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a  b  s  t  r a  c t

Microfluidic  devices  integrated  with  ultrasonic  transducers  were  developed.  Piezoelectric  thin film

based  transducers  and capacitive  micromachined  ultrasonic  transducers  (CMUTs)  were  integrated  with

microchannels. While  piezoelectric  transducers  operated  in  the  vicinity  of 400  MHz, the operation  fre-

quency  of the  CMUTs  was  approximately  50 MHz. Ultrasound  generated by  the  transducers  was used

for  both heating  the  liquid  and sensing the  temperature  of the  liquid inside the  channel. The tempera-

ture  measurement  method depends  on the  time  of flight  monitoring  of the  acoustic  reflections  inside

the channel.  The method was applied to channels  with different  heights  from  200  �m to 500  �m. The

accuracy  of the method was found  to be  0.1 ◦C.  The measurement  bandwidth  could  be  as high  as  1  MHz.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Miniaturization of bio-fluidic systems enables analysis of bio-

logical specimens in nano-liter to micro-liter volumes [1–4].

However, bulky instrumentation, such as lasers, CCD cameras,

pumps or hot plates, is used for sensing and actuation in such

small volumes. This therefore limits the portability of microflu-

idic devices. Ultrasound generated by integrated transducers with

fluidic channels offers a  possible solution to this problem. Acous-

tic waves that are generated by the transducers comparable to the

microchannels in  size can be used for both fluid actuation and sens-

ing. In the previous research, ultrasound was applied successfully

for microfluidic mixing [5].  In this study, we used ultrasonic waves

to monitor the temperature of the fluid in  the microfluidic chan-

nels. Ultrasound was generated by means of integrated transducers

into the channels. Moreover, continuous wave excitation of these

transducers could heat the fluids inside the channel.

One particular parameter of interest in microfluidic analysis

is the fluid temperature. Many biochemical interactions such as

amplification of DNA by polymerase chain reaction (PCR) require

precise control of temperature [6,7].  Different methods have so

far been reported for temperature monitoring. Ross et al. used

fluorescence microscopy and acquired images of the fluorescence

intensity of a  dilute fluorophore using a  CCD camera [8].  This

technique achieves very high spatial accuracy (∼1 �m) but its band-

width is limited by the refresh rate of the CCD. It also requires an

imaging optics and a camera, which makes the method unsuitable

for portable devices. In addition, fluorescent chemicals may  affect
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the chemical reaction under investigation. In a  similar approach,

thermochromic liquid crystals (TLCs) were used [9,10]. TLC suspen-

sion changes color with temperature fluctuations. By measuring the

reflected light spectrum from the TLC suspension using a  spectrom-

eter, one can determine the temperature in  a microfluidic channel.

In another study, Lao et al. developed a  technique where the resis-

tivity of metal electrodes was  used to measure temperature in  a

small chamber [11].  Their system is  relatively large and the mea-

surement method is  sensitive to the temperature of  the substrate

and the surrounding material. This method measures the temper-

ature of the electrode, which may  be different from the rest of

the chamber. It  measures the average resistivity of  a  long resis-

tor over a  relatively large volume of liquid as well. Laser-based

temperature measurement systems have also been developed. Fan

and Longtin used a laser beam to  measure the reflectivity of the

interface between the substrate and the fluid [12].  The reflectiv-

ity depends on the refraction index of the fluid, which varies with

the temperature. This technique can achieve high temporal and

spatial resolution. But it requires a  laser and a  focusing optics. In

another approach, one wall of the microfluidic channel is  made

with embedded thermoindicators [13]. This method again requires

a CCD camera and it is not very accurate. The other methods for

temperature measurement include interferometry [14],  NMR  ther-

mometry [15],  Raman spectroscopy [16,17] and interferometric

back scatter detection [18].  These methods either require very

expensive instrumentation or are not very sensitive. On the heat-

ing side, the most common methods are to use a Peltier device

[19] or a resistor [11,20].  These two methods enable relatively easy

heating methods, but it is difficult to control where the heat is

applied because these devices usually heat up one wall of  the chan-

nel where they are embedded or  attached. This may potentially be

a  problem for very small form factor devices. Joule heating was also
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proposed for liquid heating [21]. This method is only applicable for

conductive liquids.

In this article, we describe an ultrasound based method for accu-

rate determination of temperature in a  microfluidic channel. This

method uses the time of flight measurement of ultrasonic reflec-

tions from the microfluidic channel. The sound velocity in the fluid

determines the time of flight of the acoustic reflections inside the

liquid. Sound velocity varies as the fluid temperature changes.

Hence, by monitoring the velocity, one can determine the liquid

temperature. Inherently, this method is  only sensitive to the tem-

perature of the liquid and independent of the temperature of the

substrate or the channel material. Since it uses very low energy

ultrasonic pulses, it is  completely non-invasive. Moreover, poten-

tially this method can integrate all the measurement electronics in

a small footprint and there is no alignment requirement as in the

case of laser-based methods. In addition to the temperature sens-

ing, the transducers can also be used to heat the liquid. When the

transducers are used to generate a  continuous acoustic field inside

the liquid, the absorption of the ultrasound increases the liquid

temperature. By  using this method, one can get a  very well con-

trolled liquid heating without heating the channel walls directly

other than heat conduction.

Ultrasound has been used in detecting temperature, flow or

particles in macrochannels for a  long time [22–24].  Ultrasonic

measurement techniques use time of flight, phase or amplitude

measurements of the reflected acoustic waves from the channel

walls or from the particles inside the channels. Usually one or  more

transducers are employed for the measurements. The temperature

is usually monitored by measuring the time of flight between two

transducers or between a  transducer and a  channel wall. By know-

ing  the exact distance between the two transducers or the distance

between the transducer and the reflective surface, one can calculate

the sound velocity by dividing the distance by  the acoustic pulse

flight/delay time. The sound velocity in liquids is  a function of the

bulk modulus and bulk modulus changes with temperature. There-

fore, by monitoring sound velocity, one can determine the average

temperature of the liquid along the acoustic path.

On the other hand, ultrasonic heating is also well known. This

method has been used for quite some time in physiotherapy for

treating injuries, pain and inflammation. Focused acoustic beams

are usually used for increased efficiency. In general, due to acoustic

absorption inside the liquid where the ultrasound propagates, the

temperature increases. In this paper, we  will apply these two ultra-

sonic methods that have been used in macroscale to  microfluidic

channels.

2. Experimental

2.1. Channels with integrated piezoelectric transducers

Fig. 1 shows the fabricated microfluidic device with integrated

piezoelectric transducers. The transducers have been formed by

sandwiching a zinc oxide (ZnO) film between 1500 Å-thick gold

electrodes on a quartz substrate. The ZnO film is  deposited using

the magnetron sputtering technique [25]. Electrodes are pat-

terned using standard lithography steps. The transducers are

300 �m  × 300 �m.  The ZnO film thickness is 8 �m.  On  the other

surface of the substrate, the channel is  aligned to the transducers

as shown in Fig. 2. The inlet and the outlet tubing are connected to

the channel by means of holes drilled through the quartz substrate.

The channel is made of glass and the width is 500 �m; the height

of the channel is approximately 200 �m. Fabrication details can be

found in [5].

To test the transducers, the electrical input impedance has been

measured by using a  network analyzer. The first longitudinal res-

Fig. 1. Microfluidic channel with integrated transducers. Channel is  on the bottom

side of the substrate and is aligned to  the  transducers.

Fig. 2. Schematic of the  devices showing the channel, transducers and tubing.

onance frequency of an 8 �m-thick ZnO film is  approximately

400 MHz. However, due to the multiple resonances along the thick-

ness of the quartz substrate, many resonance peaks are observed

as shown in  Fig. 3. The resonance peaks correspond to the multiple

of the half wavelength of acoustic waves in quartz plate where the

thickness is  1.27 mm.  The sound velocity in  quartz is 5613 m/s  [26];

therefore, the separation between the peaks is 2.21 MHz.

Fig. 3. Real (top) and imaginary (bottom) parts of the transducer impedance.
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Fig. 4. Circuit used for pulse echo measurements and ultrasonic heating.

For pulse-echo measurements, we used the pulser circuit shown

in Fig. 4. The main component of the circuit is a transistor, which is

forced to operate in  avalanche mode by a  high bias voltage applied

to its collector. Bias voltage (∼200 V) has been obtained from a  high

voltage supply (SRS PS310, High voltage power supply). A trigger

pulse, obtained from a  function generator (Agilent 33250A, Func-

tion generator), is applied to the base of the transistor. When the

pulse turns the transistor on, this allows charges accumulated in  the

transmission line to pass through the emitter of the transistor. This

method enables the generation of the high-voltage, narrow-width

pulses. The pulse width can be controlled by varying the length of

the transmission line. In our experiments, we used 2-ns long 60 V

pulses to drive ZnO transducers. The generated pulses are applied to

the transducer where they are converted into longitudinal waves.

In pulse echo mode, the relay connects the transducer to the emitter

of the transistor. The acoustic pulses propagate in the substrate and

then in the liquid filling the channel. After reflecting from the inter-

faces, they return back to the transducer where they are  converted

into electrical signals. Then, the received waveform passes through

the protection circuitry and is amplified by  microwave amplifiers.

The protection circuit clips the amplitude of the high voltage pulse

at the input of the amplifier such that the amplifier is not over-

loaded. For small amplitude pulses, the protection circuit works as

a pass-through without affecting the amplitude. The received sig-

nal at the output of the amplifier is  observed using an oscilloscope

(HP Infiniium series). This circuit can also excite the transducer by

a  continuous sinusoidal voltage through a  mechanical relay when

the  relay connects the signal generator to the transducer. The relay

is  controlled by  another pulse generator to allow both heating

and measurement modes. The ultrasonic measurement signal is

recorded by an oscilloscope into a  PC through GPIB connection for

further analysis.

Fig. 5  shows the output voltage waveform of the amplifier. The

first pulse, at approximately time zero, is  the electrical feed through

coupled from the transistor directly to  the amplifier. This pulse is

clipped by the protection diodes to prevent any damage to  the

amplifier. The second pulse, which is indicated by R1 in Fig. 5,  is

the  reflection from the quartz-channel boundary. Other reflections

(R2, R3, R4. . .)  are the multiples of this acoustic reflection. The sep-

aration of the pulses corresponds to the two-way time delay along

the substrate thickness. When the channel is filled with a  liquid,

an additional reflection (P1) occurs between the first and second

reflections as shown in Fig.  6. The time delay between the first

reflection (R1)  from the substrate–liquid interface (bottom of the

channel) and the reflection (P1) from the liquid–glass interface (top

of the channel) is given by

�t  =
2h

v

(1)

where h is the channel height, v  is the sound velocity inside the

liquid. The liquid velocity and the attenuation change as a function

Fig. 5. Reflections inside the substrate.

of temperature. Fig. 7 shows the velocity and attenuation varia-

tion for DI water [26]. If the channel is  filled with DI water, one

can easily determine the temperature by measuring �t and using

the graph depicted in  Fig. 7. However, instead of using Eq.  (1),  we

used wave propagation calculations to improve the accuracy of  the

measurement. Due to the high acoustic attenuation in  water in  the

vicinity of 400 MHz, the waves get dispersed after propagation in

water. Therefore, different frequency components propagate with

different amplitudes changing the initial pulse shape. In this case,

it is difficult to set a threshold voltage on the received waveform

for time delay measurements.

Accurate determination of temperature requires knowing the

channel height precisely. This can be  accomplished again by using

the time of flight measurement. If a  liquid with a  known tempera-

ture fills the channel, one can find the channel height by  using Eq.

(1) or more accurately by using wave propagation calculations. We

filled the channel with DI water and placed thermocouples inside

the tubing as well as at different locations on the substrate to  cal-

ibrate the channel height. DI water is well characterized in terms

of acoustical properties [27,28]. We placed the whole system in a

thermally isolated chamber and waited until all the thermocou-

ples had shown the same temperature to make sure the water

Fig. 6. Reflection from the channel top (P1)  (zoomed version of Fig. 5 between R1

and R2 with the channel filled with DI water).
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Fig. 7. Sound velocity and attenuation as a  function of temperature for DI water.

temperature is the same throughout the channel. By using corre-

sponding velocity to the measured temperature from Fig. 7 and

time of flight measurement, we calculated the channel height. The

resulting channel height is  found to be 213.65 �m.

3. Channels with integrated CMUTs

We  also integrated channels with capacitive micromachined

ultrasonic transducers (CMUTs). CMUTs have been developed for

biomedical imaging in the frequency range of 1–5 MHz  [29,30].

CMUTs can compete with piezoelectric transducers in  terms

of efficiency and bandwidth. Recently, it has been shown that

CMUTs can be used for high frequency applications in the vicin-

ity of 50 MHz  [31]. This makes these transducers an attractive

alternative for microfluidic applications since their manufactur-

ing is IC fabrication compatible. This enables the integration

of electronics and the microfluidic devices on the same silicon

substrate.

Fig. 8 shows a  microfluidic channel with integrated CMUTs. The

CMUT is composed of many membranes, as shown in  the zoomed

picture of Fig. 8. Each membrane has a  bottom electrode and a  mov-

able top electrode. When a  sinusoidal voltage with a  DC voltage

is applied to the membranes, they vibrate due to the electrostatic

forces between the electrodes and if an acoustic field impinges on a

biased membrane, output current proportional to the field strength

is generated. Fabrication steps for CMUT are  described elsewhere

[32]. For microfluidic applications, as the last fabrication step, an

LPCVD oxide layer is deposited on top of the membranes to  passi-

vate the top electrode. Then, an SU-8 channel is aligned on  top of

the transducer. In contrast to the ZnO transducer, CMUTs can only

be placed inside the channel, since they cannot couple ultrasound

efficiently into the substrate.

The same circuit of Fig. 4 has been used for pulse-echo mea-

surements. The operation frequency of this particular CMUT is

approximately 40 MHz. Since the operation frequency is lower than

that of ZnO film transducers, wider pulses have been used to excite

the CMUTs. The pulse width is adjusted using a longer piece of

transmission line. The obtained reflection waveform is depicted in

Fig. 9. Since CMUTs send most of the energy into the immersion

liquid, the waveform trace has only reflections from the channel

top. The reflections from the liquid–glass interface are indicated

by P1 and P2. Other reflections, trailing P1 and P2, are  the multiple

reflections inside the glass cover. The time of flight measurement

requires the determination of the place of the P1 pulse.

Fig. 8. (a) Microfluidic channel with integrated CMUTs; (b) zoomed on  one trans-

ducer.

4. Results and discussion

We described two  devices that we had used for temperature

measurements. The piezoelectric transducer has both tempera-

ture measurement and heating capability with the help of  the

switch shown in Fig. 4. When the switch connects the RF generator

to the transducer, the acoustic waves generated by  the trans-

ducer increases the temperature of the liquid. The RF frequency

is adjusted such that the transducer excites one of the thickness

mode resonances of the substrate for improved efficiency. Dur-

ing measurement cycle, the switch connects the transistor to the

transducer. In this case, the transistor was  triggered by an off the

shelf pulse generator. The obtained waveforms are shown in Fig. 10,

schematically. The switch is driven by a  square-wave of  10 Hz. The

Fig. 9.  Reflections inside the channel using CMUT.
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Fig. 10. Acoustic heating and sensing.

switch is also synchronized with the pulse generator that triggers

the transistor. We  chose 50% duty cycle for the 10 Hz square-wave

that drives the switch. Thus, the liquid is heated for 50 ms followed

by  a measurement cycle. The time required for the temperature

measurement was less than a  microsecond. The only limitation on

how soon one can measure the temperature after the heating cycle

is that the multiple reflections inside the substrate have to  decay

completely prior to  the temperature measurement. In the measure-

ment cycle, the waveforms were stored in an oscilloscope memory

and transferred to a computer by means of GP-IB interface.

Later, the stored waveforms are  processed to find the temper-

ature. The time of flight can be determined accurately by using a

wave propagation calculation based algorithm. The reflection from

the water–glass interface (P1) can be calculated by  using the reflec-

tion (R1) from the substrate–liquid interface through the following

equation:

P1(t) = F−1{F{R1(t)}e−jkz}LTQW RWGTWQ (2)

where F{·} and F−1{·} are  Fourier and inverse Fourier transforms,

respectively. t shows the time dependence. L indicates the attenu-

ation in the liquid. TQW is the transmission coefficient between the

liquid and the quartz substrate whereas RWQ is the reflection coef-

ficient at the liquid and the glass interface. The phase due to  the

propagation in the liquid by distance z (channel height) is added

through the exponential term and,

k =
2�f

v

(3)

where f  is the frequency. The above calculation involves the prop-

agation of R1 pulse through the liquid filling the channel. First, one

must assume a temperature for the liquid. By using the calibration

curve, the velocity and the loss in the liquid are determined. The

velocity and attenuation are later used to calculate the phase and

the  amplitude of the propagated pulse. For propagation calculation,

first the Fourier transform of the pulse is  calculated, and then the

necessary phase is added due to the propagation inside the liquid.

Reflection and transmission coefficients as well as the attenuation

inside the liquid are also taken into consideration by  modifying the

pulse amplitude accordingly. Finally, calculating the inverse trans-

form reveals the reflection from the top interface of the channel.

This procedure is iterated on temperature until the best fit between

the calculated pulse and the measured pulse is obtained. Fig. 11

shows the measured and calculated pulse when the best match was

achieved for an arbitrarily chosen measurement. To increase the

time resolution, we  interpolated the measured waveform 8 times

by padding zeros to the Fourier transform. In our measurements,

typical time jitter on the measurements is around 0.05 ns. The

Fig. 11. Zoomed version of the water reflection. Measured and calculated.

corresponding temperature measurement error is  approximately

0.1 ◦C.

The calculated temperature is shown in Fig. 12.  The RF power

was increased 5 dBm at every 2.5 min. The measurement demon-

strates heating and measurement capability at the same time. The

time constant observed on  the graph depends on the duty cycle

of the RF signal. For higher duty cycles one would expect faster

heating. So far we have  demonstrated non-real time measurement

of temperature. However, one can directly measure the places of

the pulses to  find the time of flight by detecting zero crossings.

The above algorithm improves the temperature accuracy when the

amplitude of the reflection is small.

We  repeated the temperature measurement experiment with

CMUT devices. Instead of ultrasonic heating, an external source has

been used in  these experiments. The experimental setup is shown

in  Fig. 13.  We removed the channel and replaced it by  a  glass  plate

supported by two  spacers. The distance between the top surface of

the silicon wafer and the bottom surface of the glass plate is  approx-

imately 1.2 mm.  In this space, a  thermocouple and a  set of  resistors

are fitted as shown in  Fig. 13.  The resistor is used to  heat the water

filling the space. The channel height is calibrated using the thermo-

couple reading without applying any voltage to  the heating resistor.

Then, the voltage is  increased by 0.5 V steps every 3 min. Fig. 14

compares the thermocouple reading and the ultrasonic method.

For this measurement, only the change of the position of  the max-

imum point of the pulse P1 is observed and the time of flight is

converted into temperature using the curve in Fig. 4.  For this mea-

Fig. 12. Temperature measurement using ZnO (for both heating and measurement).
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Fig. 13. Experimental setup for CMUT temperature measurement.

Fig. 14. Temperature measurement using CMUT.

surement the wave-propagation approach is not used due to  the

less dispersion at relatively lower frequency of 40 MHz.

5. Conclusions

We  developed piezoelectric and CMUT based transducers and

integrated them with the microfluidic channels for ultrasonic

temperature measurements and heating. This method enables

measurements with high bandwidth (1 MHz) and high accuracy

(0.1 ◦C). The spatial resolution is determined by the transducer

size and it measures the average temperature in the path of the

ultrasonic waves. This method is  insensitive to the temperature

changes that occur on the substrate and it measures the abso-

lute temperature of the liquid. We  demonstrated two methods for

temperature measurement: the wave propagation method and the

direct method. The first method is not real-time and it uses wave

propagation calculation. This method gives accurate results for high

frequency transducers where dispersion due to  the attenuation is

high.

The ultrasonic temperature measurement method can also be

applied when there is  flow in  the channel. The sound velocity in the

channel is orders of magnitude higher than typical flow velocities.

The effect of fluid flow on the time of flight is  negligible.

One disadvantage of the ultrasonic measurement method is that

one needs to know the relation between the sound velocity and

the temperature to  be  able to  convert velocity information to the

temperature. This can be achieved by measuring the fluid velocity in

a channel with known height using a  well controlled temperature.

In  this paper, we also achieved acoustic heating in microflu-

idic channels. Ultrasonic heating can be successfully applied in  very

small volumes where the temperature needs to be controlled accu-

rately. The efficiency of the acoustic heating can be increased if a

matching network is employed between the signal generator and

the transducer.

Using the acoustic heating/measurement technique described

in  this paper, one can also implement flow measurement based on

hot  wire anemometer method. In  this method, the flow inside the

channel will determine the temperature rise for a given acoustical

power. For high flow rates, the temperature increases less. Another

flow measurement method is  the Doppler shift detection. In this

method, acoustic scattering is  detected from the particles inside the

fluid by a  transducer. These may  present themselves as the subject

of future research topics.
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