlet

channel ; 10 (d) a signal source systemfor receiving a
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15 measur ggent a%@a@ﬁ‘r@h‘uent’a&ﬁﬁ’r{ed'wﬁ@séc%gawﬁ‘ﬁg&ﬁ"%rst inlet channel
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{(b) forcing a second fluid along a second inlet and into the
measurement channel to form the at least one droplet;
(c) using a signal source system to provide a source signal and a
25  signal detection system to detect the source signal;
(d) recording physical characteristics of the at ieast one droplet in the
measurement channel by using the signal source system and the signal detection

system.

30  The first inlet channel, the second inlet channel and the measurement channel may
be in a substrate. The first fluid may be air and the droplets may be air bubbles.

The signal source system may be a source wave guide, the signal may be light, and
signal detection system may be a detection wave guide. The source wave guide
35 may be a source optical fibre, and the detection wave guide may be a detection
optical fibre. The source wave guide and the detection waive guide may be in the

substrate.



The signal source system may be a source wave gui de,
the signal nmay be |light, and signal detection system
may be a detection wave gui de. The source wave gui de

35 may be a source optical fihre, and the detection
wave guide may be a detection optical fibre. The
source wave gui de and the detection wai ve gui de may be
in the substrate. 4 The signal source system and the
signal detection systemmay be axially aligned on
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According to a third preferred aspect there is provided a tensiometer module
30  comprising a receptor for a microfluidic sensor as described above, the receptor
comprising electrical and optical connections for the microfluidic sensor and one of:

a microcontroller and a digital signal processor.

According to a fourth preferred aspect there is provided computing apparatus
35 comprising a tensiometer module as described above, and a screen. The

tensiometer module may be removable.



conprising electrical and optical connections for the

m crofluidic sensor and one of: a mcrocontroller and
a digital signal processor. According to a fourth
preferred aspect there is proyided conputing apparatus
35 conprising a tensioneter nodul e as descri bed above,
and a screen. The tensioneter nodul e may be

renmovable. 5 Brief Description of the Drawings In

or dePriefRescintiongf heewingSent i on nay be fully
understood and readily put into practical effect,
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Figure 2 is an illustration of two prior art met hods

of NMinGkeOark@dingd: onetry; Figure 3 is an illustration of

three flow regines of droplet formation in a

m crochannel; 15 Figure 4 is a schematic illustration

uf aFiP‘“"Ef'le'l’Sr@'diHES’t!bmﬁ niefve wior artnmethafs| fai diegsuride wi gesrfacial
Flgu&ﬁ&éﬂls an |IIustrat|on of four conponents of
Figure 4; Figure is the evaluation of the optically
det eEfwa 24 *EjHLéLIS"?t&S’P of P PRRraE Mglhade of ik telsjometYipar t

sur f gigtirans it can8Qugaatibrs onabree ; flodO rdgingisr f Ardpket dorgtatigh in a
of tm%nkﬁg%g@ncy of dropl et fornatlon as a function of

flow rate; ure 8 is an illustration of counting

i5ne 'F'El‘é”atfeﬁci/ Sgﬁ”ﬁF%ﬂiP%@'qrb?fn%tPr%%md FMEAgrignegt pisa gicrofluidic
gr aptevizb; t he frequency of a droplet formation as a

FUnCh 90 59 on HFLREL ARl SANSRNI BHLR Pl oure 10 [s 2

nor mafi Zze correspon at ' of Figure 9; 25
Fi guFigure B i$ 1hp @saimpvegf thmpt'@ﬁaﬁg@ctp% siginah fsir €2) pgwar?éeraand

t he $gﬁegﬁk@mmﬁ@gpmgga@kp t he changes in surfactant
Str
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dr opFigtre $heayeilistsftioRiofeaustinbIhe fRiqgence ofi@onl¢tfarpeticat es t he
et hegduefo GOHNAghdoft e RRBLEMRY Bfa EbReOiARABh/RUbRlRtion of
surfactant concentration;
Figure 10 is a normalized graph corresponding to that of Figure &;
25 Figure 11 illustrates the change in droplet shape at the same flow rate due to the
changes in surfactant concentration;
Figure 12 illustrates the signals from the optical detection system corresponding to
the droplet shapes of Figure 11;
Figure 13 illustrates the method of counting the period of the droplet/bubble
30 formation;
Figure 14 are graphs of recorded signals from the optical sensor, (a) being the
original time signal, and (b} being the time differential signal;
Figure 15 is a graph of maximum values of time-differentiated signals on both sides
of the droplet as a function of surfactant concentration;
35 Figure 16 is an illustration of air bubble formations inside the measurement

channel;



30 formation; Figure 14 are graphs of recorded signals
fromthe optical sensor, (a) being the original tine
signal, and (b) being the tine differential signal;
Figure 15 is a graph of maxi nym val ues of
tinme-differentiated signals on both sides of the
droplet as a function of surfactant concentration; 35
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enboginents as variants of the device of Figure 4; 10
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Description of the Preferred Enbodi nents 15 The
formati on of droplets and bubbles in nmicrochannels my
be used in mcroreaction technol ogy, which can be
used o for
bi oc étgﬂ%g?&c’;'gﬁ%yng?gm ﬁ%terr%gr opl gm&%ve been used for
BNA anal ysis, protein crystallization, analysis of
hﬁnameplﬁys,minogf Giedpletd Wwhdl ShubBiBgl i6 ehicroemags uhat ibenused in
The r r

r%%rqb(%a%ﬁ#qqgg‘nngi %%ﬁ@ﬁ 05“ &d%%ﬁ?n B%f?l[ar{gltéh%%%g rlrﬁ?]l'st\aﬁand for

F| gufi"@ChSm'CA eravsise M'qﬂPQﬂF&Pt% fGeve a%enolpﬁed dP's pEfsanglygis, protein

Sanp&r?sta[ffz]lcaﬂlﬂnd a@is P hirh&n bﬁysbiﬁ@@al SiLing laad délpﬁc@;ﬁs‘alan&m €The
requenc

?(i ow’rf’@?‘%sarf’r%%‘éag%eé’nﬁ d r%a”'pt“ﬁ%dehssf%"& 'Sc'g'ﬁg‘gc’r“’%n Thes arge
t he cdnfigusationds silownem Eioune q Aeparies élwti sticthss eihdisnergss |a| @mple
nunbRlid &Ad -spid itTAto" aﬁ&«s &@m@ g 8iz8 Merefq@érrawdf QR Qfoplets

dr oDc':ie%tendlﬁc’g grp S(aherffcrlwnt% es (repres\c-,ﬁe%\ccz:é1 geﬁle Reyn&ds number Re) and the

interfacial tension {represented by the capillary number Ca).
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To refer to Figure 3 the formation of droplet is shear-induced detachment. The
halance of forces determines the final drop size at the end of the droplet growth,
which is at the moment of detachment. The droplet size V.o, @nd the volumetric
flow rate of the sample Qsample determine the frequency of formation:

30 f= Qsample droplet (1)
The following forces may coniribute to the detachment balance:
Drag force on droplet: £, = %CDp U Admp]et (2)
Interfacial tension force: F; . o = CsORD, e vion (3)

35  Inertial force of the droplet: Fi .. = PV iopier du (4)

dt



bal ance of forces determnes the final drop size at
the end of the droplet growh, which is at the nonent
of detachnment. The droplet size Vdroplet and the
volunmetric flow rate of the sanple (Qsanpie determ ne
the frequency of formation: 30 f = Qsanple / Vdropl et
(1) The following forces may contribute to the

det achnment bal ance: Drag force on droplet: Fd"6 = 2
COoP2 2Adrorgl et2 (2) Inter@agi.al tension force:

Fi | 1 Mampatindgroe: ‘T BELI on 3) 35 I|Mrtial force
of the droplet: F'enial ="P%droplet dt (4) 7
Monentum force: Fnonmentum = P Qsanpi 2 (5) injection /4
BuoyBemygndyderess: FL oy Bney (Pe-vdriogl et (P&arrier - P)g
(6) 5 Nonenclatures: Co : drag coefficient u :

car r Nemeddadmesrel ocity and droplet velocity Adropler
proj €pt ed: eregevetifciebthe dropl et Vdroplet : volunme of the
drophet 10cdser 66 velstity S dr@tdt Ogloditpr surface tension

for cey fepapditedataotihedbpiection angle (1 for our
case_0 9_0\) Di ni %et on hydraul i c di aneter of the

i nj e&twion’ collluérhenoél ed@p, ie volunetric flowrate of the
sanplCe Qcareriestionyiabtantar rsiudade| tengiqratoeceo tiepending gn rthe fnjection
15 aangldPampuecase Qi er: flow rate ratio p density of
t he $qpm, eydiagiio dmdRoaf the giectiendiabtnel of the carrier
liquid g.;,dravitational acceleration 6 : interfacial
tensgﬁw'ebgPR%g'gﬁcg%wn%a;lee&ﬁ?eqsﬁ{" Eand carrier liquid 20
In tige 1N eblosest dow sty dfaeecaekef ect s dom nate over

vol une_ ffez@s. _T[(}usé‘,E alt.l forces related to droplet
Vol uffe” B ideee JPERAE L P hertial force (4), nomentum
force (5) :deasid obbogamds/lididr ce (6) are negligible. The
f or ce.hal adeveityl o theedwieeduitio t he two conponents of

dr ag gf or cegravgtidnat Redi@aioal force, which are both
surfgce fohERSial tension between sample liquid and carrier liquid

20
In the microscale, surface effects dominate over volume effects, Thus, all forces

related to droplet volume and mass such as inertial force (4), momentum force (5)
and buoyancy force (6) are negligible. The force balance is reduced to the two

components of drag force and interfacial force, which are both surface forces:

‘F;Jrag = ‘F;merfacia!
35 Le o4, P =C.onD (7)
) oP U droplet  ~ 5O imjection
1 [2c,
droplet _p_u CD injecliund

Assuming that the droplet is a sphere with a diameter of the carrier channel Dy ier

the projected area and the volume of the droplet are:

A ot — TCDcam'crz /2
droplet ) (8)
V::lrople( = TCDcarricr /6
30 or
V =A, D . /3 (9)

droplet droplet ™~ carrier

Substituting (9) in (7) results in:



Fdrag = interfacial 25 1 CDP2U2Adrnpletz =
Cs670injection (7) 2 1 2Cs Adroplet = Pu CD

7tDi njectiona Assuning that the droplet is a sphere
with a diameter of the carrierg channel Dcarrier the
projected area and the volune of the droplet are: _ z
Adroplet - carrier /2 3 (8) Vdroplet - carrier 30
or Vdroplet = AdropletEbarrlerls (9) Substituting (9)
in (7) results in: 8 3 CS6 Ydroplet 3 C Dinjection 2

(10) D PC&IT er carrler 5 szstltutlng (10) in (1)

resuwts 2] nwmﬂ n dropl et¢1hpr mati on
frequélcy 3ard the | pLerfaci’al tension: 2 3 4

3abcarrier Pcarrier 2Ucarrier 11 f - 3/2 3
16(CBEanect|on /| CD~ 62 10 The results show the

genera ween fre an
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|nteafi<atbaarltertaelﬁl§er®wn(J{ _ 6 2 ) Figure 4 shows the
schematics of a preferred enbodi nent of a mcrofluidic
device 15 40. The device 40 consists of two
nlcrgphanneﬁkd4gm10|nlmgmatwgmf Junctloq 43. The

16(C,D, 1Cy)*"* 3

o2

mjecuon
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The results show the general relations between frequency and sample flow rate

3
(f~ Qsample ) and between frequency and interfacial tension { f ~ o 2)

Figure 4 shows the schematics of a preferred embodiment of a microfluidic device

15 40. The device 40 consists of two microchannels 42 joining at a T-junction 43. The
channels 41, 42 are a sample inlet 41 and a carrier fluid inlet 42. After the junction
43 is a measurement channel 44. The measurement channel 44 may be of any
suitable length size and shape. It may be straight (as shown), curved, serpentine or
the like. The carrier fluid is fed directly into the measurement channel 44 from inlet

20 42, while the sample joins through the smaller inlet channel 41, Downstream of the
measurement channel 44, at least one, but preferably two optical wave guides 411,
412 are positioned across the microchannel 44 for detecting the formed droplets.
The optical wave guides 411, 412 are preferably optical fibers, and are axially
aligned across the micro channel 44. The wave guides 411, 412 can be integrated

25  optical guides in the chip or hybrid-assembled optical fibers. Optical fiber with a
core diameter of 105 um may be used. The optical wave signals 411, 412 are
preferably at least substantially identical.

The microfluidic device 40 may be fabricated in any material; silicon, SU-8, PDMS
30 or PMMA. The microchannels 41, 42, 44 may be machined into the substrate 45
using a CO,, laser.

The microchannel 44 may have a typical Gaussian shape (Figure 5(a)). Dimensions

of the channel cross-section such as width and depth depend on the laser power



channels 41, 42 are a sanple inlet 41 and a carrier
fluid inlet 42. After the junction 43 is a
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The optical detection system is based on measuring the transmission of a laser

beam across the measurement channel 44. The system comprises an emitting
sub-system to emit a beam that illuminates the channel 44 and a light detection

30 sub-system measuring light on a limited surface. A laser diode 49 and the optical
fiber 411 may be used as the emitting sub-system, and optical fiber 412 coupled to
a photo detector 410 may be used as the detecting system.

An alternative arrangement could use waveguides integrated with the fluidic device
35 instead of optical fibers to channel the light in and out of the channel 44, allowing

the distribution of light over different measurement sites.



For detecting the droplets, one optical fiber 411 is
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30 compact droplet-based "labs on a chip™.

The frequency of droplet formation and the shape of the droplets depend con the
flow rate of the sample, and the concentration of the surfactant. Figure 6 shows the
typical signals of the optical detection with a sample flow rate of 50 ul/hour, the
35 detection being by use of the optical fiber detection system 49, 411, 412, 410,
Decreasing the surface tension increases the formation frequency. However, the

signal is distorted at high flow rates due to tiny satellite droplets.



A carrier oil with a viscosity of, for exanple,

6.52x10-2 Pa.s, nmay be passed to channel 44 through

the carrier fluid inlet 42. The sanple fluid for inlet
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surfactants. The surfactants may m xed in different

vol une ratios to water (0.25:80, 0.5:80, 0.75:80,

1: 80, 1.25:80, 1.5:80, 1.75:80, and 2:80). Each inlet

41, &Ruies showy efineabyeliors petvergahpinpefayet depievmatidmiend the

di an@érﬁ;ﬁé ﬂ&L rét el' yerrrjop 05Ss E\ ?.afhi?l?e'r 'ﬂﬁw %te %eéagseg?f the noise
oi s thre at

ow rate o trnes
of waRused b&@t%ﬁ%?fo@i%pl ets forminside the
ng crochannel 44, the advancing and recedi ng edge of
Ijr]fef g% gﬁ%v% i F ?% & dr'gaefrrs\?/réen{he%%Q\Eﬁtg%ofat{]%m&%u@)le folrmétron is by
det e€yndng ttt@rr@ebter efedlsenisty eidbupbles.af thﬁ re@r@tdumat ipes above a

Fi gutrResholdaN@itdye, iah lnér&n&ﬁﬁsdobhtﬁr tn@reb&%' itsZ Qalidk. Cﬂhesrﬁﬂ':ber of
i nt egr at e

or o P S8R Aeis 60k TRy hiederEhet o sy oF PR rflngs.
T%rs has potential in making 30 conpact droplet-based
"1 abs, @Bura oCkj Kéeplng he ffomeeee&%téat ﬂ%f@&;lusrtcyfmﬁrra’@&ﬁooamy on

and t he sh ets ro rate
o1 I o BN AT EBAEAR (75 Py e SfsioRGetwees the Shimpie

sur f daplicharid. thécgrtierdiq@id sh emaplet dveluatioy mircdtl cas icouma e fadigudrae of
Opt | Gl oﬂ@ér@%te&@d Vé!lgEQ & tﬁé‘%hepeF &@%t&@érﬁn&f s@%i peaks. The

| / hour detection being by use tica

1 bef“ea%tf%’cffﬁ%ﬁ”‘“éfy%’t'é?ﬁ Reyiodopf begqapr e'aiPEOW'th Tﬁécﬁ“ﬁ%%ei tgsion
t he setweacee twerpdb@ss. | ncreases the formati on frequency.
However, the signal is distorted at high flow rates
due to tiny satellite droplets. 11 Figure 7 shows a

| i nefiiouieeltadenisis tetweasizechEequeatyinnge bf -/l Gpieare /o is the
for ”ﬁ&dugﬁcﬁd?%hoé@?ﬁnéénﬁ' df gﬁ e Qidr 2 cﬂagsr%w B R&iolét the

| ar ger because
edus Bey e, étaﬁ lanop i éh%rrqsrarf@r ghange i lawes fipw rfﬁesrﬂthg Gipige Byel is
Meas uisd et N tb bespuanssteit dbpepl ShabibesfEBs ihose dfshe

by 8 gigrgéf 159 nI9 haﬁ (%H %Jg %r Igﬁ'eag{e(a %% %Fﬁ%reﬁ{) rF gr%b b i-ne St’:onclelzatst \Dhrch

recor rises a hr'es age,
|ncr@ﬁemp&mewﬁwﬁﬂeﬁSﬁmm%@@ﬁ@@c%ﬁ?”Value The nunber of
droplet peaks over a fixed tine represents t he

f t f t e 9 b
kben g ren e o e “oRes ek e SpiptE Bfey repraeents te
depesige amd shapaof ¢dglke doplet dhe sia¢ piotromét cah e sepfunert b width

or t Bie eadhl E@a@e Stn@@ Sllreo Brokafét V@ %wh? €he %ﬂ@éee of Heqz':rlrb;qeta@ dalso
the carrier |iquild. e evaluation circuit can

counE’Et?rﬁ“é”ePrbéd'tf’e'Hf@?aQﬁ tensron The shape change can be easily detected by
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30 advancing and receding sides of the droplet is minimal. The difference increases
with decreasing interfacial tension. The droplet transforms into a “bullet-like” shape
{see Figure 11}). The difference between the two sides can be evaluated and used
as a measure of the interfacial tension. Measuring the time period of droplet/bubble
formation is by determining the time beiween two rising edges of a signal. If the
35 recorded signal rises above a threshold voltage, a timer (stand-alone or integrated
in a microcontroller) starts counting. The timer stops counting of the signal rises

ahove the same threshold again as is shown in, Figure 13.



the optically detected signal or the tinme period

bet ween two signal peaks. The 15 neasured frequency or
time period can be correlated with the surface tension
between the two phases. Figure, 10 depicts the
normal i zed frequency change V-.fo)lfo where fo is the
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curves show that the slower the 20 flow rate, the

| arger is the frequency change. At |lower flow rates
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are driven by a syringe pump. The syringe for air may be a 0.25 mL syringe, while
that for the sample may be a 1mL syringe. The volumetric flow rate ratio between
air and sample flows is kept at 1:4. Figure 16 shows the typical bubble formation

35 inside the microchannet 44,



di stingui shed. Figure 14(b) shows tine-differentia
signals ds(t)/dt of the data shown in Figure 14(a).
The positive peaks represent the receding side, while
the negative peaks represent 4he advancing side. The
di fference between these two peaks is shown in
Figures 12 and 13. The difference is a function of
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components required and is described above. The microfluidic device 40 is
inserted into the module 201, which provides fluidic, optical or electrical
30 interconnects to the device 40.

(b) a stand-alone device 205 with its own CPU or microcontroller, the data is
displayed directly on the device LCD display 206. The insertion mechanism
for the microftuidic device 40 and components are the same as in Figure
20(a).

33
Figure 21 depicts four different configurations of the sensor chip:



represents the size of the droplet/bubble. Figure
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generation frequency on the surfactant concentration.
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ue 10 apl e sanples are stopped
at a 5 capillary stop val ve 2103 which is where the
mc g egbannel): beamae so Sdmﬁduﬁﬁlon TiheFigerBi p1(2)) OBt | Svonmm‘grated
rea

in en ter
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mva;ny tbe equipped with flow sensors for keeping the flow rate constant. Control

signals for the pumps 2109 come from the tensiometer module 201, 205.

Figure 21(d) Similar to configuration in Figure 21(b), but the chip 2100 has two
30  integrated micropumps 2109 in the same manner as Figure 21(c).

Figure 22 shows a tensiometer module 201, 205. The central component of this

module 201, 205 is a microcontroller or a digital signal processor.

35 in case of optical detection, the module provides a light source 2202 and an optical

sensor 2203.



a constant flow rate. An optical wave guide 2105 | eads
light fromthe source 49 to 10 the neasurenent channe
2104. The other optical wave 2106 gui de takes the

light to an optical sensor 410 in the nodule 201

205. In case of inpedance detection, optical guides
are replaced by el ectrodes. In case of air/liquid

syst e re 2101 | ef t ty and, the _
ot e AT BaRS 285t e G AR o Mo B ARl anals
The PR2ajdradsthabpticelodehst 22@B (onsignalsel2D@ frorme dteer aspacitive 58nkor) are
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nmeasur enent ure l'ar to c ura
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wave gui des 2105 and 2106. If the chip 2100 is nmade of
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chanagh al&ﬂvenﬁchr@u E;@ecm«éwa pump,Ndr &lsmia® sG@gk i @ehpadrivem by a
in F| ure 2 i nt.eqgrated
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e HSGE GPoE o PR e eed WD B Mo -
be ehm@kymﬁmenpunps peristaltic punps, valvel ess
punps, centrifugal punps 25 electroosnDtic punp,
electrohydrodynan1 and so forth. Eunps 2109
may BB MSEHPHBELZAC p’fol‘"ﬂ%‘ fos ity 190 W%e’"lﬂi’l boot heying figige:
r at eoptioalsihatot an éiamicaiohter ®hgreal Mebaurerhére rqpuingiz? 12 2@Sent from

cone f l e 201, 205. Figure
21(d5n({ém¢§§rgt2§p§osgﬁég§%0§% in Figure 21(b)g but

the chip 2100 has two 30 integrated micropunps 2109
I Nt FgureaaBeshons fercoacepFoigiltlese2ddpContrélied We@rgat Edpendsr 2300
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di gi t'%l‘dssﬁgﬁéle”%ﬁ’f 3 8 pevideg dnfermations byt sgacectgnsion or CMC

det egdtritiod M;deh@cmdmaaorgroowa ashiy ilqhilg.htnesmcrb&euzr%%gzzfoamses
ntro ) or

e Bl Rermah o dor S ar s B e 28b 01 Esay & be

2207infagtated inea @:pnmefaal washing magiigsto(wive detgneants?3p2eed protect

fromuehfvicaRasi ti ve sensor) are evaluated in the

m crocontrol l er 2201. Wen these integrated m cropunps

2109, signals 2209 for the m cropunp 2109 are from
t he fhe pokredessmdimebis| slowabe fast detetrenatiah qf ypannig interfesial

FPAulBSioRr P\é' RBiaAqd st B a’-%Qén.qfusar sys@heswé %A.Ma@uwm be
supphésto the sensor chip

The
I RGPt e fitd BRI SN bR - GERTE fing, MGl Somplx
smal icyfiuidivgeyseponp Bhsidee nhdwdentage of a fast analys:s a handheld

measurement device with this sensor has the potential to replace all current
desktop system for determining surface tension in, for example, the petroleum
30 industry. Surface tension, contact angle, and CMC (Critical Micelle Concentration)
of a surfactant play an important role in the displacement of oil from the pore
spaces of sedimentary rocks, in wetting and dewetting of oil from sand grains, in
dewatering in refinery plants, and separation and flotation in oil recovery.
Feedback-controlled detergent dosing for washing machines is another use.
35
Whilst there has been described in the foregoing description preferred
embodiments of the present invention, it will be understood by those skilled in the



stepper notor. Before neasurenent, the syringes would
be withdrawn to a 10 charging position. An insertion
slot 2210 is provided for the chip 2100, the slot 2100
having fluidic, optical and/ g an electrical inter
connects. Measurenent results 2211 are sent from

m crocontroll er 2201 to screens 203, 206. 15 Figure 23
shows the concept of a close-loop c troIIe ent
i S pEruBRos S i BeSbiRRgions 2bsodi i geipss S5 o
one tanstnaition maybd hadeotithewt departingd®im thgprebentjinivetdion. The
sensor 2100 provides information about surface tension
or CMC (Critical Mcelle Concentration) of the
washing liquid. The mcrocontroller 2201 uses 20 this
information to control the detergent dispenser 2201.
Thi s concept can be integrated in a comercia

washi ng nmachi ne to save detergent 2302 and protect

the environment. The preferred enbodi nents allow the
fast determ nation of dynamic interfacial 25 tension
of aliquid/liquid system or a gas/liquid system The
chip 40 can be designed for disposable use and easily
be integrated in a nore conplex mcrofluidic system
Besi des the advantage of a fast analysis, a handheld
measurenent device with this sensor has the potentia
to replace all current desktop system for deternining
surface tension in, for exanple, the petroleum 30

i ndustry. Surface tension, contact angle, and CMC
(Critical Mcelle Concentration) of a surfactant play
an inmportant role in the displacenment of oil fromthe
pore spaces of sedinentary rocks, in wetting and
dewetting of oil fromsand grains, in dewatering in
refinery plants, and separation and flotation in oi
recovery. Feedback-controll ed detergent dosing for
washi ng machi nes is another use. 35 Wilst there has
been described in the foregoing description preferred
enbodi nents of the present invention, it wll be
understood by those skilled in the 16 technol ogy
concerned that many variations or nodifications in
details of design or construction nmay be nmade w t hout
departing fromthe present invention. 17 THE CLAI NS



1. Amcrofluidic sensor for interfacial tension

measur enent, the sensor conprising: 5 (a) a first

inlet channel for a first fluid; (b) a second inlet
channel for a second fluid; (c); a neasurenent channel
intersecting with both first inlet channel and the
second inlet channel; (d) a signal source systemfor
recei ignal froma signal emtter; 10 (e) a

Si gna#ﬁ%‘g'réy% on system for receiving the si gnal from
the signal source system (f) the signal source

Syst em andA tﬁgroﬁ’th(?@%lenﬁﬁtf@rch e?fgcﬁ!y@hﬁgﬂ %'r'aagel'ﬁcg{t the sensor
recordi ng sical characteristics east one

dr oplcé?f“pﬂ?'“%ubbl e di sposed in the neasurenent

channel . 1) 2. irsiivetahinhedbca eigdr as clained in
claim1, rei e t he second

i nl et chavm? J]%Fc 'ﬁd 'Llrer{scz]%m{reyrorg%?ecoﬁé]aﬂuﬁél are in a
substrate.(cB. /@ megsusmeNt ghanngeinietectny vdihaiotietrst ilet channel

cl ai rgnaﬂgseagndv;ﬁ]@trcagﬁhet he first fluid is air 20 and
the drople crofl ui dic. .sensaqr

are .a bbl es. . 4.
hs ot medt - P R ereY gD & S Ep B G e
siognal soueke sysipmandetectan spuien dorviasadinguihel eigndl liem the signal
si gnaludcs syskeit , and si gnal det ecti on system s a
det ecti on ve ui de, rof |l ui dj c sensor as
cl ai med i dlcl ait ﬁ'g“%ﬁ%‘f‘éﬁ %s?ﬁénégﬁrs&ﬁ‘a tigh vgfem beigg for
a souemedigpphysiedl charbeterjsticenal at leestdpe @cipiedor méble digposie in the
is a deteehtndii cal fibre. 6. A mcrofluidic sensor
as clained 1n claim4 or 5, wherein the source wave
30 guide and the detection waive guide are in the
substax at e.A microfluidicGendor b$ dibitnes anaain asvhedem theettst ifletadhyinnel,
one Qiﬁe &éc d‘fﬁlet]bhgﬁne@?nd\éw&ﬁﬂgésﬁretn%ﬁt ch%hl‘gan‘:#e n‘FQgﬂbgﬁ?te.
system and t he etection system are axi y
aligned on opposite sides of and intersect with the
meas g enmemnt mehfniaelsensdbaBclaiMedinCizath H W d] wheB@N$ie firstfuid is air

rloalngggt drg\né{s %]rg bb?l ains 1 to 7, wherein the

SGUT Ct nd t he si ghal detection system
are subst antl aI I y [ dentl cal. 18
4. A microfluidic sensor as claimed in any one of claims 1 to 3, wherein the

signal source system is a source wave guide, the signal is light, and signal
detection system is a detection wave guide.

25
5. A microfluidic sensor as claimed in claim 4, wherein the source wave guide

is a source optical fibre, and the detection wave guide is a detection optical fibre,

6. A microfluidic sensor as claimed in claim 4 or 5, wherein the source wave

30  guide and the detection waive guide are in the substrate.

7. A microfluidic sensor as claimed in any one of claims 1 to 6, wherein the
signal source system and the signal detection system are axially aligned on
opposite sides of and intersect with the measurement channel.

35
8. A microfluidic sensor as claimed in any one of claims 1 to 7, wherein the
signal socurce system and the signal detection system are substantially identical.



9. Amcrofluidic sensor as clained in any one of

clains 2 to 8 wherein the substrate is transparent. 5
10. A mcrofluidic sensor as clained in claim9,

wherein the signal source sysgemis a light emtter

and the signal detection systemis an optical sensor;
one of the light emtter and the optical sensor being
above the neasurenent channel, and the other of the
light emtter and the optical sensor being bel ow the
meas (B emerfy micoflaidisedensot @s £eimen iniapy ofid ofi allings dm §orheein the
cl ai redstiahe @m{nsgg}@mof claims 1 to 10, wherein the

physi cal characteristics are at |east one sel ected
fromthe group consisting of: droplet |ength, droplet
sisze,10adv ahoiiagflugilgeensiragre claimed ée diaing Sedyereis tbgeignal source
cont %%tem?sngll[ t&'fntt%rrh%d@feég%gﬁet ﬂﬁs%t@rﬂllsegn dMEaJPanQ@r one of

rreasur ement anne ocCl t novenent

| eastiheoligbt %‘F'H?fl@? therprfi ‘F?és‘?f’é%{s@f”@ﬁ@ﬁ‘te *%'ﬁﬂ?ﬁéremeﬁb@@ﬂ”%f%d
nov eenbthaf of tedight erhit@sind ciecoptit=d pérebr bang few the measurement
meas%g%%pt channel, and frequency of droplet

for Ton. 12. A microfluidic sensor as claimed in any
dfie of claims 1 to 11, wherein the 20 signal enmitter

is ahasera ﬁmdﬂh@i&,se.ada«d ad BemsH gNaly e brasifg 1|t§ 1@ﬂvherem the
Optl C or .as cl ai ned

%%sma nceir%ﬁtmngg Cf ?rtran airée%fs{( L dl ?c?e%nfg the rﬁ)&p goqmsltgq of:
f| u| dirapées éangtdi dropiptesizat advetvqngmgm@mpedewe@dmledqel shape, contact

i nl etangtﬁad?ntﬁé,at aeas$%ﬁ@r5?odét Udiggh (hSSrﬁéa\éQﬂeheﬁtpa{aﬁhélVGéEcYmty of
connected to

356 rPRer BF i) eyt o AieaELd 18 Hrisuras Bt lofbeet o
t he mparswedroditte at ddaatimme|dropled in the meesudrhent dicong earsidreqaancy

cl ai gegopibt EindkieR. 13, further conprising a first punp
operatively connected to the first fluid reservoir for

forcing the first fluid into 30 the first inlet
chanriel andmicheduitie asnsoeaecisimed aramglone ahdaims $ é€ 0N avhptathe

er |
287" ohEnteek UIEGE EEOpe SARPBleqort b SRSPENR,
outl et and the neasurenent channel. 15. A tensioneter
nodulie conpmicigicasahesept asmeonn anybed of tisimei 1€ toS ) Soither

as %?m |s£f"|gr'§qrs{ flli oa%?r%]reop%ﬁatgélé‘btgﬁe&?é B tﬂle flrs m%t channel, a

rece resin ectrical
conn é@‘fqn@ rf@'df f@Fert’WeOﬂW%'i’%!f Feringsted & ﬁ@oﬁec%nﬁidln'@h@a@ﬁel gnd a

Ik Cr QeRt redehelr dvarhtiveldicginkatbd 16 Ia@NaliePEr 5 3R medfirement

channel,

14. A microfluidic sensor as claimed in claim 13, further comprising a first
pump operatively connected to the first fluid reservoir for forcing the first fluid into
30 the first inlet channel and the measurement channel; and a second pump
operatively connected to the second fluid reservoir for forcing the second fluid into

the second fluid outlet and the measurement channel.

15. A tensiometer module comprising a receptor for a microfluidic sensor as
35  claimed in any one of claims 1 to 14, the receptor comprising electrical and optical
connections for the microfluidic sensor and one of: a microcontroller and a digital

signal processor.



16. Conputing apparatus conprising tensioneter nodul e
as clained in claim 15, and a screen. 5 17. Conputi ng
apparatus as clainmed in claim16, wherein the
tensioneter nodule is renovahbe. 18. A nethod for
measuri ng physical characteristics of at |east one
droplet or bubble of a first fluid in a neasurenent
channel of a mcrofluidic sensor for 10 interfaci al
nmeasur enent, the method conprising: (a) forcing a
first6f| uiCemalitnggpaarbiue somprisingttersivchetenrwdtlb@s claimed in claim
measys e Rtscreehannel 5 (b) forcing a second fluid al ong
a second inlet and into the measurement channel to
formthe at | east one droplet; 15 (c) using a signal
SPUr 6B Sy Sosiputing dppanatud easacisioed ¢re cingna) whereinahe sdngibmbter
det e&t 190 s %ﬁ&%@to detect the source signal; (d)

recor |ng physical characteristics of the at |east one
droplet in the neasurenent channel by using the

Si gnas. SOWrﬁ&h&yﬁyf a@hﬁmdg bmlcaiogﬁabtemw@ftdt Wast ErédBt or
2.0 1 ubb! rer{at Hg {fl R ICFI ? nr’lrgasuremen g'lanne:l' ofc%gmﬁc:ﬁtg'liu%igtrl%er\§?{efor

firs ANNG he™secon iI'nl et
rh%asmf@iaeiﬁftmeﬂsa’nmeht the gethqd gorsprisigy at e. 20. A net hod

as cl ai megy)i N GbRinPalfsOfuidl Aond\B eFLiidlet taAg iftd rth°et mfeééﬂ:l’éi’lnent
is air agdthe 25 droplets are air bubbles. .

met h8F"48" cl ai med in any one of clains 18 to 20,
wherein tl® sifmehy soceroe fyidta@md o aexodr ot wendeinto the

QUi dfreal et BRAheltSfolh HRlat leé&gnééﬁr&ﬂéﬂ det ection

systemis a detection wave gu 22. A net hod as
&Y ai ned i Flcl alPiPD ®, SIPREFRI T %Vﬁ@ms@&re‘éd%\%“@%ﬁ@éa'u%“d a
a seignat deteqiioh epstent ioliletect tamsbutdeasigdall ect i on wave gui de

is a det egc}f' on, ng'inmh}/Jldap&%B actesticd ok P Ra@%nE ldﬁ)'gfé?ﬂ the

in claim e source wave

35t H‘@a%‘?"@:‘ﬂt PBQF"@\HW\P@”@ diegRINgt wures sysiem @G%g?er%&”éi defggtion
24. 4ystei.hod as clainmed in any one of clainms 18 to 23,
ggwerei n the signal source systemand the signal

e

tection systemare axially aligned on opposite sides
10, A method as claimed in claim 18, wherein the first inlet channel, the second

inlet channel and the measurement channel are in a substrate.

20. A method as claimed in claim 18 or 19, wherein the first fluid is air and the
25 droplets are air bubbles.

21. A method as claimed in any one of claims 18 to 20, wherein the signal
source system is a source wave guide, the signal is light, and signal detection
system is a detection wave guide.

30
22. A method as claimed in claim 21, wherein the source wave guide is a

source optical fibre, and the detection wave guide is a detection optical fibre.

23, A method as claimed in claim 21 or 22, wherein the source wave guide and
35 the detection waive guide are in the subsirate.



of and intersect with the nmeasurenment channel. 5 25. A
nmet hod as clainmed in any one of clains 18 to 24,

wherein the signal source system and the signa
detection system are substantihglly identical. 26. A

nmet hod as clained in any one of clains 19 to 25,

wherein the substrate is transparent 10 27. A net hod
as cl in. cl 26 wher e I sour ce .
Syt & i's Amife 3 Bl Ak R ph8SR AP 2aepatcen gip siona
syst emrtssystemoditieadigngededastion syptemafe Mraéy Bliggért on eppbitesides
and Bhﬁuﬁﬂbk@ﬁhﬁﬁ&@%ﬂ%mﬁ&h&ﬁcﬁ?ﬁ&e the neasurenent
channel, and the other of the Iight emtter and the
opti cal sensor being bel ow t he nmeasurenent 15

chaniel . 28methodras kiathedsn ahabnedf claimany tored, whereih ahensignal
18 t J N re at

| cast B e BRIty ARy N AL R bR
droplet Iength, droplet size, advanci ng edge shape,

r eceedi ng Aed@RoEaag@med Prindche aM@ivs 0 to2fh, Whéereintthd @Mstate
one %ﬁP Ietewﬁth t he nmeasurenent channel, velocity of
nmoverent “of 'the at |east one droplet in the

reasur enent channel, speed of novenent of the at

lf easpzone Adrﬁ@tﬁbtﬁbs EIBlnfeB% BTE:&SEU Q\m@l‘é‘n tﬁ@@@ﬁﬁ'sou:@é‘gystem is a
req

d
ol ai 1t ohiea ) BRaTr I mis 2580 RH e erpor the o
si gnanitteeand ther ontisal sehws bring mbeveeine nzaadurementsingmrel, and the

det eg{haf of §1e6\ﬁhtoaﬁ|'tt§raéndstﬁ@% fical §Q¢sorAbém§ Basly a% mbadur®tbnt

in any one of claims 18 9 further conprising a
7 r sf'@Pflyi d reservoir operatlvely connected to the
first inlet channel, a second fluid 30 reservoir

oper %' Velﬂm@tﬁ”&?él&ﬁ%e& & én@%n %PQQI#]S 1@' tggT C\D%Péh‘?lhe P:gcal

a waster reservolr eratlive 3/ connecte tO an out et
end 6Per#giisHESagg ophSRRERT e, tha gigtPherpsiging of: droplet
cl ai rsagthj drométaizma:aeancfngbﬁgmammemmmgasrhapg anfabtraditle of

?(}'[:gp %I’lleca?[égglcotnggro&)@t \L ﬁﬁﬂé }nfgg rJnJ]elt‘l aﬁr?e? %E\SQ é/ fof an\éefn%rn?gf the

rst 1nlfet cha
t he Aelgatireasierie waﬁﬁén?asarﬁweufsqhq@% S@é%cbﬁfdm?)‘(mﬂt of the at

connegtiafhe ldebpldn @ the measlrdn dmt €hah@d ednd Glefudney bfafieifet Fdi@ation.
second fluid into the second fluid outlet and the
measur enent channel .

25 29 A method as claimed in any one of claims 18 to 28, wherein the signal

emitter is a laser emitter, and the signal detector is an optical sensor.

30. A method as claimed in any one of claims 18 to 29 further comprising a first
fluid reservoir operatively connected to the first inlet channel, a second fluid
30 reservoir operatively connected to the second inlet channel, and a waster reservoir

operatively connected to an outlet end of the measurement channel.

31. A method as claimed in claim 30, further comprising using a first pump
connected to the first fluid reservoir to force the first fluid into the first inlet channel
35 and the measurement channel; and using a second pump connected to the second
fiuid reservoir to force the second fluid into the second fluid outlet and the

measurement channel,



