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Abstract

Many current chemical, medical and pharmacalti
applications require precise measurement of fluildies
in microfluidic regime where traditional flow metogy
standards are obsolete or unavailable. It is often
mandatory on the other hand for the flow metrology
agency to provide certifications of any possibledurcts
in services. In this paper we present a systensatidy
from liquid from below 150uL/sec in the flow chatge
smaller than 800um in diameter. The transportation
pressure, composition, temperature and other amnbien
effects are measured for the metrological effddsMS
flow sensing technology with thermal time-of-flight
operation mode and calorimetric mode is used as the
benchmark to test various flow metrology standard
methodology (e.g. gravimetrical, optical, and vitmaal)
such that a fast calibration metrology standardc:de
established to certify the available products onkeizs.

| ntroduction

Microfluidic devices have been the active tom
many current researches as their huge potentials in
improvement of performance and process control in
biomedical, pharmaceutical, chemical, environmental
aerospace, food and other industries. Howeverialtiee
complexity of the devices that involves multididaipry
understandings of the process, commercial prodares
not popular and many of those have very high aarsthie
applications [1, 2]. There are still many techniisalues
which are not well demonstrated for solutions. The
effects for fluid in the channels at micro-reginudahe
complexity of the possible interactions betweenfthig
and the channels that brings sometimes the poor
repeatability due to the incapability for well-cooited
schemes for the flow channels and the sensors. The
current available instrumentations are also limfeadthe
required characterization for both the micro stues
and the fluid flow characters inside the micro-atals.

The frequently discussed metrology tools for fldlmw

in microfluidics are mostly based on optical tedog@es
such as particle image velocimetry [3], infraredrthal
velocimetry [4], and laser Doppler velocimetry [5].
These optical technologies are bulk in size andiireq
optical transparent channels which may or may ret b
readily available. In particular these measurenteats
are mostly for laboratory research purposes, aachat
feasible to be incorporated into microfluidic deascfor

in situ measurement of the flow in the devices. In this

paper, we present a design of a MEMS (micro electro
mechanical system) thermal time-of-flight (TTOF)
sensors that can be placed inside the microflwdannel

for in situ measurement of the flow characteristics. We
will further discuss the metrology of a microfluidi
system and the possibility to apply the TTOF sen$or

the metrology standard.

MEMS TTOF sensor and metrology

MEMSTTOF sensor design and fabrication

The MEMS TTOF sensors were made on a silicon
substrate of 1.5x3 mm where a 1.5um thick low stds
silicon nitride prepared by low pressure chemiagour
deposition was used as the membrane support under
which the thermal isolation cavity was made by &tgh
away the bulk silicon materials using deep reactbre
etching process. Three thermistors disposed on the
silicon nitride membrane were made of platinum via
electronic beam evaporation. Each of the thernsstad
a resistance about 1002 and been separated with a
distance of 70 um. The length of each thermistor is
600um. The thermistor at the middle was used abehée
wave transmitter while the other two thermistoraceld
symmetrically to the middle thermistor were destgda
as the receivers. In this configuration, the semswld
be employed to measure the bi-directional flow. An
additional thermistor with a resistance of 70Q0was
made for environmental temperature measurement. The
surface of the sensor was passivated with a 350mam
stress silicon nitride. The silicon nitride thininfi
prevents the fluid from interactions with the seamso
Additional thermistor deposited on the silicon chip
substrate can be used to monitor the environment
temperature for controlling the temperature of tweat
pulse generation.

Figure 1. MEMS TTOF sensor
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Figure 2. MEMS TTOF sensor package

Figure 2 shows the packaged microfluidic devar a
medical infusion application. MEMS TTOF sensor chip
is placed in a microfluidic channel that is desirfer
the fluid flow rate measurement for the complefesion
system control. The flow channel (package matérials
made of medical compatible polyphenylsulfone and is
moulded in a base unit and a cover unit. Each hamst
the half portion of the flow channel and the basi aiso
contains the space for the sensor chip. After dreser
chip is placed into the moulded space, the sealfritpe
two units is done with the ultrasonic bonding tkhall
have limited influence on the final channel dimensi
(estimated <0.5% for the changes in dimension). The
flow channel after the sealing is a rectangulapshaith
the dimension of 600x800 um for the test flow range
from 3 to 150 pl/sec. This dynamic range is forewat
based fluids. The active sensing area is in diceatact
with the fluid and is aligned to the flow channiglewall.
The sensor chip is connected to an electronic itigcu
that is embedded in the plastic package and has an
electronic memory to store the metrology data. The
package is then further connected through the pms
shown in the figure to the external control elecits that
contains the interface for data processing.

Flow metrology standards and TTOF sensor
calibration

One of the concerns during the tests withdifferent
metrology standards is the interaction of the fluith
the microfluidic channels. Although the mouldedwil
channel surface is very smooth, there still exiats
possibility for formation of gas bulbs during thkid
transportation. The bulbs will have significant iap to
the accuracy for the metered fluid by the sensor.
Therefore it is necessary to have the designedoseas
be capable of sensing the presence of the bulldss T
capability of the TTOF sensor is realized via the
detection of the thermal conductivity of the fluidsing
one of the standby thermistor on the same senspr ch
since the thermal conductivities for gas/air are
significantly different from those of liquid, it isasy for
the sensor to detect the formation of bulbs whesy th

passed through the sensor. As the sensor has a fast

response (<3 msec), it is also able to calculaesites of
the bulbs when their sizes are comparable to théte
flow channel. Figure 3 shows the sensor outpub tie

presence of the air bulb inside the flow channeshbuld
be noted that if the dimensions of air bulbs areldas
that the size of the flow channel, the detectionudddoe
very difficult.
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Figure 3. The TTOF sensor output at the presence of air
bulb inside the flow channel.

Time

Metrology standard for liquid flow using
gravimetrical approach is well documentexy( OMIL
R117 and R120). This approach is also applied in
microfluidic flow measurement. As the electronic
balance has a high precision and the reservoiatsanbe
kept such that the gravimetrical induced delivepgex
variation is kept constant, the amount of liquidivaged
at a specific time span can then be accuratelyrdecoas
timer can also be very precise. The computer cdenec
directly to the electronic high precision balanced a
records the start and stop of the pre-set time.sjifathe
ambient conditions are controlled, then the noresys
uncertainties of the measurement shall be minifiaé
major concern for the microfluidic system is mostly
dependent on the evaporation properties of theidiqu
since the flow velocity may be extremely slow. Hoee
in practical measurements, it is often requiresary the
inlet liquid flow velocities to evaluation the perfnance
of the microfluidic devices, which is difficult tachieve
with the gravimetrical approaches. The evaluatibthe
performance and calibration in the full dynamicgarof
the microfluidic system using the gravimetrical eqgach
is then not the best option.

Another approach for a traceable liquid flmstering
is using the Coriolis technology that utilize thesonant
vibrational frequency of a tube arising from theriGlis
force or the gyroscopic force to measure the miasg f
rate of the flow fluid. The meter made with this
technology features a high precision and can sasvihe
master meter in a calibration system. The current
available Coriolis mass flow meters that can beduse
the metrology standard for the microfluidic regimee
from Brooks Instrumentation (Quantim model) with a
lowest measurable liquid flow rate of 0.3ulL/sec fart
meaningful metrology standard uncertainties of thss
0.5%, the minimal measurable flow rate shall
approximately starting from 10pL/sec. In additionthe
incapability of the low flow metrology, there isaher
issue for the Coriolis technology that requiresiaimal
working differential pressure. For example, the Qum

be



meter at the flow rate of 10uL/sec requires attl&is
kPa pressures at the inlet of the meter for themabr
operation. For many microfluidic applications this
pressure might be over the specified range of ypheal
operation, although the pressure at this level maybe
nontrivial to the measurement uncertainties for rieest
of fluids.

Many research works for measurements of line f
rates of a microfluidic system rely on optical
velocimetry, such as the particle image velocimdager
Doppler velocimetry and infrared thermal velocirgetr
These technologies can provide reasonably goodfdata
the flow rates of interest. However, many factaes ill
not clearly documented for the resolution, uncatigi
and repeatability. In addition that there are noll-we
established standards, the above technologies reequi
certain level of interactions to the measured fiudh as
markers or temperature elevation which are undgsire
from the metrology point of view as such interagtio
would be another topic of research for the impdcuch
interactions to the performance of the designed
microfluidic devices. Further, flow channel traasgnt
and low loss of the optical signals is essential da
accurate data acquisition. These optical technetogre
also bulky and good for laboratory studies. It does
provide convenience and efficiency for the batched
process as required for manufacture.

Mechanical syringe pump is another technoltwt
is frequently used to calibrate or test the micridic
devices. The syringe pump can deliver constant flae
as low as picoliters per minute that ideally mascteethe
microfluidic regime. The syringe piston pressesvind
at a pre-set speed from its control unit and ttstopi is
driven by a linear motor that is controlled by a
microprocessor for a precise revolution speed. mbeor
then drives the lead-screw putting the pressureiartime
syringe into a controlled motion. The small indigbof
the flow rate during the delivery can often be mizied
via the average over time. Many manufacturers @ n
provide high precision syringe pumps that meet the
minimal requirements for the metrology. In thisdstuA
KD Scientific Legato 110 syringe pump with a 100ul
syringe is then selected to be the primary metrolog
standard to test the metrology capability of theigieed
TTOF sensor. This model of syringe pump has a
delivery accuracy of +0.5% and a large accessible
dynamic range. The digital outputs from both thernge
pump and the TTOF sensor are collected simultatgous
by a computer and the calibrations and verificatifor
the metrology performance are then analysed with
specially programmed software.

In situ measurement feasibility with TTOF

Conventional thermal sensing technologiesnawstly
used for process monitoring or set point repeatgbil
applications. The available products are basedithere
calorimetric or anemometric principles as both hthe
advantages of independence on temperature andupress
but require well-established calibration proceskese
technologies are however prone to instability at flow
and therefore are not suitable for microfluidic

applications. TTOF technology is more related te th
direct measurement of the fluid flow velocity thettall

be dependent on the temperature and pressureimasiat
Using the MEMS technology, the distance between the
thermal pulse transmitter and the sensing elenemte
precisely determined. For example, the distanaagtle
uncertainty for a 100pum spaced transmitter andirsgns
element pair can be as low as 0.05%. Precise time
measurement can also easily be achieved. Theherisat
possibility for a direct andn situ measurement of the
fluid flow velocity in well-controlled environmenta
conditions. The calibration would be nullified ihi$
approach could be truly established and verified.
However, it is not nontrivial to obtain a pure tiok
flight signal with the thermal pulse approach. tidiion

to control or compensate the temperature and preessu
variations, the impact of the thermal conductiditythe
thermistors must also be carefully eliminated. ¥ very

low flow regime, the thermal diffusivity may becorae
dominate factor over the thermal pulse time delsat t
suggests the TTOF will have a low flow rate detatti
cut-off. Besides these physical property limitaspone
must also consider the fabrication of the thermsstas
the responses of the thermistors to the temperature
variation is also a critical factor to be accourfiedwhen
developing the TTOF sensing that can meet with the
necessary metrology standards.

One of the approaches to address the variafidghe
thermal property of the fluid is to integrate mpiki
sensing thermistors with different distances to the
thermal pulse transmitter. A proposal by Bonnel ef6i
indicated that with two sensing thermistors, an
independent accurate fluid flow velocity regardletthe
fluid thermal properties can be measured with tHeM®
sensing technology. For the thermistor thermagaases
related transit time or time lag due to the norezer
thermal mass of the thermistors, a vacuum calimati
process may be applied. The advantage for MEMS
sensing chips is that they are made using massive
production process. Variations among the thermistoe
minimized. The calibration for each batch produatber
than for individual product would be required iragtical
procedures.
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Figure 4. Sensor phase shift output vs. flow rate



Figure 4 shows the TTOF sensor phase shifiutsit
vs. flow rate. The two curves correspond to théedit
distances between the sensing thermistors to therma
pulse transmitter. The output from the sensingntiisgtor
with 320um distance can be approximated with arseve
power function while the outputs from the closemsieg
thermistor cannot be approximate with a power fiomct
but a polynomial function to the third order. Thisleed
indicates that with a longer distance the timetigft is
dominated while the other effects may be critical the
short signal transmission distance.

The time-of-flight technology has better lovow
accuracy as the time span is longer resulting beter
resolution and stability as long as the domain ithiw
the time-of-flight regime. Depending on the eleantcs,
the TTOF sensor can achieve a better than 1% amcura
and a reasonably good dynamic range. As of totiey,
critical issue is that the data processing is reatetbped
to identify each factors such that the pure timdlight
velocity measurement approach can be established.
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Figure 5. Measured flow rates vs. calculated flow rates

Figure 5 shows the measured flow velocities
compared to those calculated directly from the miesas
phase shifts for a sensor with 150um distance hetwe
the thermal pulse transmitter and the sensing tistesm
Apparently at the low flow rate regime, there am@ n
correlations between these two set of values itidiga
that the time-of-flight would not be playing criicroles
in the metrology of this regime. The observed ldowf
rate cut-off values are close to the theoreticahegions
by Bonne et al. [6]. For the high flow velocitiethe
linear correlation suggested that we need additieoak
to understand the physics that contribute to treeoked
correlations.

The pressure effects to the metrology perfoweas
minimal as long as the applied pressure is withia t
TTOF sensor membrane mechanical design limit as the
compression of the liquid at low pressure is ttivia
Temperature performance up to 60°C also showed no
significant impact for the performance and can asilg
compensated with the electronics.

Concluding remarks

Flow metrology for microfluidics is still arpen topic
to be addressed. There are many non-conventional

factors that may play a role in the determinatidrthe
flow performance in the micro flow channels. Theref

it is nontrivial to develop atn situ metrology that can
provide the true flow metrology values. Among the
current available technologies, TTOF is promisiisgita
could be integrated with the micro flow channel dhe
cost structure also makes it possible for a massive
deployment. However, there are still some additiona
works required to clarify the details of the configtion
and essential physics for the observed phenometta su
as low flow rate cut-off, deviation from the thetical
value and ambient effects. Additional work is also
needed to demonstrate the manufacture procesgdhat
provide the reliable and well performed products.
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