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Abstract

In the present study, three types of micro-sensors developed for experimental investigation of fluid flow and heat transfer in microstructures are
introduced. The micro-sensors can be used to measure temperature distributions at the surface of a microstructure and mass flow rates passing
through it. It is followed by a description of a method for modeling transport phenomena in microstructures. The modeling technique, based on
the averaging method, is illustrated in thermal design and optimization of a microstructure.
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1. Introduction

The transport and interactions of matter in a microstructure
always involve flow and/or exchange of energy because some
energy in the form of heat is generated through any irreversible
transport phenomena, as suggested by the second law of ther-
modynamics [1]. There are many micro-mechanical systems
for which thermal aspects are even more critical. These in-
clude microstructures encountered in biological reactions and
processes, fuel cells, high-performance heat exchangers and
cooling devices, chemical processes and so on [2—4]. There-
fore, many investigators have experimentally and numerically
studied fluid-flow and heat-transfer characteristics of microsys-
tems. In their experimental and numerical investigations, they
have suggested various experimental techniques and numerical
models. However, there still exist a lot of limitations in their
experimental tools and simulation methods. For example, it is
not easy to measure the temperature of a microstructure and
the mass flow rate of a fluid passing through it due to its small
size. This difficulty has caused confusion with some investiga-
tors who claimed that transport phenomena cannot be predicted
by conventional theories based on continuum mechanics. In ad-
dition, modeling can be cumbersome because of the complex
topology of microstructures. Complicated models for analyzing
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fluid-flow and heat-transfer characteristics of a microstructure
require tedious effort and a lot of computational time. There-
fore, it is necessary to develop a simple but accurate modeling
method for analyzing thermal characteristics of microstructures
encountered in micro-mechanical engineering.

In this paper, sensing and modeling techniques developed
for investigating transport phenomena in microstructures are in-
troduced. For this purpose, the present paper consists of two
parts. The first part covers three types of microscale sensors de-
veloped for experimental investigations. These micro-sensors,
which are applicable to measuring temperature distributions at
the surface of a microstructure and the mass flow rate of a
fluid passing through it, are described. Specifically, the micro-
thermal sensor array, diode temperature sensor array, and mi-
croscale mass flow sensor are presented. The characteristics and
manufacturing processes for these micro-sensors are explained.
In the second part, a microchannel heat sink is chosen as a case
study to illustrate the method in the thermal design and opti-
mization of a microstructure. A modeling technique based on
the averaging method is described, which can be conveniently
used to analyze fluid flow and heat transfer in a microstructure.

2. Sensors for experimental investigations
2.1. Micro-thermal sensor array

When it is necessary to measure the surface temperature of
micro-mechanical systems, temperature sensors based on elec-
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Nomenclature
a wetted area per volume ................... m~!
cr heat capacity of fluid .................. kJ/kgK
Da Darcy number = K / H?
Dy, hydraulic diameter .......................... m
h heat transfer coefficient based on the bulk-mean
temperature .............o.eeiiiiie... W/m? K
hi interstitial heat transfer coefficient ..... W/m? K
H channel height ............................. m
k conductivity .........c.iiiiiiiiiiiannn. W/mK
K permeability ........... ... m?
L length of microchannel ...................... m
m mass flowrate ........ ... ...l kg/s
Nu Nusselt number for the fully-developed flow
p PIESSULE .. .uttetteeeeeeennn Pa
P dimensionless pressure = (K/eufum)d(mf/dx
Py PUMPING POWET ..ottt eeiee i \\4
q heat transferrate .................coviinnn. W
quw heat flux over the bottom surface ......... W/m?
Ry thermal resistance ....................... K/W
Ty temperature of microchannel base ............ K
Ty bulk-mean temperature of fluid ............... K
Ty wall temperature ......... ... ... K
u velocity ... m/s
7 mean velocity in the fluid region ........... m/s
U dimensionless velocity = W) Jum,

We channelwidth .............................. m

Wy finthickness ............... i, m

w width of microchannel ...................... m

x,y,z Cartesian coordinate system

Y dimensionless vertical coordinate, y/H

Of volume-averaged value over the fluid region

()* volume-averaged value over the solid region

Greek symbols

e porosity

7 VISCOSILY ovveeeiiii i kg/ms

% dimensionless temperature

Orp dimensionless bulk mean temperature of fluid

P density ....... ... kg/m?

Subscripts

cap capacity

conv  convective

e effective conductivity

f fluid

i interstitial

s solid

tot total

00 value for the flow between parallel plates subject to
a constant heat flux

trical, optical and radiation characteristics of the sensor have
been typically employed [2]. For example, many investigators
[3-5] have used commercial thermocouples with various bead
sizes for measuring the surface temperature of microstructures
because of their convenience. However, commercial thermo-
couples, which have a thickness of several hundred microns,
are not appropriate because it is impossible to attach a thermo-
couple to an exact location at the surface without modifying the
surface geometry, let alone measure the surface temperatures
at many locations. Hence to use commercial thermocouples for
measuring the surface temperatures of a microstructure is not
practical. In order to compensate for these disadvantages, many
investigators have developed various thermal sensors such as
micro-RTD (resistance temperature detector) sensors and diode
sensors [6-9].

Yeh [6] used micro-RTD sensors based on platinum. The
fabrication of this type of micro-RTD sensors starts with the
thermal growth of an oxide dielectric layer upon which a PR
(photoresist) mask is then used to pattern sensors, and then
platinum is deposited by a sputtering process. The sensors are
finally manufactured by using a chemical lift-off process. How-
ever, sensor leads of the micro-RTD sensors should not be made
of platinum but of other materials, whose electrical resistance
is nearly constant regardless of the temperature variation. This
is due to the fact that the electrical resistance of a sensor can-
not be exactly measured if the electrical resistances of both a

sensor and sensor leads depend on the temperature variation. In
addition, these sensors require difficult calibration processes.

In this paper, a micro-thermal sensor array manufactured
through simple and convenient microfabrication processes is in-
troduced for measuring temperature distributions at the base of
microscale structures. The micro-thermal sensor array has 25
temperature sensors in an area of 5 mm x 5 mm on a silicon
wafer. The operating principle for temperature measurement
with the micro-thermal sensor array is the well-known Seebeck
effect. The Seebeck effect refers to the generation of a volt-
age potential, or emf (electromotive force) in an open circuit
consisting of two dissimilar materials due to a temperature dif-
ference between junctions, which are the contacting points of
the two materials [10].

The micro-thermal sensor array uses two materials, alumel
and chromel, to cause the Seebeck effect. Fig. 1 illustrates mi-
crofabrication processes for depositing alumel and chromel on
a silicon wafer. The processes start with the thermal growth
of a silicon dioxide film that acts as an electrical insulating
layer and has a thickness of 200 nm (step (a)). In steps (b)
and (d) of Fig. 1, two stainless steel masks with different pat-
terns, instead of sophisticated PR masks, are used to deposit
alumel and chromel on a silicon wafer. After a couple of sputter-
ing processes and a mechanical lift-off process are sequentially
conducted, the alumel and chromel lines with a thickness of
5000 A are complete. A photograph of the micro-thermal sensor
array is shown in Fig. 2. The size of a junction of the micro-
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Fig. 2. Micro-thermal sensor array. (a) Microfabricated micro-thermal sensor array. (b) Junction of micro-thermal sensor array.

thermal sensor array is 170 pm x 300 pum, as shown in the inset
of Fig. 2. The surface temperature can be measured at 25 junc-
tions by using the Seebeck effect, as mentioned previously.
Fig. 3 shows a temperature distribution measured experimen-
tally over a quarter area of the base of the microchannel heat
sink subject to an impinging jet [11].

The micro-thermal sensor array has two advantages com-
pared with other sensors previously mentioned. The first ad-
vantage is that the manufacturing processes are very simple
and convenient. The second advantage is that calibration of the
micro-thermal sensor array is not necessary if the accuracy of

the micro-thermal sensor array is to be the same as that of a
standard thermocouple. This is because the micro-thermal sen-
sor array has the same characteristics as a K-type thermocouple.
The size of the thermocouple junction in this array can be re-
duced further if the microfabrication processes similar to what
have been used in Shi et al. [12] are adopted.

2.2. Diode temperature sensor array

In the previous section, the advantages of the microthermal
sensor array that has been developed to measure the temper-
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Fig. 3. Temperature distribution measured on the base of the microchannel heat sink subject to an impinging jet.

ature distribution of a microstructure are described. However,
the microthermal sensor array is not free from limitations: each
thermocouple junction needs two lead wires and two inter-
connection pads. This means that 2000 lead wires and 2000
interconnection pads are required if we want to measure tem-
peratures at 1000 locations in a small area, which in turn causes
a lot of trouble, enough to make a micro-thermocouple sensor
array or a micro-RTD sensor array impractical.

To overcome this demerit of micro-thermocouple sensor ar-
rays, a DTSA (diode temperature sensor array) has been devel-
oped. Use of silicon diodes to measure temperature is nothing
new. They have been used to measure temperatures in electron-
ics cooling and cryogenics applications. Silicon diodes typi-
cally have a forward voltage drop of 0.7 V that decreases by
2 mV for every 1 °C increase in temperature near room temper-
ature. The voltage drop across a diode is approximately propor-
tional to the inverse of the absolute temperature of the diode for
a wider range of temperatures [13]. It is possible with the DTSA
to detect temperatures at many more points in a given area
than with the micro-thermocouple array, because the voltage
drop across the diodes in the array can be obtained by scanning
across the array. This is similar to the scanning (or decoding)
technique frequently used for a DRAM memory cell array. The
scanning technique enables DTSA to measure temperatures at
1024 points with only 64 interconnection pads instead of 2048
interconnection pads that would be used for the RTD or ther-
mocouple sensor array.

Many investigators [7-9] have developed diode sensors. In
particular, Kim et al. [9] developed a diode sensor array in
order to study boiling heat transfer phenomena. The diode

sensor array that they developed has 32 x 32 array points in
an area of 3.2 mm x 3.2 mm, and the size of each diode is
100 um x 100 um. They were not able to drive all of the 32 x 32
array points. Only 16 diodes are properly operated due to man-
ufacturing problems. The DTSA that we have developed is an
extension of their work. The DTSA has 32 x 32 array points
in an 8.0 mm x 8.0 mm area, as shown in Fig. 4. The size of
each diode in the DTSA is 50 um x 50 um, as shown in the in-
set of Fig. 4. Square-shaped objects and wide lines in this figure
denote diodes and heaters, respectively. Eight heaters made of
poly-silicon are added onto a silicon wafer and controlled indi-
vidually to maintain a uniform temperature distribution across
the DTSA. The resistance of the heaters is designed to be 1 KS2.
In order to package the DTSA in a BGA (ball grid array) pack-
age or a stud bump flip chip package, the pad size is designed to
be 600 um x 600 pm, and 80 interconnection pads are shown in
Fig. 4. The DTSA and the heaters are electrically connected to
the driving circuitry through the 80 pads: 64 pads for the diodes
and 16 for the heaters.

The circuitry for scanning the diodes and conditioning the
signals from them in the DTSA consists of a DSP controller,
two FPGAs, an amplifier, a power driver, and analog MUXs
(multiplexers), as shown in Fig. 5. The FPGALI is used for se-
lecting which one of the 32 x 32 diodes is going to be measured.
The measured voltage drops across the diodes are multiplexed
into one signal through the analog MUX. This signal is ampli-
fied in the amplifier. The DSP controller is used for A/D con-
version of the voltage drop (or temperature) signals and sends a
control signal to the FPGA2. Then the FPGA?2 generates PWM
(pulse-width modulation) signals and sends them to the heaters
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Fig. 4. Diode temperature sensor array. (a) Microfabricated diode temperature
sensor array. (b) Diode temperature sensor.

through the power driver so that power dissipation from each
heater is controlled [14].

The DTSA has been used for investigating the thermal char-
acteristics of various underfill materials in a flip chip pack-
age [15]. The DTSAs are mounted on printed circuit boards
with underfills which contain thermally conductive fillers such
as silica (1.5 W/mK), alumina (36 W/mK), and diamond
(2000 W/m K). Fig. 6 shows comparison of temperature pro-
files of the flip chip packages for various underfills. A large
temperature reduction results from the addition of the underfill
material, because it provides enhanced heat transfer path from
the package to the board or the lead frame.

2.3. Microscale mass flow sensor

In many applications where chemical reactions, combus-
tion, and semiconductor manufacturing processes are involved,
a mass flow controller (MFC hereafter) is widely used for con-
trolling the mass flow rate of a gas with an accuracy of 1% [16].
The MFC typically consists of a sensor tube, a bypass tube, and
a control valve. The sensor tube in the MFC is the most critical
part because the mass flow rate is sensed via a temperature dif-
ference caused by a heat transfer interaction between a heated

3
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= (Decoding)
g

FPGAZ2 DSP
(PWM) controlle:

Fig. 5. Block diagram of the circuitry for the DTSA.
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Fig. 6. Temperature distributions for flip chip packages.

tube wall and a gas stream flowing in the sensor tube. In a typi-
cal sensor tube, a single heater is centered on the outer surface
of the sensor tube, and a pair of RTDs is symmetrically placed at
the upstream and downstream of the heater. The mass flow rate
is detected by measuring the temperature difference between
the upstream sensor and the downstream sensor of the sensor
tube. If the mass flow rate is sufficiently low, the temperature
difference is proportional to the mass flow rate.

As the size of the systems used for biological reactions and
processes, fuel cells, high performance heat exchangers and
cooling devices, and chemical processes has been miniatur-
ized, it has become necessary to develop an integrated mass
flow sensor which can measure low mass flow rates accu-
rately [17,18]. Hence, many investigators have been develop-
ing various microscale flow sensors using the manufacturing
techniques developed for MEMS; these techniques include
bulk-micromachining, surface micromachining, and LIGA-
micromachining, to name a few [19,20]. The operating princi-
ple of the integrated microscale mass flow sensor that we have
been developing is similar to that of the sensor tube in an MFC.
In order to measure the mass flow rate through a microsystem,
a temperature difference needs to be accurately measured. For
this, the temperature sensors are fabricated on a quartz wafer
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Fig. 7. Microscale mass flow sensor.

using the manufacturing processes that have been developed
for the micro-thermal sensor array of Jang et al. [11], as shown
in Fig. 7.

Even though only two sensors, an upstream sensor and
a downstream sensor, are typically necessary, 9 temperature
sensors are placed along the flow direction in order to study
the thermal characteristics of an integrated mass flow sensor.
A microchannel is made of PDMS (polydimethylsiloxane). The
PDMS microchannel and the quartz wafer with an integrated
mass flow sensor are bonded by plasma bonding, as shown in
Fig. 8. An experimental investigation is underway for evaluat-
ing the characteristics of the microscale mass flow sensor.

3. Modeling method

For most engineering purposes, detailed information such
as velocity and temperature distributions is not required. We
are usually concerned with estimating macroscopic aspects of
a problem: average pressure drop across a channel or average
heat transfer rate from a wall. If the prime interest of an inves-
tigator is the macroscopic quantities, it is wise to average the
governing equations in the direction normal to the flow. This
approach can lead to considerable simplification and be very
useful, especially when the original problem requires signifi-
cant time and money for complete solution. As a matter of fact,
many types of averages are used in engineering. These include
arithmetic mean, geometric mean, harmonic mean, logarithmic
mean, and mean values of integration. Mean values of integra-
tion can be classified into time averaging, line averaging, area
averaging, or volume averaging, depending on the independent
variable for which integration is performed. Time averaging en-
countered in the study of turbulence and volume averaging used
for flow through a porous medium are common examples of

Micrachannel

(a)

(b)

Fig. 8. PDMS microchannel with a microscale mass flow sensor. (a) Schematic
diagram. (b) Photograph.

averaging methods encountered in chemical and mechanical en-
gineering.

In this section, a modeling method developed for thermal
design and optimization of microstructures will be presented.
Many methods have been proposed and used by investigators
working in the area of microscale heat transfer to analyze fluid
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flow and heat transfer in microstructures. The present paper is
by no means a complete review of the modeling methods. In-
stead, an averaging method called the porous medium approach
is introduced here. After the basic concept is introduced, the
method will be applied to the thermal design of a microchannel
heat sink developed for cooling microelectronic devices having
high power density, in order to elucidate the method.

The problem under consideration in the present study con-
cerns forced convection through a microchannel heat sink.
A schematic of a microchannel heat sink is shown in Fig. 9. The
direction of fluid flow is parallel to the x-axis. The top surface is
insulated, and the bottom surface is uniformly heated. A coolant
passes through a number of microchannels and takes heat away
from a heat-dissipating electronic component attached below.
In analyzing the problem, for simplicity, the flow is assumed
to be laminar, incompressible, and both thermally and hydro-
dynamically fully-developed. All thermophysical properties are
assumed to be constant. In addition, pumping power is assumed

Fig. 10. Equivalent porous medium.

to be given. This condition means that the power required to
drive the fluid through the microchannels is fixed.

In the averaging method, the microchannel heat sink is mod-
eled as a fluid-saturated porous medium, as shown in Fig. 10.
Mathematically, this is equivalent to averaging the velocity and
temperature distributions in the direction perpendicular to the
flow direction. This approach was applied to the microchan-
nel heat sink by Tien and Kuo [23] and later extended by Kim
and his coworkers [22,24,25]. Since the present system has a
periodic structure in the spanwise direction, the representative
elementary volume (REV hereafter) for averaging can be visu-
alized as a slender cylinder aligned parallel to the z-axis. Then
averaged quantities over the fluid and solid phases of the REV
are defined, respectively, as follows:

Wy
Wy

1 1
<¢>f=;f¢dz, @) =— [ pdz (1)

The governing equations for the velocity and temperature fields
in the microchannel heat sink are also established by averaging
the momentum and energy equations. The governing equations
and boundary conditions for fully-developed flow are given as
follows [22,24]:

_up) Fwy  my
0=——"—+uy 57 - —el) 2)
N IVATA: T/ -
f LA PSS . syt
epserlu)’ —— —ay<kfe % )+hza(<T> (7)7)
(3)
B, AT\ s S
8y<kse—3y )—h,a(<T) (T) 4)
W/ =@/ =0, (1)) =(T)'=T, aty=0 ©)
f s
(u>f=<v)f=0, ﬂza(T) =0 aty=H (6)
dy ay

where ¢, K, a, kg, and k. are porosity, permeability, wetted
area per volume, effective conductivity of the solid and effective
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conductivity of the fluid, respectively. Eq. (2) is the extended
Darcy equation, which has been developed for describing fluid
flow when the boundary effect cannot be neglected. Egs. (3)
and (4) are the so-called two-equation model, which treats the
solid and the fluid as separate entities. For the microchannel
heat sink,

We 2
£ = ————, a=—
We + Wy We + Wy
kse = (1 — &)k, kfe = Skf @)

To solve the governing equations, Eqs. (2)-(4), K and h;
should be determined in advance. The permeability K is related
to the viscous shear stress caused by the fins, and the intersti-
tial heat transfer coefficient /; is related to the convective heat
transfer from the fins. These parameters have been typically
obtained from either experimental investigations or numerical
simulations. For the present configuration, however, these para-
meters can be determined analytically using an approximation.
Kim and his co-workers assume that the characteristics of pres-
sure drop across and heat transfer from the fins are similar to
those found for the Poiseuille flow between two infinite parallel
plates that are subject to a constant heat flux in the streamwise
direction [22]. They have obtained

f 2
_ ey ewg (8)
—udp/dx 12
" Nugook
hi= = ] ©)

T, —(T) 2w,
where the value of Nu; ~ is 10. These approximate values for
K and h; are shown to be valid when the aspect ratio is of the
order of one or larger.

Once the permeability and the interstitial heat transfer coeffi-
cient are determined, analytical solutions for velocity and tem-
perature distributions can be obtained by solving the governing
equations, Eqgs. (2)—(4), with boundary conditions, Egs. (5)—(6).
The analytical solutions for dimensionless velocity and temper-
ature distributions are as follows:

[ e ) [ e
U=Acosh< EY)—FBsmh( EY>_P (10)

P 1 D(1+C)
0f = ——|—=Y>+C1Y + C — C3cosh( | ———Y
f 1+C[ 3 +C1Y +Cs 3C08 < C )
/ID(1+C /
—C4sinh< %Y)+C7{cosh( Diay)

1 —cosh(,/5-) A
+ —sinh( /—Y)H (11)
sinh(,/ £-) Da

1
—§Y2+C1Y]—C9f (12)

where
! K
y=2 oy p_K
H Um H?
(T) — T, (T) —T,
OS = qUJH = ? ef = qUJH = (13)

(TI—e)k; (1—&)ks

Mathematical expressions for the coefficients appearing in the
above solutions can be found in [22].

Fig. 11 shows a comparison of the velocity and temperature
distributions calculated by the averaging method and numer-
ical simulation. The results obtained from numerical simula-
tion can be regarded as exact. Hence they are used as a basis
for comparison. As shown in this figure, the results obtained
from the averaging method are in close agreement with the ex-
act values. Because the analytical solutions obtained from the
porous-medium approach are much simpler and easier to han-
dle than numerical results, they are helpful for identifying and
studying the effects of variables of engineering importance. So
the extension to more practical research, such as optimization
of the microchannel heat sink, is possible without tedious nu-
merical computations. The example of microchannel heat sink
optimization follows next.

The concept of thermal resistance is used to evaluate the
thermal performance of microchannel heat sinks. The total ther-
mal resistance is defined as the temperature difference between
two points of concern per unit heat flow rate, i.e.,

T —Tp;
RG,tot _ s,out b,in (14)

q
Thus, the thermal resistance for a constant-heat-flux condition
is directly proportional to the temperature difference between
the heat sink base temperature at the exit and the coolant tem-
perature at the inlet. Eq. (14) can be decomposed into two terms
as follows:

RO,tot _ Ts,out - Tb,out + Tb,out - Tb,in (15)

q q

Using the energy balance, we can obtain

T, — T 1
Re,totz s,out ; b,out + ’hcf (16)

where the first term on the right-hand side is known as the con-
vective resistance, Ry conv, and the second term the capacity
resistance, Ry cap. The former is related to heat transfer from
the fins to the coolant, and the latter is responsible for the tem-
perature rise of the coolant from the inlet to the exit.

The final goal is to determine the important dimensions for
which the total thermal resistance is minimized when a pump-
ing power is specified. From the definition of bulk-mean tem-
perature, the convective thermal resistance of the microchannel
heat sink can be represented by

OrpH 1 _ 1 We(We + Wy)
(1 —8&)ks LW Nusw  Nuj o kfLWH

Ré,conv ==

a7
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Fig. 11. Validation of the averaging method: (a) velocity distribution, and (b) temperature distributions.

where the bulk-mean temperature adopted in the porous-
medium approach is

1

Orp= / UbydY
0
The second term on the right-hand side of Eq. (17) is included
to account for the difference between the conventional bulk-
mean temperature and the bulk-mean temperature defined in
Eq. (18). The value for Nus, is 8.235, which is the Nusselt
number based on the bulk-mean temperature for heat transfer
between two infinite parallel plates subject to a constant heat
flux. For a large-aspect-ratio microchannel, Eq. (17) reduces to

1 (we +wy)H
3 kswy,WL

(18)

We(We + Wy)
NuookaWL

19)

Reony =

The design variables for thermal optimization of a mi-
crochannel heat sink are the fin thickness and the channel width;
for optimal values of these variables, the total thermal resistance
is minimized. Equating the first derivatives of Eq. (19) with re-
spect to wy, and w, to zero yields respectively the optimal fin
thickness and channel width for the microchannel heat sink as

H \/k fNuso
wy = YL 20
w o (20)
H . /kNu 3Nu kA WL H
wd 4 YLy T @1
ok P2C2P,

where P), is the fixed pumping power.
Fig. 12(a) shows the optimized design variables and the cor-
responding thermal resistances obtained both from the averag-
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ing method and from numerical simulation for various aspect
ratios. The results for the design variables obtained analytically
from the averaging method are in close agreement with those
obtained numerically. The thermal resistances obtained from
the averaging method are shown to match well with the numeri-
cal results regardless of the aspect ratio, as shown in Fig. 12(b).
The averaging method described above can be easily extended
to the problems for developing flows [26] and to the problems
subject to the uniform wall temperature condition [27] as well.

As demonstrated in this case study, the averaging method is
very accurate but simpler than numerical simulation. Therefore,
the averaging method is recommended for the thermal design
and optimization of microstructures. As long as the characteris-
tic length scale in the averaging direction is smaller than that in
the other direction, the averaging method provides reasonable

results. Whether the averaging method is still applicable to a
nano-scale structure depends on the type of fluid and the chan-
nel size and geometry. As long as the Knudsen number is on the
order of 0.1 or smaller, the present approach can be safely used.
The extension to a problem with a larger Knudsen number is
under investigation.

4. Conclusion

In the present study, various sensors developed for exper-
imental investigations and a modeling method for analyzing
the thermal characteristics of a microstructure encountered in
micro-mechanical engineering are described. In the first part,
sensors that can be used to measure the temperature distribu-
tions at the surface of a microstructure and the mass flow rate
passing through it are introduced. These include the micro-
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thermal sensor array, the diode temperature sensor array, and
the microscale mass flow sensor. The characteristics and manu-
facturing processes for the sensors are explained. In the second
part, a modeling method based on averaging is explained. The
thermal optimization of a microchannel heat sink is conducted
to elucidate the method in the context of thermal design of a
microstructure.
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