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The efficacy of integrating temperature sensors into compliant pressure sensing technologies, such as haptic sensing arrays, is
limited by thermal losses into the substrate. A solution is proposed here whereby an active heat sink is incorporated into the
sensor to mitigate these losses, while still permitting the use of common VLSI manufacturing methods and materials to be used
in sensor fabrication. This active sink is capable of responding to unknown fluctuations in external temperature, that is, the
temperature that is to be measured, and directly compensates in real time for the thermal power loss into the substrate by
supplying an equivalent amount of power back into the thermal sensor. In this paper, the thermoelectric effects of the active
heat sink/thermal sensor system are described and used to reduce the complexity of the system to a simple one-dimensional
numerical model. This model is incorporated into a feedback system used to control the active heat sink and monitor the sensor
output. A fabrication strategy is also described to show how such a technology can be incorporated into a common bonded
silicon-on-insulator- (BSOI-) based capacitive pressure sensor array such as that used in some haptic sensing systems.

1. Introduction

There are many variants of silicon-based sensors available
today [1-3]. Many of the compliant sensors, in particular
strain and pressure sensors, require temperature compensa-
tion in order to mitigate thermal expansion effects [2]. As
such, many designs incorporate some manner of structure
to prevent/correct for thermal expansion [4] or some manner
of temperature sensor, usually a temperature-sensitive resis-
tor, to facilitate correction of the sensor output [5, 6]. In gen-
eral, these integrated temperature sensors do not provide a
measure of the actual ambient temperature, but rather the
temperature of the compliant sensor, which is a function
not only of the ambient temperature but also of thermal
losses through the substrate. However, there are several
instances where one is interested in the temperature not to
simply correct other sensors, but to provide an additional
sensing modality. A typical scenario where this applies is
with haptic arrays where one may wish to incorporate an
array, sometimes hundreds, of compliant pressure sensors

into some manner of robotic end effector to monitor contact
and facilitate the handling of objects [6-9]. Temperature sen-
sors are often incorporated into these arrays to provide a
more biomimetic sensing modality [10, 11].

As with the pressure sensors, there are many variants of
thermal sensor available [12]. One of the most common
devices for temperature measurement is the temperature-
sensitive resistor or resistance temperature detector (RTD)
[13, 14]. Generally consisting of a thin wire, a film of highly
conductive metal such as platinum, or an area of highly
doped silicon, RTDs have been found to offer better accuracy
and repeatability over alternative sensors such as thermocou-
ples [15]. The resistance ideally varies linearly with tempera-
ture, although the self-heating effects need to be considered
[16]. However, if every pressure sensor in a large haptic array
requires individual conventional temperature sensors or a
commercial RTD located next to it, then the spatial resolu-
tion of the tactile sensor will be severely undermined. By inte-
grating a micro thermal sensor into the same substrate as the
pressure sensor, the temperature-dependent error of the
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FIGURE 1: A schematic of a typical capacitive pressure sensor (not to scale).

pressure sensor can be minimised without dramatically
affecting the resolution of the array and still allow an accurate
measurement of the ambient temperature. Using existing
designs, such a sensor, however, will be very sensitive to its
environment, in particular the substrate, due to the previ-
ously mentioned thermal losses.

This paper is aimed at addressing this issue through
the incorporation of a microactive heat sink that acts as
an intermediate structure between the thermal sensor and
the substrate. The system is designed to be suspended away
from the substrate in a similar manner to many silicon-
based pressure sensors, especially capacitive diaphragm-
based sensors [4, 17, 18], so that it can be fabricated in much
the same way. The fabrication method is detailed below. Both
the thermal sensor and active sink are thermoelectric ele-
ments that are sensitive to the thermal energy that flows in
and out of the respective elements; however, the active sink
actively responds to losses from the sensor into the substrate
and compensates accordingly by providing the equivalent
power back to the sensor in real time. This allows the thermal
sensor to behave as though it is thermally isolated from the
substrate below, ensuring its output is only a function of
the external ambient temperature/heat flux. The system is
analytically and numerically modelled below to elucidate its
thermodynamic behaviour and to justify simplified one-
dimensional expressions that are then used in the feedback
system. This feedback system is used to control the output
of the active heat sink automatically and monitor the thermal
sensor output.

2. Basic Design

The pressure sensors used in a tactile array are often
diaphragm-based capacitive sensors [17-20] whereby the
external contact force deflects the diaphragm changing the
gap between it and the substrate, resulting in a change in
capacitance between the two. A typical silicon-based design
is shown in Figure 1. While many equivalent designs are
possible, for simplicity it is assumed here that the pressure
sensor was fabricated on a bonded silicon-on-insulator
(BSOI) wafer coated with a polymer layer for protection with
the diaphragm being released through selective etching of
the insulating oxide layer. The theory that follows is appli-
cable for many, not necessarily silicon-based, equivalent
designs, provided that the sensor consists of two conductive
elements (the diaphragm and substrate) separated by an
electrically, but not thermally, insulting layer (the oxide
layer in this example).

The thermal sensor would need to be as close as possible
to the pressure sensor in order to reduce the size of the array
and to make accurate measurements without introducing too
many additional fabrication steps. Therefore, the thermal
sensor will ideally be fabricated on the same layer as the sili-
con diaphragm. However, a simple temperature sensor com-
prising of a thin wire of silicon etched out of the device layer
of the BSOI will not suffice. This is due to the high thermal
conductivity of both silicon and its oxide. If the silicon sub-
strate is maintained at room temperature, any heat energy
supplied through the polymer layer will be lost immediately
to the substrate and the temperature sensor will not work
as intended. A heating element at the same temperature as
the ambient temperature located between the sensor and
the substrate would mean that the temperature gradient
across the sensor would be zero and no heat will be lost. This
can be achieved if the sensor is fabricated on top of an
“active sink.” Both the sensor and the active sink will be
maintained at a constant, slightly elevated, temperature by
monitoring their resistance and controlling the voltage pass-
ing through them so that their resistance is maintained at a
predefined value. A schematic of a typical temperature sen-
sor is shown in Figure 2.

This schematic is the simplest configuration of the active
sink design. In practice, one would wish the thermal sensor
and its sink to be much stiffer than the pressure sensor to
avoid contact with the substrate while under load. This can
be achieved by making the sensor short. This will reduce
the resistance and so one may wish to have several of these
elements acting together like a long thermal sensor with
higher resistance supported by several intermediate islands
of oxide. These designs are all equivalent, and the theory
below applies to them all.

3. Theory

It has been known for a long time that the passage of an elec-
tric current through a conductor releases heat. The phenom-
ena was first studied by James Joule in 1841 [21], and the
equation for the temperature in a thin wire through which
a constant current is flowing was found by Verdet in 1872
[22]. Tt was discovered that the mechanisms behind both
electrical and thermal conduction were inextricably linked.
It is now known that Joule heating, or resistive heating, is
caused by interactions between the moving current and the
charged atoms that make up the body of the conductor.
Charged particles in the electric circuit are accelerated by
an electric field but give up some of their kinetic energy each
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FIGURE 2: A schematic of a temperature sensor with active sink. The gold film acts as the sensing element. Top: a cross-sectional view showing
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FIGURE 3: A schematic of the one-dimensional representation of the
temperature sensor with active sink. The temperature variation will
be in the vertical direction.

time they collide with an ion. The increase in the kinetic or
vibrational energy of the ions manifests itself as heat and a
rise in the temperature of the conductor. Hence, energy is
transferred from electrical power to the conductor and any
materials with which it is in thermal contact [23]. This trans-
fer of energy through molecular interaction is very similar to
that accomplished through heat conduction, except in this
case the motion is not necessarily caused by an electric field
but through momentum exchange from a molecule with a
higher energy level [24].

In general, this is a three-dimensional thermoelectric
problem. However, as will be shown, the problem reduces
to a simpler one-dimensional problem. The schematic for
the simplified model is shown in Figure 3.

As can be seen in Figure 3, the device can be considered
to be a simple layered structure. The top layer, the protective
polymer, is an insulating layer between a surface set at the
external temperature and a surface at the temperature of
the sensor. The sensor is a highly conductive thin layer which
has a current flowing through it. There is heat energy being
generated within the sensor due to electrical resistance and
energy exchange through the polymer and insulator layers.
The insulating layer is similar in nature to the polymer layer
except that the external temperatures are dictated by the tem-
perature of the sensor and active sink, respectively. The active

sink is another highly conductive thin layer with a current
flowing through it. Again, heat energy is generated due to
the electrical resistance and energy is exchanged through
the insulation layer. However, an additional complication is
that energy is also lost from the ends of the sink through
the oxide as well as from the surrounding air.

The method for solving this problem was to treat the four
layers as four coupled partial differential equations, which
could then be solved numerically. The governing differential
equation for a one-dimensional transient conduction prob-
lem with internal energy generation is given by [25]

I’T . oT
kW-’-q:PCPE’ (1)
where k is the thermal conductivity of the layer in W/(m - K),
T is the temperature distribution within the layer in K, g is
the rate of heat energy generated within the layer per unit
volume, p is the density in kg/m?, and C, is the specific heat
of the material in J/(kg- K). This essentially means, consid-
ering just a small element of material within the layer,

Rate of energy Rate of energy
conductioninto » — ¢ conduction out
element of element 2)
Rate of energy Rate of accumu-
+ generation = ¢ lation of energy

within element within element

In the protective polymer layer, there is no internal
heat generation and the temperature gradient within is
completely determined by its initial temperature distribution
and boundary conditions. The initial temperature distribu-
tion is assumed to be constant and at room temperature as
will be the case before the device is turned on, and any
changes to the external temperatures have been made. The
boundary conditions are the temperatures of the outer
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FIGURE 4: The steady-state temperature distribution of the active sink when 1V is applied across it, as found using FEA in Comsol.

surface and of the sensor. Given this, the differential equation
governing this layer is

oT  °T
- 3
ot Yo G)

where a = k/pC,, and is known as the thermal diffusivity and

is expressed in m?/s. This equation is known as Fick’s second
law and is essentially the diffusion equation [24]. Analytical
solutions exist for this equation as shown in Appendix A;
however, numerical integration of the highly oscillatory inte-
grals found in the solution means that the solution required
extensive computation time and so is not very convenient
for further numerical analysis. It is far more convenient in
this case to solve (3) fully numerically using the Crank-
Nicolson method as described in Appendix B [26]. The solu-
tion for the transient temperature distribution for the insula-
tion layer is found in exactly the same way, with the end
temperatures set by the temperature of the active sink and
sensor, respectively.

The sensor has a high thermal conductivity and is very
thin compared to the surrounding materials. This means that
it can be assumed that the temperature at any instant is effec-
tively constant throughout the layer. In this case, the layer is
known as being “thermally thin” [27]. From (2), it can be
seen that the governing equation becomes

or ..
PCyY = ==+ ¥, (4)

where v is the volume of the layer, g, is the energy entering
via the insulator, and g, is the energy being dissipated
through the polymer layer. Naturally, the signs of g,, and
g, depend on the instantaneous temperature distributions
within the respective layers and so may change. The energy
exchange, g;, through the relevant layers is due to conduction
which is described by the Fourier rate equation:

T
G=kAT, 5

where A is the area of the layer in thermal contact with the
other layer. The rate of generation of heat due to electrical
resistance in a conductor can be calculated by Ohm’s law:

V2
P=gv=VI=—, (6)

where P is power in watts, V' is the voltage across the sensor,
and I and R are the current through the sensor and the resis-
tance of the sensor, respectively. As no other work is being
done, all the energy generated as electrical power is dissipated
as heat. It is assumed that the resistance will be linearly
dependent on temperature as shown in (7). This assumption
is reasonable over small ranges of temperature.

R PL
A

(1+aAT), (7)

C

where p, is the initial resistivity of the sensor at room temper-
ature measured in () - m, L is the length of the conductor in m,
A_isits cross-sectional area in m?2, a is the temperature coefhi-
cient of resistance for the layer measured in 1/K, and AT
is the change in temperature of the layer from room tem-
perature. Therefore, the equation to solve for the response
of the sensor can be shown to be

AT\ (2T v
ox ). ox) " (pLIA)(1+adT)" |
(8)

As was mentioned above, the active sink behaves in a
manner similar to the sensor. This means the governing
equation for the sink is the same as (4). It is also assumed
that the heat exchange to the insulation layer and to the
air is of the same form as (5) and that the resistance of
the sink varies in the same manner as (7). The difference
lies in the exchange of heat to the substrate. Whereas
the sensor is in complete thermal contact along its length
with the polymer and insulator layer, the active sink is
only in contact to the substrate at the ends. This was
deliberate in order to reduce the amount of heat loss from
the sink. The consequence of this decision is that there is
a temperature distribution along the length of the sink.
For example, consider an active sink comprised of silicon,
with a potential of 1V applied across it, of dimensions
1000 x 100 x 2 um connected to a substrate maintained at
room temperature via silicon blocks of 150x 150 x2pum
on top of silicon dioxide blocks of 50 x50 x 2 um as shown
in Figure 4. The silicon was assumed to be doped to satu-
ration with arsenic to make it electrically conductive. The
properties of the silicon and its oxide are given in Table 1.

As can be seen in Figure 4, the thermoelectric problem
for the active sink has been solved using COMSOL 4.3, a
commercial FEA package [28]. The results show that there
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TaBLE 1: The properties of doped silicon and oxide used in the
active sink.

Silicon Oxide
Thermal conductivity (W/(m - K)) 130 1.38
Electrical resistivity (Q-m) 0.00006 10e12
Temperature coeflicient of resistance (1/K) 0.0005 0
Specific heat (J/(kg- K)) 712 703
Density (kg/m®) 2330 2200
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Ficure 5: The one-dimensional steady-state temperature
distribution of the active sink when 1V is applied across it, as
found using Comsol. Note room temperature was set to 293 K.

is a temperature distribution along the length of the sink in a
direction perpendicular to the assumed direction of heat flow
as dictated in Figure 3. This is because the dominant heat loss
mechanism in the active sink is conduction through the ends
of the sink to the substrate below, which is maintained at
room temperature. In order to reduce this problem to the
required equivalent one-dimensional problem, it is necessary
to ensure that the relevant heat exchange mechanisms are the
same for both cases. Plotting the steady-state temperature
distribution for the active sink in a more convenient form,
see Figure 5, shows that the temperature distribution is
essentially parabolic in nature. This means the temperature
distribution can be assumed to have the form

dT,(y) = dT, [1 4 ({ - ;) 2] +dT g, 9)

where dT4(y) is the horizontal temperature distribution in
the horizontal direction, y, along the length, L, of the
active sink. dT 4 is the difference between the temperature
of the ends of the sink and room temperature, and dT, is
the difference between the peak temperature in the sink
and T4

In order to be consistent, the energy converted from elec-
trical to heat needs to be the same in the two-dimensional

and one-dimensional cases. The electrical power passing
through the sink is given by combining (6) and (7). In the
one-dimensional case, it is assumed that the temperature dif-
ference is constant throughout the sink, that is, AT =dT,,
and so the power can be given as

L
P:IZPAL(I +adT,). (10)

C

In the two-dimensional case, the temperature distribu-
tion has to be taken into account. In this situation, the power
can be expressed as

L 2
P=J Izii—L<1+a <dT0 [1+4<%— %) ] +dTend>)dy.
0 c

(11)
Equation (11) can be solved to give

L 2
leszL(1+a [ng0+dTend]>. (12)

C

In order that the energy generated due to electrical resis-
tance is the same in both cases, (10) and (12) must be equal.
Therefore, the relationship between the assumed constant
temperature of the active sink and the actual parameters of
the temperature distribution is

2
dT = 3dTy +dT . (13)

However, in assuming that the temperature difference
of the sink is dT_, the temperature difference at the ends
of the sink is higher than they should be, that is, dT,.
This would result in apparently more heat energy being
lost to the substrate than would actually be the case. In
order to ensure that the heat loss is correct, it is necessary
to find the temperature at the end of the sink as a func-
tion of the constant temperature alone. The rate of heat
loss due to conduction was given in (5). As in this case,
the heat has to flow through two layers in series to the
substrate and so (5) needs to be rephrased slightly to give
the heat loss through one end of the sink as [24]

o = (14)
- (uO/kSiASi) + (to/kvo)

where kg is the thermal conductivity of silicon, Ag; is the
cross-sectional area of the silicon block, u, is the distance
from the end of the sink to the oxide, k, is the thermal
conductivity of the oxide layer, ¢, is its thickness, and A,
is the area of the oxide in contact with the substrate. For
the example given, g,.4 is approximately 1.9 x 10°dT,.
Due to conservation of energy, the heat flow out of one
end of the active sink must equal the heat flow into the



silicon block as given by (14). Applying (5) to the end of
the active sink gives

O[T, [1+4((y/L) - (1/2))2} + T end]

5 , (15)

Qend = kSiAc

By solving (15) for the two ends of the active sink, we
obtain

dT
4kgA.—2, y=0,

. L
Gend = (16)
akga o g
site— > VT

Equating (16) for the case of y =0 with (14) gives the
relationship

dT L
dT, = end . 17
’ <(”o/kSiASi) + (to/kvo)) 4kgA, (17)

This can be substituted into (13) to give the tempera-
ture of the end of the active sink as a function of the pre-
sumed constant temperature

dr. . =dT ! L +1 B
end e (u/ ksAgi) + (f5/koA,) ) 6k A, '
(18)

Therefore, the heat loss due to conduction to the sub-
strate can be given as

T
qend =2 :
(UolkgiAg) + (tlkoAy)

(19)

! L +1 B
(uo/kSiASi) + (to/kvo) 6kSiAc .

Here, a factor of two is included because, of course,
the heat is being lost out of both ends of the active sink.
In a similar fashion to (8), the equation governing the
response of the active sink can be shown to be

or 1 ory dT.
ot pC,v 0x ) (uglkgAg) + (tolk,Ay)
1

i [((uo/kSiASi) + (fo/k0A0)> 6ks A + 1}1 (20)

V2
T (LA (1 +agdT,) " |

For validation of this last result, (20) was solved in iso-
lation using a fourth order Runge-Kutta algorithm in
Simulink. For clarity, the term related to the heat exchange
through the insulator was omitted. This was then com-
pared to the transient response of the isolated active sink
calculated using FEA in Comsol shown in Figure 4. In
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FIGURE 6: The transient response of the end and peak temperature
of the active sink when 1V is passed it on its own. Note that the
1D model corresponds well to the full 3D model solved using FEA.

Figure 6, the peak temperature and the end temperature
of the active sink as calculated using FEA are compared
to the temperatures as inferred from the results of the
Simulink simulation and (13) and (18). The equivalent
constant temperature as calculated from the Simulink
model is also plotted for comparison. It is important to
note that it took over twenty minutes to solve the full
3D model of the active sink with FEA and less than ten
seconds to solve the equivalent 1D case in Simulink.

In Figure 7, the transient response of the current flow
through the active sink as calculated by the FEA model
assuming that the full three-dimensional temperature distri-
bution and the equivalent one-dimensional distribution
assumed in the Simulink model are compared. As the tran-
sient response of the current and the calculated end temper-
atures of the sink are the same in both models, it shows that
the two are equivalent with the same amount of energy being
generated and lost in both cases. The advantage of using the
one-dimensional case instead of using FEA directly is the
reduction of computational time and the ease of including
feedback systems in the model without reducing accuracy
significantly. Discrepancies are likely to be due to the
assumption that the temperature distribution is parabolic
which is only approximately true.

To summarise, it has been shown that the heat exchange
through the insulator and protective skin layer can be
expressed as (3). It has also been shown that the thermoelec-
tric response of the sensor layer and the active sink can be
given as (8) and (20), respectively. As the response of one
layer is directly affected by the response of neighbouring
layers, the governing equations are coupled and hence an
analytical solution is unlikely. Fortunately, now the problem
is in this reduced form, a numerical solution is possible.
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corresponds well to the full 3D model solved using FEA.

4. Feedback System

The purpose of using an active sink as part of the device is to
prevent heat loss from the temperature sensor to the sub-
strate. This allows the heat flux through the polymer layer
due to changes in external temperature to be directly mea-
sured by the temperature sensor. For this to work, the tem-
perature of the active sink and the temperature sensor has
to set to the same constant value. This can be seen if (2) is
applied to the temperature sensor. If the temperature is kept
constant, the rate of accumulation of energy is zero. Simi-
larly, if the active sink is at the same temperature as the sen-
sor, there is no loss to the substrate. Therefore, if the
accumulation and loss of energy is zero, the rate of energy
coming into the sensor must equal the rate of energy being
generated. Put more simply, the change in heat flux through
the polymer will equal the change in electrical power
needed by the sensor to maintain its temperature; that is,
if the external temperature increases, the power through
the sensor will decrease.

The feedback control to the active sink and temperature
sensor consists of a simple proportional controller. By mea-
suring each element’s resistance at room temperature and
temperature coefficient of resistance, (7) can be used to deter-
mine the resistance of each element at the set temperature. In
the case of this device, the initial specified temperature is to
be set at 37.5°C to be comparable to the body temperature.
During the experiment, the instantaneous resistance of each
element is compared to the required resistance and normal-
ised and the voltage is changed by the normalised resistance
multiplied by a gain factor, that is,

Rre _R(t)
V(t)y=V(t—dt)+dV =V(t-dt)+ Gq—R, (21)

req 0

where dV is the change in applied voltage, G is the gain, R,
is the required resistance, that is, the resistance calculated
using (7), R, is the resistance at room temperature, and R(¢)
is the instantaneous resistance. In this way, the resistance is
kept constant and hence each element’s temperature. The flux
coming through the polymer layer is then monitored by mea-
suring the electrical power through the temperature sensor.
The power through the sink will be essentially constant except
at times of rapid external temperature change where there will
be a small change before it returns to its usual level. Clearly
implementation of more sophisticated feedback systems is
quite simple, but not necessary.

4.1. Solution of the Model. As was mentioned previously, the
system model for the entire device can be solved using Simu-
link; see Figure 8 for the model. The algorithm is as follows:

(1) Initially, it is assumed that all layers are in thermal
equilibrium and are at substrate temperature. There
is initially no power going to the active sink and
temperature.

(2) In the first time step, the resistance of the tempera-
ture sensor and active sink is measured and com-
pared to the required resistance equivalent to the
initial specified elevated temperature (37.5°C) and
the voltage is increased accordingly.

(3) This results in a change in temperature of the sink
and sensor. Given these temperatures as boundary
conditions, the temperature profile throughout the
insulation and polymer layer is found by solving (3)
using the Crank-Nicolson method as discussed in
Appendix B. This is achieved using an embedded
Matlab code in Simulink. The heat flux being trans-
ferred to/from the sink and sensor can be found by
differentiating the temperature profile in the insula-
tion/polymer layer, respectively, at the interface as
per (5). This then determines the heat flow into and
out of the electrically heated layers.

(4) The instantaneous temperature of the temperature
sensor is then found by integrating (8) using the
fourth-order Runge-Kutta solver with discreet time-
stepping built into Simulink.

(5) Similarly, the instantaneous temperature of the active
sink is found by integrating (20) in the same manner
as the sensor.

(6) The temperatures are then used to find the resistances
of the active sink/temperature sensor using (7).

(7) Given the resistance and the applied voltage, the elec-
trical power passing through the sensor is measured
using (6).

(8) In the next time step, the resistances are compared
again to the desired resistances and the voltages being
applied to the active sink/temperature sensor are again
changed accordingly. The sequence from step 3 to 8
is repeated for the necessary number of time steps.
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(9) At some juncture, it is possible that the response to a
change in external temperature is needed. The algo-
rithm just described is the same except that the
boundary conditions stated in step 3 for the polymer
layer will change as the external temperature changes.

5. Results

For the purposes of simulation, it will be assumed that the
temperature sensor will be made out of a gold layer 200 nm
thick and with the same width and length as the active sink.
The insulation layer and polymer layer will be assumed to
have the same properties as PDMS for simplicity. The insula-
tion layer will be 10 um thick, and the protective polymer
layer will be 100 ym. The properties of the layers are shown
in Table 2.

It should be noted that gold was considered as it is com-
patible with a number of MEMS fabrication facilities. Other
materials, perhaps with a higher temperature coefficient of
resistance or electrical resistivity, could be used if convenient.
The time, dt, for each integration step is 1 us. The gain for the

TaBLe 2: The properties of gold and PDMS as used in the
temperature sensor, insulation, and polymer layers.

Gold PDMS
318 0.15
223E-8 10E-12
Temperature coefficient of resistance (1/K) 3.768E —3 —
Specific heat (J/(kg - K)) 129 1460

Density (kg/m?®) 19,320 970

Thermal conductivity (W/(m - K))

Electrical resistivity (Q-m)

active sink proportional controller was set to 1 and for the
temperature sensor was set to 0.05. It was assumed that the
controllers would measure the resistances of the pertinent
layers and change their voltages accordingly every 0.1 ms.
The initial sensor temperature was set to 310.5K, as before,
and the external temperature was set to room temperature
(293K) until 0.25s when the device was instantaneously
brought into contact with an object at 273 K. The response
for the active sink and temperature sensor can be that shown
in Figure 9.



Journal of Sensors

—
o

Power (mW)
[38) w > w ()} N oo O

—_

0

T
0 005 0.1

T
0.15 02 025 03 035 04 045 05

Time (s)

(a)

—
(=]

Power (mW)

N W R 1Y N 00 O

—_

0

T
0 005 0.1

T
0.15 02 025 03 035 04 045 05

Time (s)

()

FIGURE 9: (a) The response of the active sink to a change in external temperature of —20 K and (b) the reponse of the temperature sensor.

There are several features that are worth noting in the
response of the active sink and temperature sensor. The first
is the initial transience. As the sink and sensor are starting
from room temperature and need to be heated to 310.5K,
there is tendency for the contoller to overshoot before settling
down to the correct temperature, especially if the sampling
time of the controller is large. It is also important to note that
while the temperature was changed instantly, it took the tem-
perature sensor about 0.1s to reach steady state. This is
important because the external temperature can only be cal-
culated analytically if the temperature gradient throughout
the polymer layer is known. Also, while it can be predicted
using solutions such as that given in Appendix A, in reality
it is likely only to be known exactly when the gradient is con-
stant, that is, when the sensor is at steady state. It is interest-
ing to note the small increase in power in the active sink
before returning to normal as it compensates for the sudden
heat loss in the temperature sensor.

It should not be that such changes in power and even the
small changes in the resistances of the gold layer are easily
achieved using modern digital multimeters, such as NI 4070
[29], which is capable of measuring 1V at 1 4V resolution
and 20mA at 10nA resolution and therefore can measure
resistances to ca. 60 y-Q) and powers to 23nW at the appro-
priate level to seven digits at 5 S/s, which is more than suffi-
cient. Cheaper options can be created using multimeter ICs,
such as MAX1367 [30], to provide a sufficient resolution.

Figure 9(b) shows how the electrical power in the temper-
ature sensor changes with external power. Comparing
Figure 9(b) with Figure 10 which shows how the heat energy
flowing into the polymer layer changes, it is clearly seen that
the electrical energy is completely converted into heat which
is lost through the polymer layer. This verifies the theory that
the active sink, if maintained at the same temperature as the
sensor, does prevent any heat being lost to the substrate.

The effect of the control mechanism can be quite pro-
found. If the sampling rate is too low or the gain is too high,
abhorrent behaviour can occur masking the effects of chang-
ing the external temperature. For example, in Figure 11 the

—_
(=}

Power (mW)
[ 38} w [ w (o)) N [ee) O

—

0

T
0 0.05 0.1

T
0.15 0.2 025 03 035 04 045 05
Time (s)

FIGURE 10: The heat flux passing from the sensor into the polymer
layer. Note how it increases when the temperature gradient
decreases.

response of the active sink and temperature sensor is given
again for the system described above but with the sampling
time increased to 5 ms. Even with the gains for the active sink
and temperature sensor controller reduced to 0.5 and 0.05,
respectively, the behaviour is not ideal. This will dictate what
technology is used for the controllers.

The device temperature was set to 310.5 K which is com-
parable to the body temperature and is therefore able to be
handled safely. The reason for this high temperature is that
the steady-state temperature difference between this temper-
ature and room temperature is 17.5 K which sets the limit for
the highest external temperature measureable. It can be seen
in Figure 12 that if the external temperature is decreased rel-
ative to room temperature, the amount of electrical power
converted to heat is increased. Conversely, if the external
temperature is increased, the electrical power needed by the
sensor to maintain its temperature is decreased. Eventually,
the external temperature will be so high that even if no elec-
trical power was passing through the sensor, it would still be
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FiGure 11: (a) The response of the active sink to a change in external temperature of —20 K given a reduction in the sampling rate of the
feedback controller to 5 ms and (b) the reponse of the temperature sensor.
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F1GURE 12: The responses of the temperature sensor due to changes
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room tempertaure (293 K). Note how the time to reach steady
state is the same in all cases.

at a higher temperature than required and no more increases
in temperature can be measured as the power would be zero
for all higher temperatures. The minimum external tempera-
ture measureable by the sensor will be determined by how
much power the control circuit can provide.

The responses given in Figure 12 show a trend which is
more clearly seen in Figure 13. Figure 13 shows how the
steady-state response changes when the external temperature
is changed from room temperature. It can be seen that the
difference in the steady-state power levels in the sensor as
compared to the steady-state power level at room temperature

10
8 4
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g
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o
o
£ 5]
L
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(=]
£
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-2 4
-4 T T T T T T T
-60 -50 40 -30 -20 -10 0 10 20
Change in external temperature (K)
FiGure 13: The relationship between change in external

temperature from room temperature and the change in electrical
power used by the temperature sensor. Note how the relationship
is linear.

is a linear function of the change in external temperature.
This is likely to be due to the assumption that the resis-
tance of the sensor has a linear dependance on tempera-
ture as given in (7).

6. Fabrication

As mentioned above, while there are several designs that are
possible, they are all equivalent to each other provided that
the sensor consists of two conductive elements (the dia-
phragm and substrate) separated by an electrically, but not
thermally, insulting layer (the oxide layer in this example).
The design configuration below provides an additional com-
mon ground between the detecting layer and the active sink.
If the pressure sensor was as described above, that is,
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fabricated on a bonded silicon-on-insulator (BSOI) wafer
coated with a polymer layer for protection with the dia-
phragm being released through selective etching of the insu-
lating oxide layer, as is quite common, then a simple process
plan to fabricate the temperature and capacitive sensors
together is possible. A possible plan is given in Figure 14.

7. Conclusions

A temperature sensor capable of measuring temperatures
from 40°C to less than —60°C has been described. The sensor
has been designed with the expressed intent of being able to
be integrated with existing compliant capacitive pressure
sensors. It was noted that if these sensors are silicon-based,
heat loss to the substrate is significant. Therefore, the sensor
incorporates an active heat sink. The active sink and temper-
ature sensor have individual proportional controllers allow-
ing their temperatures to be maintained at a constant equal
value, regardless of the external temperature. By keeping
the active sink and temperature sensor at an equal tempera-
ture, it has been shown that heat loss from the temperature
sensor to the substrate is prevented, so that the change in heat
flux due to change in the external temperature can be directly
and accurately measured.

Even though it is inherently a three-dimensional struc-
ture, the thermoelectrodynamics has been simplified into a
one-dimensional Simulink model which allows for the
response of the sensor to be known. The model incorporates
the effect of the temperature profile in the insulation layers as
well as the transient nature of heat generation. In this man-
ner, the heat exchange mechanisms between the layers have
been fully modelled. The fabrication plan for these sensors
has also been described.

Appendix

A. Analytical Solution for Temperature
Distribution in Polymer Layer

As was previously mentioned, (3) does have an analytical
solution. In the context of the numerical integration
scheme discussed above, only the change in the tempera-
ture distribution, T(x), during each fixed time step, dt, is
required as this gives the heat flux flowing in/out of the
layer’s surface. In general, the temperature distribution
and the associated end temperatures, T ,, of the insula-
tion/polymer layer are continuous functions of time. How-
ever, in the numerical scheme, it is assumed that the end
temperatures are constant for the duration of the fixed
time step. Therefore, the boundary conditions to be used
in the solution of (3) are:

T(x,t)=T, (t') ,  whenx=0,
(A1)
T(x,t)=T, (t') , whenx=1L,

where t' is the time during each time step, that is, 0<
t' <dt. The initial condition is the temperature distribu-
tion, g(x), inherited from the solution of the previous time
step. When t =0, it is assumed that the whole structure is
in thermal equilibrium with the environment and therefore
the initial condition can be stated as

T(x,0) =Ty,
T(x,0) = g(x),

t=0,
(A2)
t>0,
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where Ty is the room temperature in K. As surface condi-
tions are assumed to be independent of time during each
time step, the general problem can be simplified to that of
two problems, one of steady temperature and one of variable
temperature with prescribed initial temperature and zero
surface temperature [25]. Put

T=u+w, (A.3)
where u and w satisfy the following equations:
d2
2 _0(0<x<L), (A4)
dx
u=T,, whenx=0,
A.
u=T, whenx=1L, (A.5)
ow dw
5 %5z (0<x<l) (A.6)
w=0, whenx=0andx=1L, (A7)
w(x,0) = g(x) —u. (A.8)
Straightaway, the solution to (A.4) can be given as
- T1+(T£—T1)x. (A.9)

If the initial temperature distribution, g(x), can be
expanded in the sine series,

o0
g(x)= ) a,sin e (A.10)
n=1 L
where
2 L
anzijog(_xl) sin T[Td ! (A.ll)
Then,
0)= Y b, sin (A.12)
n=1
where
2 (* !
b,= —J lg(x') -T,+(T,-T )x—l sin ——d
L), L
(A.13)
It is clear that the solution to (A.6) must be
X nnx 2
’tl): b si —omr[(t/L). A.14
w(x ; u Sin —— ( )
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Therefore,

r{ad)=nei

Tycos (nm) =T, . nAX _yp2(/i12
* _Z 2 ! sin oo (1I7)
2n+1 L

00

U
+ %Zsm$e’“” (i )Lg<x') sin ?dx'.
(A.15)

From (A.15), the temperature gradient at the surfaces
of the layer can be found and hence the heat flux
exchange into the layer in accord with (5). When g(x) is
a simple, known function, an exact answer for (A.15)
can be found. However, in general, g(x) will be the solu-
tion of (A.15) for the previous time step and will only
be known numerically. This means that in general (A.15)
will need to be solved using numerical integration
methods. The problem is that (A.15) tends to converge
slowly and so the integral becomes highly oscillatory.
While there are numerical integration methods that can
be used effectively, such as that given in [31], an accurate
numerical solution to (A.15) is prohibitively computation-
ally expensive and so the method detailed in Appendix B is
used instead.

B. Numerical Solution for Temperature
Distribution in Polymer Layer

Equation (3) is a parabolic partial differential equation fre-
quently encountered in heat transfer problems. It is well
known that boundary and initial conditions of the form
given in (B.1) are sufficient to ensure that the solution is
unique [26].

(B.1)

In this case, a solution is required for the region 0 <
x<L,0<t<dt, where dt is the time step in the system
numerical integration scheme. To solve this problem, a
finite difference approach is used. Here, a rectangular grid
is superimposed on this region, with equal increments, Ax,
in the space coordinate, and At in the time coordinate.
The grid points are then

L
x;=iAx, i=0,...,N,,Ax=—,
X

B.2

- L (82)
tj—]At, ]_0""’N”At_ﬁt'

The Crank-Nicolson method can be used to solve this
problem and has the advantage of being unconditionally sta-
ble and being second-order accurate in both Ax and At [26].
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The finite difference expressions can be shown to be

1 (Ti+1,j+1 —2T; 0+ Tisy i N Tij—2T;+ Ti—l,j)

2 (Axy (Axy
T.. . =T..
— i,j+1 i,j
aiAt .
(B.3)
By defining
At (B.4)
v oc(Ax)2 '

Equation (B.3) can be rearranged by collecting all the j+ 1
terms on one side to give

! Tijr = (L+y)Tijn + ! Tiyjn
2 ) 2 y (B.5)
=-3 Tij+(y-1Ty; - 5 Tiy

These equations can be collected together for a specific
value of j into a single matrix equation:

— — —
AY)T 1 =A(y) T, + b, (B.6)
where
1+y —% 0 0
Y Y
Yo Y 0
2 Y
A = R B.7
() 0 Y 14y 0 (B.7)
2
0o 0 0 1+y

|
I

=

=

SUfalt) + Lt

As the complete thermoelectric problem is being solved
using a 4th-order Runge-Kutta algorithm with a small but
fixed time step df, N, can be quite small and still produce
accurate results. In this case, N, =10, and N, =25. Even
though the subsequent matrices are quite small and could
be solved using matrix division quite easily, due to the size
of the complete problem and the resulting demands on com-
puter memory, (B.6) is solved using sparse matrix methods to
reduce computation times [26].
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