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Micro-liquid flow sensor 

Theo S J Lammermk, Nlels R Tas, Mlko Elwenspoek and Jan H J Flultman 
MESA Research Indrtute, Unrverslty of Twente, P 0 Box 217, 7Jw AE Enschede (N&h&an&) 

Abstract 

A snnple to reahse micro-hqmd flow sensor wth hrgh senativlty 1s presented The sensor IS based on well known 
thermal anemometer pnnclples An analytIca model for the sensor behavlour apphcable for gas/hqmd fluids 1s 
presented The reahsatlon process of the sensor 1s described Model and expenmental results agree well The sensor 
1s simple to Integrate Hrlth other micro-hqmd handling components such as pumps, mixers, etc 
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Introduction 

Recently there 1s a growmg interest m the research on 
micro-liquid handhng systems [l] One of the basic 
components m hqmd handling systems 1s the mlcro- 
hqmd flow sensor Liquid flow sensors described m the 
literature make use of the ‘time-of-flight’ flow-sensing 
technique [ 2,3] 

Other nucromachmed flow sensors which are reahsed 
m or close to the flow channel are designed for sensing 
gas flow [4-61 They make use of a heater the tempera- 
ture of wtuch 1s a function of the heat carried away by 
the medmm Other flmd-sensmg techniques are de- 
scribed m ref 7 The dlsslpatlon m the heater causes a 
temperature dlstrlbutlon m the flow channel, which 1s 
modulated by the medium Flow sensors, which make 
use of more than one temperature sensor to get a signal, 
that IS related to the flow, are deslgned to sense the flow 
of gaseous media [S, 8,9] 

For an optnnal design one can make use of a numer- 
ical approach [lo] For a good understandmg and for 
obtammg design rules it 1s advantageous to derive an 
analytical model 

Model 

Figure 1 illustrates the pnnciple of the flow sensor 
Three resistors are located m the middle of the flow 
channel Heat is dissipated m the rmddle resistor called 
the heater (H) The resultmg temperature dlstrlbutlon 1s 
sensed with two temperature sensitive resistors T, and 
T, symmetncally located near the heater One reslstor 1s 
located upstream relative to the heater and one resistor 
is located downstream The heater as well as the sensing 
resistors are located on supporting beams which cross 
the flow channel in the x-y plane (see Figs 7 and 8) 
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Rg I The flow IS measured by Its mfluence on the temperature 
dlstnbutlon m the sensor resulting from heat generation m the 
heater H T, (upstream) and T, (downstream) are temperature 
sensors 

At zero flow rate, no convection exists m the flow 
channel, and the heat generated by the heater will be 
transferred only by the axial and tangential diffusion 
through the fluid and by the conduction through the 
heater and sensor support to the flow channel walls 

Heater temperature (Row = 0) 

A simple model for the conduction m the z-y plane 
perpendicular to the flow channel axis is based on 
lumped elements for the thermal conductlvlty present 
(see Fig 2) The heat is homogeneously dlsslpated 
along the resistor m the y dlrectlon The conduction m 
the beam 1s modelled wth Gb and that m the flmd with 
Gr 

If we model the channel cross section \lirlth n lumped 
elements (m the beam), the &fferent lumped element 
values are gven m the followmg equations 
n-1 

z1 pt=pt P,=& 
Gm G,=(n -1)~~ Go=--- 

(n - 1) 

(1) 

where P,, GM and Gm are the total dissipated power, 
the beam conductivity and the fluid conductlvlty, re- 
spectively P,, G, and Gr are the node and the element 
values, respectively 
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kg 2 Lumped element model of y-z plane of heater (a) Flow 
channel mth heater reslstor chvlded mto three parts (b) y-z 
plane with fluId and beam conductn&es (c) Temperature profile 
m z dire&on (d) Temperature profile m y dlrectlon (beam 
dlvlded mto 6 elements) 

In this model the temperature dlstrlbutlon m the fluld 
IS assumed to be hnear m the z dIrection (see Ag Z(c)) 
The temperature dlstnbutlon m the y dlrectlon 1s given 
m Fig 2(d) The temperature T(y) depends on the 
relative conductivity of the fluid mvolved and the beam 
material With the model it can be shown that, at least 
for hqmds, the heat conduction through the beam can 
be onutted For the convection model it 1s assumed that 
T(y) = constant 

Due to the geometry of the channel, there 1s little 
heat transport to the side walls compared to the trans- 
port to the floor and cedmg In our further analysis we 
concentrate on the heat transport m the x and z direc- 
tions 

Conoectlon 
In a quasi-static ntuatlon, the mcommg heat at a 

certain point m the flmd must be equal to the outgoing 
heat The heat IS transported either by conduction m 
the fluid and/or supporting beams or by convection 
through the thermal mass of the fluid Ukmately, the 
heat 1s transported to the walls of the flow channel A 
heat balance equation results m a dlfferentlal equation 
for T m x The temperature profile m the y and z 
dlrectlons 1s assumed to be constant and hnear, respec- 
tively (see Fig 2(c)) 

With A the cross sectlon area of the flow channel 
(A = 1,2l,), p the fluid density, c the fluid heat capacity 
(at constant pressure), u the fluld velocity and K the 
fluid thermal conductivity we find 

d2T 8T 21, 
AIC~-A~CV~-K~T=O 

or 

D$-v$gDT=O 

with D = K/PC the thermal diffuslvlty of the fluid and 
g = l/l=” Equation (2) 1s linear m T Solving the differ- 
ential equation for a heater length of 2L, a heater 
power P and using the boundary conditions, hm x + 
+ CC T(x) =O, the following temperature dlstnbutlon 
results 

x<-L T(x) = T,, exp(i, (X + L)) 

-L<x<L T(x)=T, 

x>L T(x) = T,, exp(&(x -L)) 

with 

(3a) 

(3b) 

T, = 
P 

G2L + AK@, - I,) 
(3c) 

2L 1s the heater ‘length’ (x dire&on) In eqn (3) the 
elgenvalues L, and 1, depend on the flow velocity II Above 
the heater only heat conduction m the dlrectlon perpen- 
dicular to the flow direction IS assumed (heat conduction 
term G2L m eqn (3~)) At the heater edges, heat IS 
inJected m the fluid stream upstream (conduction term 
AK&) and downstream ( -AK&) The temperature da- 
tnbutlon for three different flow velocities 1s given in 
Fig 3 

The temperature at the two sensor sides, upstream 
(at x = x,) and downstream (at x = -x,) and the 
temperature difference AT are gven by 

Td = TO exP(&(% - LN 

T, = T0 exp(i, ( -x,,, + L)) 

AT=T,-T, 
(4) 

AT = T, jexp(l& - L)) - exp(l, ( -x, + L))} 

The temperature T,,, T,, AT and the heater temperature 
Th are given m Ag 4 

Fig 3 Temperature dlstnbutlon m the nuddle of the channel as 
a function of the posltlon x The heater 1s from x = -L to x = L 
(a) u = 0, (b) u = 0 001, (c) v = 0 01 



Fig 4 Sensor temperatures as fun&Ion of the flow velocity v T,, 
IS the heater temperatrure, Tu and Td the upstream and down- 
stream sensor temperature, respectively, and AT the temperature 
difference between the downstream sensor and upstream sensor 

Model results 

Sensztzvzty 
For relative low flow velocltles the flow sensor has an 

almost linear flow dependence The sensltlvlty S at 
u = 0 is defined as the derivative of AT wth respect to 
v (S = dAT/au) 

AT=Sv (5) 

From eqns (3) and (4) and assuming L = 0 we find 

S = $2 exp( -x,/Q 
Y 

(6) 

with P the dissipated power m the heater, K the fluid 
heat conductlvlty, I, the channel width, x, the measure- 
ment distance, 1, half the channel height and D the fluid 
thermal dlffuslvlty The sensltlvlty as a function of the 
quotient x,/l, 1s gven m Fig 5 The sensltlvlty of the 
flow sensor has a maximum for x, = 1, From eqn (6) 
and assummg that x, = lz, this maximum sensltlvlty 
S nlM 1s 

s ,=oo92;$j 
, 

I 

1 2 3 4 

- x,/l, 

Fig 5 Sensor sensltlvlty S as a function of the geometrxal factor 

&I& 
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For a flow sensor, sensing water fiow with 1, = 
1000 pm, 1, = 250 pm, IC = 0 6 W/m& D = 14 x 1O-7 
m2/s and 1OmW dlsslpatlon m the heater we find 
S = 2 7 x lo3 K/(m/s) 

When the heater and the temperature sensors are 
modelled as dlstnbuted elements, the global sensor 
properties do not change For venficatlon, the be- 
havlour of a sensor with the heater (length 1, = 2L) and 
the sensor up/downstream (length 1, of sensors IS also 
2L) divided m five pieces IS numencally evaluated This 
IS relatively easy because eqns (2) and (3) are linear m 
T The calculations show a decrease of the sensltlvlty S 
of about 20% 

Flow range 
For relative low flow velocities the temperature 

difference AT between the upstream and downstream 
temperature sensors is an almost linear function of u 
(see eqn (5) and Fig 4) However, at a certam flow, 
the temperature difference reaches a maximum and for 
higher flow velocltles AT IS even lower This IS caused 
by a decrease of the heater temperature (see also Fig 

4) 
The flow for which this maximum IS reached depends 

on x,,,, D, A, g and IC From eqn (3b) we can see that 
the elgenvalues L, 2 show a changing flow dependence 
around 

v= = 4gD2 (8) 

The flow velocity, which IS found from eqn (8) IS called 
the turn-over flow velocity vto 

20 
ut0 =- 

1, 
(9) 

For example with 2-propanol as a fluid 
(D = 6 96 x lo-’ m2/s) and I, = 250 pm we find 
vto = 0 56 x 10e3 m/s The turn-over flow velcolty vt, 
determines the useful flow range of the flow sensor 

Fluzd dependence 
The sensor charactenstlcs are strongly mfluenced by 

the thermal dlffuslvlty of the fluid Involved From eqn 
(2) It IS seen that the temperature dlstrlbutlon (see also 
Fig 4) 1s controlled by the ratio of the flow velocity and 
the thermal dlffuslvlty v/D A hqmd flmd like ISO- 
propanol has D = 6 96 x lo-* m*/s For a gaseous fluid 
(air), D = 1 86 x 10e5 m2/s The velocity scale, as used 
m Fig 4, differs by a factor 250 for these two fluids 

Realisahon 

The reahsatlon process of the flow sensor 1s shown m 
Fig 6 On a 300 m ( 100) & wafer a 1 km LPCVD 
SIN layer IS deposited (Fig 6(a)) The deposltlon 



Fig 7 SEM photograph offlow sensor The channel width IS 1 mm 

l-x----- LL__, r 1’ I 
(4 

Rg 6 Process sequence for reahsmg the flow sensor 

parameters are such that there 1s no mechamcal stress m 
the BN layer (‘stress free’) The BN layer 1s patterned 
mth the amsotrop~cally %-etch mask needed for the flow 
channel (Fig 6(b)) The flow channel 1s aligned parallel 
to the [llO] crystal direction The BN beams across 
the channel have a width of 40 v and are onented m 
the [ 1001 crystal dlrectlon The beams cross each other 
at a heart to heart distance of 200 pm Then the metal 
layer with the resistor pattern IS applied A 200 nm CrAu 
layer 1s deposited and patterned (lift-OK) The 30 nm 
chrommm layer IS applied for an optimal adhesion of the 
Au layer The flow channel 1s (amsotroplcally) etched m 
a KOH solution at 70 “C The cross section of the flow 
channel 1s an inverse trapezoid which 1s 1000 pm mde at 
the top and has a depth of 250 pm In the Pyrex wafer 
the flow channel 1s lsotroplcally etched m an HF solution 
at room temperature with a sputtered polyslhcon layer 
as etch mask The feed troughs (4 = 400 pm) for the 
needed electrical contacts are made by drdhng (Fig 
6(e)) Finally the Pyrex wafer and the structured Sl wafer 
are anodlcally bonded (1250 V, 450 “C) The high 
voltage needed m the bonding process 1s due to the 
(1 pm) SIN layer on top of the &con 

Due to the straightforward realrsatlon process the flow 
sensor can easily be integrated with other rmcrohqmd 
handling components as pumps [ 1 l] and rmxers [ 121 

Rg 8 The electrical connectlon mslde the flow sensor R, and & 
are the sensmg resistors upstream and downstream, respectively 
R, IS the heating resistor Resistors R, and R2 are implemented m 
order to obtain a Wpomt measurement avoldmg parasmc senes 
resistances 

The reahsed sensors (see Fig 7) are wred according 
to Fig 8 Additional contacts are Implemented to make 
an accurate resistance measurement possible 

Expenments 

The sensors are charactensed with the measurement 
circuit given m Fig 9 The temperature measuring 

Fig 9 Sensor measurement clrcult Nommal reslstor values are 
R,=8OOQ R_,R,=33OOQ, R,,R,=725Q, R,,R.,=33OOR, 
R,= 1OOfl 
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resistors are placed m a bridge configuration Addl- given m Table 1 The sensor output signals as a func- 
tlonal resistors m the flow sensor make it possible to tion of the applied flow velocity show a typical result as 
compensate for contact serves resistances gven m Fig 10 

The temperature coefficient T, of the sensing resistors 
1s measured m a temperature controlled furnace In the 
range from 20 to 50 “C we found T, = 1 5 x 10-5/“C 
This temperature coefficient IS lower than expected A 
possible cause IS the (unwanted) annealing effect of the 
anodlc bonding process on the CrAu metal layers After 
the bond step the nnpedance of the resistors showed to 
be a factor of 20 hgher than the value before the bond 
process 

Discusson 

The dlsslpatlon m the sensor resistors 1s so small that 
they do not slgmficantly modify the temperature dlstn- 
bution resultmg from the dlsslpatlon m the heater resrs- 
tor R, and the fluld flow 

The measurement result shown in Table 1 is quahta- 
tlvely stmllar to the model results shown in Fig 4 For 
low flow velocities the output signal is linear with v (see 
eqn (6)) At a certain flow velocity, the output signal 
reaches a maxlmum, the turn-over flow velocity v,~ (see 
eqn (9)) For higher flow velocltles the sensor output 
signal decreases urlth increasing v TIN IS due to a 
slgmficant decrease of the heater temperature (see eqn 
(3~) and Fig 4) 

With U, as the bridge voltage and assummg that 
R, = R,, R, = R,, the relation between the temperature 
AT and the output voltage AU of the sensor bridge 1s 
given 

We did not measure the temperatures T,, and Td 
separately as a function of the flow velocity However, 
the flow velocity dependences of T, and T, as predlcted 
by the model (eqn (4) and Fig (4)), are also observed 
by Johnson and HIgash] [8] and by Esashl [9] In our 
model the conductlvlty to the walls 1s modelled m a 
two-dlmenslonal model ( y-z plane) The effect of con- 
vection on the temperature dlstrlbutlon 1s modelled in 
the x-z plane Accurate modelhng would need a com- 
plete three-dimensional approach However it 1s difficult 
to build a three-dlmenslonal analytlcal model 

AU=&-U,-Ub & 
(R, + R,)* Tc AT 

(10) 

With U, = 3 V, R, = R, and a measured temperature 
coefficient T, = 1 5 x 10m5 l/K, the bridge sensltlvlty 
S,,= 13 x 10-5V/K 

Flow velocltles are generated with syrmge-pumps and 
have been vaned m the range O-2 m/s Measurements 
are carned out with water and 2-propanol as liquid 
fluids and with an as gaseous fluid Fluid propertles are 

TABLE I Propertles of used Rmds 

Fhnd 
;W,m) ;kg,m’) f103 J/k&) pm%) 

2-Propanol 0 141 785 2 85 696 x 1O-s 
Water 06 998 4 18 1 4 x IO-’ 
An 0 024 1 29 10 186 x 1O-5 

Ok I 

0 0005 0 01 0015 002 

-V wd 

Fig 10 Flow sensor output with water as Rmd With a used flow 
channel of loo0 pm x 500 lrn, a flow velocity u = 20 mm/s IS 
equal to a volume flow of 0 6 ml/mm For water K = 0 6 W/mK, 
D=14~10-~rn~/s 

Esashl [9] apphes two resistors for the flow sensing 
function instead of the three resistor design we have 
reahsed If the resistors of the two resistor design each 
dissipate the same amount of heat as the heater resistor 
In our sensor design, the model predicts the same values 
for AT (eqn (4)) Yet, with the two resistor design it 1s 
more ddiicult to establish a constant temperature mode 
of operation 

The calculated and measured sensltlvltles S and tum- 
over flow velocltles u,, of three flulds (extracted from 
AU - v graphs as even m Fig 10) are given m Table 2 

From eqn (6) we see that the reciprocal sensltlvlty 1s 
proportional to the product of the thermal conductlvlty 
K and the thermal dlffuslvlty D The sensltlvlty values 
for water match well The measured sen.Gtlvlty for 
lsopropanol 1s less than expected However, for the 
calculated values, given m Table 2, we assume pomt- 
temperature sensors and we assume a uniform (lammar) 

TABLE 2 Calculated and measured sensltlvltles S and turn-over 
velocities urn 

Fhnd s (talc ) 

(KS/m) 

S (meas ) otO (talc ) v,~ (meas ) 
(KS/m) (m/s) (m/s) 

2-Propanol 17x104 08 x IO4 0 6 x 10-S 14 x IO-3 
Water 02x 104 02x104 1 1 x IO-” 20 x 10-3 
Au 38x IO2 03 x 102 0 148 20 
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fled flow profile These condrtlons are not fulfilled m 
the experiment 

The measured senslhvlty for arr 1s about 8 tunes less 
than the expected sensltlvlty based on the model The 
assumption that the conduction through the supportmg 
beams 1s neghgble, 1s dficult to hold for gaseous 
flmds Also the influence of the flow profile, which we 
assume uniform, has to be mvestlgated further 

The turn-over flow velocity v, 1s the point where the 
sensor output as function of the flow velocity reaches its 
maxnnum value The calculated and measured values 
for vt, are grven m Table 2 The qualitative agreement 
1s good In our model the temperature distribution 
strongly depends on the parameter g from eqn (2) (see 
eqns (3b) and (9)) It IS assumed that the heat conduc- 
tlvlty through the beam 1s neghgble to the heat conduc- 
tivity through the fluid Also the conduction to the 
sidewalls should be calculated for 

The quantitative agreement between the calculated 
and expected values for S and vt, 1s the best for water, 
which has the highest heat conductlvlty K 

Conclusions 

A sunple rmcro-hqmd flow sensor has been modelled, 
designed and reahsed The flow sensor functions in 
good qualitative agreement wth the predlctlons of an 
analytical sensor model The model 1s based on a 
lumped element approach vvlth some approxunatlons to 
slmphfy it It predicts the temperature dlstnbutlon in 
the flow sensor and the flow velocity dependence The 
geometry, the heat conductlvlty and the thermal dlffu- 
slvlty determme the sensltlvlty and flow range The 
design antrclpates the application in a flow controller 
[ 1 l] and other fluid handling systems [ 121 
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