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a b s t r a c t
LTCC sensors can be used in harsh environments, but caution is needed if the measured medium or
environment changes dynamically. In most cases, replacement of the medium in direct contact with the
sensing structure can critically affect the sensor’s response. In the case of diaphragm-type pressure sensors, problems can also arise with a non-homogeneous medium (gases with droplets of liquid or liquids
with bubbles). We investigated a situation where droplets of different liquids appear on the diaphragm
of a common, thick-ﬁlm, piezoresistive, pressure-sensor conﬁguration. Experiments with volatile liquids
indicate that the sensor’s time response depends on the dynamic changes in the temperature distribution. Furthermore, we built a simpliﬁed ﬁnite-element (FE) model in which the heat-transfer coefﬁcient
of the evaporating liquid ﬁlm is deﬁned by a time-dependent function. The simulations showed the same
trends as the experimental measurements, which conﬁrmed the assumed manifestation of the thermal
phenomena. The presented work opens up new possibilities for the application of LTCC sensors.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Low-temperature co-ﬁred ceramic (LTCC), based on the
lamination and sintering of green glass-ceramic tapes, is a wellestablished technology for reliable interconnections in electronics.
Because of its desirable physical, electrical and chemical properties, coupled with an excellent capability for 3D structuring and the
scalable manufacturing of different functional components, LTCC
is a competitive material for micro/meso-system technology [1].
Among the most frequently discussed LTCC-based microsystems
are different sensors for mechanical quantities [2–5], chemical
sensors [6], sensors for biological measurements [7,8], different
ﬂuidic systems [9] and many others. The relatively low thermal
conductivity of LTCC (typically about 3 W/m/K) enables the implementation of functional structures that feature regions with local
high-temperature gradients such as a ﬂuid structure with heaters in
a ﬂow sensor [4], the differential scanning calorimeter [10], and various chemical processors. As is evident from the above-mentioned
studies, the advantage of LTCC lies not only in beneﬁting from the
effective structuring, but more importantly from exploiting the
speciﬁc material properties, which enable the creation of structures/systems with the many useful functionalities. However, when
designing new applications, it is also necessary to take into account
the speciﬁcs that can adversely inﬂuence the performance of LTCCbased devices. In this regard, we focused on pressure sensors, where
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possible changes or replacements with respect to the measured
media might have a signiﬁcant impact on their characteristics.
In our previous investigations of the inﬂuence of humid environments and assessments of LTCC sensors for use in wet-wet
applications [11], we encountered a speciﬁc response of the sensor when exposed to water droplets [12]. In the present work,
we analysed the physical background of the effect and developed
a ﬁnite-element (FE) model of an LTCC pressure sensor to study
the thermal phenomena in such physical situations. Our experiments showed that the speciﬁc sensor’s time response results
from the dynamic changes in the temperature distribution in the
sensing structure due to the Joule heating of the resistors and the
simultaneous cooling due to evaporation of the liquid on its surface. Accordingly, we deﬁned the heat transfer of the liquids using
prescribed, time-dependent, forced-convection coefﬁcients. The
simulations showed the same trends as the experimental measurements, which conﬁrmed our modelling assumptions. The results
presented in this paper could lead to new applications in real-time
environmental monitoring, such as the detection/identiﬁcation of
drops of liquids, ﬂuid temperature, different lab-on-a-chip devices,
etc.
2. Experimental observations
2.1. Structure of the pressure sensor
The initial experimental analyses [11] were carried out on a
sensor structure made of DuPont 951 green tape, the conductor
DuPont 7484 (Pd/Ag) and the thick-ﬁlm resistor material DuPont
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Fig. 1. LTCC-based pressure sensor with a 100-m-thick diaphragm and a diameter
of 9.6 mm, viewed from the front, and its schematic cross-section, not to scale (left),
and the electrical connection (right).

2041. It actually consists of just a 3D structured, sensing diaphragm
with the thick-ﬁlm resistors in a full Wheatstone-bridge conﬁguration (Fig. 1) and is open at the back to provide easy access for the
controlled dropping of different liquids directly onto the sensing
diaphragm. The resistors R5 and R6, which are there to balance the
bridge, are placed near the border of the sensing diaphragm and
protected with an ESL 240B coating. The typical sensitivity (S) of
sensors with such a sensing diaphragm and with a closed pressure
cavity (measured in the air) is about 14 V/mbar, and the temperature dependence of sensitivity (TCS), in the temperature range from
-25 ◦ C to 75 ◦ C, is 500 × 10−6 /◦ C. The offset voltage (Voff ) of the balanced sensor at the supply voltage (Vs ) of 5 V is within a few tenths
of a V, and its temperature dependence is typically 20 V/K. The
fact is, however, that the replacement or any change in the environment and/or the pressure medium can affect the above-mentioned
characteristics. As shown in the following sections, the offset is particularly affected, while the sensitivity does not change critically.
For the selected medium, the sensor can be calibrated accordingly
and such changes, in general, are not considered to be a problem.
However, they need to be understood and controlled.
2.2. Response to the changes in the medium/environment
From the point of view of the sensor’s accuracy, any accidental/uncontrolled changes in the medium/environment can be
problematic, since they can result in a sensor response that could be
misinterpreted. Such a problematic situation occurs, for example,
when drops of liquid suddenly appear on the diaphragm. In order
to take a closer look at the speciﬁc situation, we further expanded
the experiment described in [12], which is summarized below.
The drops of water were dispensed onto the sensing diaphragm
and left there to evaporate until the surface was not completely
dried (Fig. 2a). Meanwhile, we measured the output voltage (Vout )
every 5 s, starting from the time when the sensor warmed up and
stabilized in the ambient conditions of the room (i.e., about 60 min
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after connecting the sensor to the supply voltage, Vs , of 5 V). After
a few minutes of measuring the stable response, drops of water
(with a volume of about 8 l) were dispensed, one by one, onto the
middle of the diaphragm. After applying 3–5 drops, their cumulative volume was large enough to spill over the whole diaphragm.
The measured sensor response (Vout = Vout -Vout-stab ) is shown
in Fig. 2b. The characteristic points are as follows: (1) the initial
stabilized response; (2) the moment when the ﬁrst drop of water
touched the diaphragm, resulting in an immediate peak; (3) the
drops accumulated on the central region of the diaphragm; (4) the
water spreading over the entire membrane; (5) the central part of
the diaphragm is already dried; (6) the narrow region at the edge of
the diaphragm is wet; and (7) the stabilized response of the dried
sensor. Due to cooling of the edge resistors while the central resistors start to warm, in the interval (5)–(6) the Vout falls, and for
a short time remains even below the initial stabilized value. Furthermore, notice that the mass of the liquid drops is too small to
cause the observed changes in Vout as a result of the mechanical
load. Since the ambient conditions (temperature and pressure) are
constant, a possible cause of such a response (Fig. 2b) could be the
dynamic change in the temperature distribution due to the Joule
heating of the thick-ﬁlm resistors and the local heat dissipation
due to the evaporation of the liquid. The sensor’s response strongly
depends on the temperature of the applied liquid. In the presented
case the water was at the ambient temperature. If the temperature
of the liquid differs from the ambient temperature, the peak of Vout
can be as high as a few mV, as also demonstrated in the following
(see Section 4.3).

2.3. Experiments with different ﬂuids
The same experimental procedure was repeated for ethanol and
silicone oil. In the same way, we introduced the drops of the liquids onto the central part of the diaphragm until the cumulative
liquid stream covered the entire surface. During this time the output voltage Vout was measured continuously. The results obtained
in the room’s ambient conditions are presented in Fig. 3. It is evident that ethanol causes similar changes in Vout as water, while
the sensor’s response in the case of silicone oil showed only an
instantaneous destabilization at the moment when the drop contacted the diaphragm. The main difference between the responses
measured during the experiment with the water and the one with
ethanol is in the shorter drying interval 5–6 (Fig. 2b), i.e., at the
time when the narrow region at the edge of the diaphragm is still
drying. Fig. 3 shows the sensor’s response measured during the
experiments with the drops of ethanol and silicone oil, which were
dropped in the centre of the diaphragm and followed by small
streams (of about 60 l), which spread over the entire diaphragm
and then slowly dried (in the case of volatile liquids). Notice, how-

Fig. 2. a) Sensor structure in the observed situations: (1) the back side of the diaphragm, (2) one drop of water on the diaphragm, (3) accumulated three drops of water, (4)
the ﬁlm of water over the whole diaphragm, (5) the central part of diaphragm is already dried, (6) the narrow region at the edge of the diaphragm is still wet; b) Output
voltage (Vout ) measured at Vs = 5 V.

200

M.S. Zarnik et al. / Sensors and Actuators A 290 (2019) 198–206

Fig. 3. Sensor’s response to a) a drop of ethanol; b) a drop of silicone oil.

ever, that the wetting behaviour can change and, potentially, this
can have an effect on the response.
The results can be interpreted as follows. The LTCC has closed
pores so that the water or another ﬂuid remains on the surface
(and in the surface pores) of the diaphragm. A liquid evaporating
from the surface has a cooling effect. When the drops of the liquid suddenly appear at certain locations on the diaphragm, they
affect the temperature equilibrium of the system, which is continuously heated by the thick-ﬁlm resistors. These dynamic changes
are reﬂected in the functional response of the sensor. One drop
falling on the centre of the membrane causes a distinct peak in the
response. After applying enough drops, the liquid spreads over the
whole of the diaphragm. This affects the temperature distribution
and the response changes accordingly. As soon as the evaporating
ﬁlm of the liquid is selectively dried out from certain regions on
the diaphragm’s surface, the temperature in these regions starts
rising again. In the case of the non-volatile liquid (silicone oil) Vout
is quickly raised when the liquid touches the diaphragm (due to the
heat conduction), and then immediately returns to its initial value.
We assume this is because the small difference between the temperature of the drop and the central resistors (of less than 1 ◦ C) is
very rapidly balanced and then there is no longer any temperature
change, as in the case of cooling due to the evaporation of the liquid.
In order to conﬁrm the above interpretation and further examine
the observed trends, we performed numerical simulations.
3. Numerical modelling
The thermal state observed in the above experiments is deﬁned
by the heat transfer, which is primarily due to the liquid that is
evaporating from its surface. The general equation governing the
heat transfer in ﬂuids and solids [24] is given by (1),
Cp

∂T
+ Cp u · ∇ T = ∇ · (k∇ T ) + Q
∂t

(1)

where  is the density, Cp is the heat capacity at constant pressure,
k is the thermal conductivity, Q is the heat source (or sink) and u
is the velocity ﬁeld, which can be speciﬁed either by an analytical
expression or a velocity ﬁeld from a ﬂuid-ﬂow interface.
The outward heat ﬂux from the boundary of the heated solid
body can be expressed by:
n · (−k∇ T ) = h T − T∞ ) + ε T 4 − T∞ 4 )

(2)

where n is the outward surface normal vector, h is the convection
heat-transfer coefﬁcient,  is the Stefan-Boltzmann constant,  is
the emissivity of the surface and T∞ is the ambient temperature far
from the observed surface.
When the evaporating liquid is on the surface of the solid body,
the heat transfer refers to the combination of molecular diffusion
and ﬂuid motion. In order to avoid any formulation of the vanishing
ﬂuid domain, we made several simplifying assumptions. Instead

of calculating the dynamic ﬂuid ﬂows resulting from the evaporation we translated the problem to the analysis of a solid body
exposed to forced cooling on its surface. The heat for the evaporation is absorbed from the ﬂuid itself and the surroundings, and
in the case of a very thin ﬁlm of liquid, we can assume that the
heat is transferred directly from the solid structure and neglect
the liquid. In this way, we modelled the convective evaporation of
the vanishing liquid domain by deﬁning the forced convection on
the diaphragm’s surface. The convective heat-transfer coefﬁcient
depends on the properties of the ﬂuid and the physical situation.
These coefﬁcients are normally obtained using empirically derived
relationships, which have been found to work well in practice. We
have roughly estimated it for our case in accordance with the data
in the literature [14–16].
3.1. FE model
For solving the described heat-transfer problem we used the
Comsol Multiphysics environment with the MEMS module having
built-in interfaces for piezo-resistivity and heat-transfer problems.
We followed the modelling strategy described in [13] and upgraded
the model by adding the heat-transfer interface prescribed for modelling the heat transfer by conduction, convection and radiation.
Because of the high aspect ratio of the structure’s geometry (the
thickness of the thick ﬁlms is 15–25 m and the lateral dimensions
are from a few to more than ten mm), a large number of elements
is needed to adequately discretize the sensor’s geometry. In order
to keep the model’s size manageable, the layout of the thick-ﬁlm
regions (resistors and conductor lines) was slightly streamlined.
The resistors and conductor lines were assumed to be of the same
thickness (20 m). In a further simpliﬁcation of the model’s geometry, the approximately 25-m-thick protective coating covering
the conductor lines and the thick-ﬁlm resistors R5 and R6 (Fig. 1)
was omitted from the model. To describe the dynamics of the selective drying of the diaphragm’s surface (which starts in the central
part and extends towards the edge), we discretized the surface of
the diaphragm in nine concentric rings, and for each region deﬁned
other time-dependent boundary conditions. The model geometry
is shown in Fig. 4. The number of degrees of freedom for this model
[25] is of the order of 106 .
The material parameters speciﬁed for the domains of the
LTCC, the conductor lines, the connection pads, and the thick-ﬁlm
resistors were the same as used in [13], only the temperature
dependency of the thick-ﬁlm resistors was updated for this case
study. The electrical conductivity of the resistor material was
deﬁned as a piecewise linear function of the temperature with a
linear temperature coefﬁcient (TCR) of 70 × 10−6 K−1 in the temperature range of interest (15–35 ◦ C). This TCR value was taken from
the experimental data for the DuPont 2041 resistors post-ﬁred on
the DuPont 951 substrates that were reported in [17]. The speciﬁc
heat of the resistive material was assumed to be 600 J kg−1 K−1 .
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Fig. 4. Model geometry: a) Front view: Wheatstone bride with additional resistors R5 and R6 on the rigid ring around the diaphragm; b) Back side of the diaphragm discretized
into 9 concentric regions, denoted as ringi (i = 1..9).

Fig. 5. a) Calculated time required for drying individual regions; b) Time intervals for drying the regions.

For the LTCC material, a thermal conductivity of 3 Wm−1 K−1 and a
speciﬁc heat of 729 J kg−1 K−1 were used.
The boundary conditions and loads were as follows. On the
boundaries of the structure, which are never in contact with the
water/liquid, natural convection is assumed, while at the boundaries of the wet surfaces, which are drying by evaporation, heat
transfer is deﬁned as forced convection. On the boundaries of the
regions that are temporarily covered with the liquid (i.e., water),
we deﬁned the convection coefﬁcient as a function of the time h(t),


h (t) =

h01 , t 2 < t < t1

(3)

h02 , t 1 < t < t2

where h01 is the natural convection coefﬁcient in air, h02 is the
forced convection coefﬁcient due to evaporation from the surface,
t1 is a time when the liquid is applied and t2 is the time when the
surface is again dry. According to the common data for the convective heat-transfer coefﬁcients reported in [15,16], we speciﬁed
h01 = 5 Wm−2 K-1 and h02 = 3000 Wm−2 K-1 .
The drops/stream of water on the diaphragm was considered as
follows. At the moment when the ﬁrst drop of water (at the ambient temperature of the room) comes into contact with the surface of
the diaphragm, which is heated by resistors, the heat transfer from
the diaphragm to the drop is primarily by conduction. This situation was modelled by deﬁning a small cylindrical domain for the
drop of liquid on the diaphragm. On the upper surface of the drop
domain, the initial temperature of the drop was deﬁned (T0 = 25 ◦ C).
The conduction of heat between the drop and the diaphragm has
the dominant effect on the response of the sensor structure in the
short initial time interval (t0 , t1 ), during which we presume that
the temperature of the drop and the ceramic below it are balanced.
After this period the forced convection prevails. We modelled such

a situation by specifying the thermal conductivity of the drop as a
function of time kd (t),

kd (t) =

⎧
k , t < t < t1
⎪
⎨ 1 0
⎪
⎩

(4)

k2 , t1 < t < t2
k3 , t < t0 and t2 < t

where t0 corresponds to the moment when the drop falls onto the
diaphragm’s surface, t1 designates the moment when the forced
convection (evaporation) prevails and t2 is when the drop is dried.
k1 is an assumed high value of the thermal conductivity attributed
to the drop domain at the moment when the drop comes into
contact with the diaphragm; k2 is the thermal conductivity of the
liquid (attributed to the drop in the period when the heat transfer by conduction is taking place); k3 is a ﬁctional low thermal
conductivity illustrating a thermal barrier preventing the conduction of heat before the drop is dispensed on the diaphragm and
after the diaphragm is dried (the liquid is completely dried out).
For k1 , k2 and k3 we assumed 10e2 Wm−1 K−1 , 0.6 Wm−1 K−1 and
10e-6 Wm−1 K−1 , respectively.
The situation when the water covering the diaphragm is drying
is modelled by the time-dependent boundary conditions on individual segments of the diaphragm’s surface. For this we deﬁned the
heat-exchange coefﬁcients on the outer surface of nine concentric
ring-segments (ringi , i = 1..9) as a function of time (5), where t1i and
t2i deﬁne the speciﬁc time intervals for each individual area (ring
i).



hring i (t) =

h01 , t < t1i and t2i < t
h02 , t1i < t < t2i

, i = 1, 2, .., 9

(5)

In other words, the function hringi (t) determines the time intervals during which the separated ring is cooled by natural convection
(coefﬁcient h01 ) or forced convection (coefﬁcient h02 ). The time
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Fig. 6. Simulated temperature distribution in the sensor structure at: (a) t = 2000s (warmed up and stabilised), (b) t = 2801s (1 s after the ﬁrst drop of water touched the
diaphragm), (c) t = 2810s (the diaphragm is covered with a ﬁlm of water), (d) t = 10,000 s (the central part of the diaphragm has dried out).

intervals needed for drying the appropriate mass of water (Fig. 5)
were calculated from the experimental data [25]. Fig. 5a shows the
time required for drying the diaphragm covered with a 15-m thin
ﬁlm of water, which was estimated by assuming that drying a drop
of 8 ml takes about 400 s and that all the rings dry with a constant
speed, independently of the local temperature of the diaphragm
[26]. Notice, however, that the assumed drying time for individual rings (time t1i ) represents only a rough approximation to the
real situation observed during the experiment presented in Fig. 2.
Fig. 5b shows the time intervals deﬁned for drying the ring regions
on the diaphragm’s surface (ringi , i=1..9) and the region reg10 on
the wall of the LTCC structure at the edge of the diaphragm.

4. Simulation results
4.1. Experiment with water
We simulated the response of the sensor for the case of the ideally balanced Wheatstone bridge (R1 R4 = 10 k, R5 =R6 = 0) and for
the slightly unbalanced bridge, with the resistors R5 =R6 = 2 k. The
ambient temperature and the initial temperature of the water were
set to 25 ◦ C. The temperature distribution at some characteristic
moments is shown in Fig. 6.
The simulations also showed that the Joule heating of the resistors R5 and R6 , located on the rigid substrate that is much thicker
than the diaphragm, does not change signiﬁcantly the temperature gradient that determines the sensor’s response. In any case,
the temperature gradient remains within one degree Celsius. The

changes in the temperature and the resistance of R1 –R4 during the
experiment with water are shown in Fig. 7.
The simulated response Vout is presented in Fig. 8a. Notice that
this graph includes the initial 50–100 s warm-up period, which is
not captured in Fig. 2b. We also checked the effect of the protective
coating and the comparison shows that it does not signiﬁcantly
inﬂuence the observed trends, as can be seen in Fig. 8b.
The speciﬁc intervals of the simulated response can be summarized as follows:
• The warm-up period (interval: t < 100 s), which mainly depends
on the TCR;
• The stabilized response during the unloaded normal operation
(interval: 100 s < t < 2800s);
• The peak corresponding to the rise in the output voltage after
the drop of water at ambient temperature (25 ◦ C) touches the
diaphragm at t = 2800s;
• The water is spread over the entire surface of the diaphragm
2810s < t < 8400 s;
• Drying of the central part of the diaphragm (interval: 8400 s < t <
10,000 s),
• Drying of the narrow region at the border of the diaphragm (interval: 10,000 s < t < 11,000 s),
• Stabilized operation of the completely dry structure.
However, for volatile liquids, the magnitude of the effect can
vary with parameters such as the volatility and the latent heat of
evaporation.
The matching of the simulated characteristics with the typical
measured characteristic (Fig. 1) conﬁrmed the proposed modelling
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Fig. 7. (a) Simulated average temperature of the thick-ﬁlm resistors during the experiment with water for the case of the slightly unbalanced bridge (R1 = R2 = R3 = R4 = 10
K and R5 = R6 = 2 K); (b) Simulated changes in the resistance of the bridge resistors.

Fig. 8. a) Simulated response during the experiment with drops of water presented in Fig. 2; b) The response with and without the protective coating.

Fig. 9. Simulated and measured responses of the test structure during an experimental procedure with a drop of silicone oil, which spreads over the whole surface
of the diaphragm.

strategy. Nonetheless, we carried out a supplementary validation
using experiments with non-volatile liquids and a drop of hot
water, as described in the following paragraphs.
4.2. Experiment with silicone oil
For the analysis of the sensor’s response in the case when
silicone-oil drops are applied (the measurements in Fig. 3b) we
modiﬁed the model parameters appropriately. Because the silicone oil does not vaporize, the coefﬁcient of the forced convective
evaporation was replaced by the natural convection coefﬁcient (i.e.,
h02 = h01 = 5 W/m−2 K-1 ). The simulation results are in good agreement with the measurement results (Fig. 9). This matching further
validates the model.
4.3. Variation of the model parameters
Exploitation of the discussed phenomena offers new possibilities for applications of the LTCC sensor structure, such as the
detection of drops at certain locations on the sensor’s surface. LTCC

is an inherently suitable material because it has a relatively low
thermal conductivity and consequently a higher thermal gradient in the diaphragm. In this respect, we were interested in the
response of the sensor if it was made from other materials and
for an experiment under different conditions. Since the material
parameters used in the above-described model (Section 4.1) were
taken from the literature (where they correspond to other situations/structures) and the heat-transfer coefﬁcients deﬁned on the
surface were ﬁctional, we performed further analyses to assess how
the uncertainty (variations) of the model’s parameters affect the
simulation results. In this context, we carried out further analyses of
the experiment with water drops for different material parameters,
as follows.
Initially, in the model, we speciﬁed for the resistive material
the temperature coefﬁcient (TCR) calculated from the experimental
data [17]. However, this corresponds to another test structure (with
a thicker substrate) and was measured for another operating condition. Consequently, in our case we can expect that the actual TCR
will deviate slightly from this value. Instead of performing a parametric analysis to assess the inﬂuence of these small deviations,
we considered two different thick-ﬁlm resistor materials, namely
DuPont 2041 and ESL 3414B, which have temperature coefﬁcients
of resistance equal to -60 × 10−6 K−1 and -330 × 10−6 K−1 , respectively [18]. The difference in the simulated responses is obvious
(Fig. 10). The replacement of the thick-ﬁlm resistor material results
in a non-negligible change in Vout . The effect is more pronounced
for the resistors with higher TCR.
On the other hand, the effect would be much less pronounced for
sensor structures made of materials with a higher thermal conductivity (e.g., Al2 O3 ceramic, which has a 10-times-higher coefﬁcient
of thermal conductivity than LTCC). The simulation results obtained
for the sensor made of Al2 O3 ceramic and the LTCC-based sensor are
presented in Fig. 11. The simulated Vout shows a noticeable peak at
the moment when the drop of water touches the diaphragm, similar
to the response of the LTCC sensor measured during the experiment
with silicone oil. Due to the high thermal conductivity of the Al2 O3
diaphragm, the local cooling effect of the water is nearly negligible.
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Fig. 10. Results of the simulation of the experiment with drops of water that spilled
over the diaphragm and then dried, carried out for two different resistor materials
(DuPont 2041 and ESL 3414B).

of microlitres) [19–23,26]. The problem of drop detection can be
solved by using different detection devices based on different physical principles (electrostatic, capacitive, magnetic, acoustic and
optical detection devices). An example of the optical drop-detection
device/method is a sensor that uses a high-intensity, light-emitting
component and a light-detecting device (a photodiode), positioned
in such way that it receives the light scattered and reﬂected from
drops of ﬂuid [20]. In such a device, the photodetector is connected
to a controller that uses the received information to determine the
presence and the number of drops. In [21] a new approach based
on the 3 method, typically used to measure the thermal properties of a small volume of sample, was suggested for the detection of
droplets and the difference in its composition (contents). In [22] an
analytical detector based on a liquid-drop resistor-capacitor (RC)
ﬁlter is presented, which can be used to detect dielectrically different species dissolved in a liquid (e.g., water and alcohol). In [23]
the authors describe a method for analysing liquid biological media
based on the photometry of the biological liquid drops.
The experimental and numerical results presented in Section 4
suggest a possible exploitation of the thermal effect in the LTCC
Wheatstone-bridge sensing structure in new applications. Due to
the good mechanical and chemical stability of LTCC ceramics, such
structures are appropriate for applications in which direct contacts with different liquids are essential. An important advantage
is that the liquids can be electrically conductive or non-conductive,
coloured or transparent, volatile or non-volatile.
5.1. Detecting drops and small streams of liquids

In the subsequent numerical experiment, we looked at the case
when a drop of water that is not at room temperature falls on
the diaphragm. We performed the analysis only for a short period,
starting when the drop of water touches the diaphragm, until the
temperature of the system is balanced, and therefore appropriately
updated the model. The simulated response to the droplet of water
at 50 ◦ C was a good match with the measurements (Fig. 12), which
also validates the model for this speciﬁc situation.

Based on the above-presented results, LTCC sensors might be
suitable for the real-time detection of liquid droplets and can even
provide some additional information about the liquid. The LTCC
structure with the temperature-dependent thick-ﬁlm resistors in a
Wheatstone bridge is simple and very sensitive to any change in the
temperature gradient. Moreover, different design/layout options
are possible. The liquid-drop detection is based on a simple measurement of the bridge’s output voltage, which is very sensitive to
any temperature imbalance of the bridge’s resistors and so works
well even for transparent liquids. There is no need to use complex
electronics for the signal processing. It also enables the detection of
drops of transparent liquids, which can be problematic for detection when using an optical solution. It is important to note that the
sensor’s response (which follows the changes in temperature of the
sensing resistors due to the applied liquid drops), greatly depends
on the temperature of the liquid and the ambient conditions. In
Section 2.2 we discussed the response of the sensor to the presence of liquids, which before the application were kept at room
temperature. In such cases, the drop of liquid dispensed in the centre of the diaphragm causes a lowering of the temperature of the
resistors located in the central region of the diaphragm by less than
one degree Celsius. This leads to Vout increasing by a few tenths of
a mV. Taking into account the relatively good stability of the output signal, changes in Vout of a few hundred V can be sufﬁcient
to detect the dispensed droplets (under constant ambient conditions and a stable Vs of 5 V, Vout is typically less than 10 V/hour
and Vs rms < 6e−5 ). However, in the case of a greater deviation of
the temperature of the liquid from the ambient temperature, the
response of Vout to the dispensed liquid drops can be as high as a
few mV (Fig. 12). In this way, it is also possible to obtain information
about the temperature of the drops.

5. Possible exploitations

5.2. Identifying different liquids

The scientiﬁc literature and different professional/engineering
forums often mention the need to detect drops or small streams of
liquids (quantities in the range of a few microlitres to several tens

The experiments with different liquids showed that the
response of the sensing structure to the drop or some small stream
of liquid depends on the ambient conditions (temperature, rela-

Fig. 11. Simulated response of an Al2 O3 -based sensor compared to the response of
an LTCC sensor.

Fig. 12. Measured and simulated responses of the sensing structure to the drops of
hot water (50 ◦ C) dispensed onto the diaphragm under ambient room conditions.
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Fig. 13. Vout measured continuously during successive attempts with drops of liquid that quickly spread over the entire surface of the diaphragm and then dried for (a)
deionized water; (b) ethanol.

tive humidity, air movement, which affect the evaporation of the
liquid), the amount of liquid and its properties. Under constant
ambient conditions, the response is repeatable and unique for individual liquids. An example of such measurements is presented in
Fig. 13, which shows the sensor’s responses to a few successive
drops of ionized water and ethanol. This experiment demonstrates
that the use of the LTCC-based sensing structure under controlled
conditions and with precise dosing of the drops can provide information about the applied liquid. Moreover, it is possible to build
an extended sensor system with two sensing structures, which
might give information about both the environmental conditions
and the liquid properties. Such a system could be used to analyze
the composition of liquids.
5.3. Further considerations
Depending on the target application the sensor device can be
optimized and calibrated either for accurate measurements of pressure or to give appropriate responses to other changes in the
environment (e.g., the detection of volatile liquids). Notice, however, that the discussed thermal phenomenon has been observed
in the absence of pressure loads so that for the exploitation of further functionalities the appropriate conditions should be enabled.
Alternatively, a system of two identical sensors where one of them
is protected from contact with the liquid might be a solution for
differential measurements of the thermal effect. Hence, possible
applications can be regarded as an add-on option for the detection/identiﬁcation of liquid drops.
When designing a device for the detection of volatile liquids,
or for an analysis of the composition of the liquid droplets, the
use of thick-ﬁlm thermistors (PTC or NTC) could be an interesting
solution. Several studies [27–29] showed promising characteristics for some commercial thick-ﬁlm thermistor material processed
on LTCC. The replacement of the strain-sensitive resistors in the
Wheatstone bridge with thermistors, which have much more pronounced temperature dependency, would greatly improve the
functional resolution.
6. Conclusions
We investigated the effects of liquid droplets on the response of
a thick-ﬁlm piezoresistive LTCC pressure sensor in a Wheatstonebridge conﬁguration and the possible exploitation of the LTCC
sensor structure.
Experiments showed that the presence of volatile liquids on
the diaphragm greatly inﬂuences the sensor’s response. We modelled the sensor in such conditions using the Comsol Multiphysics
environment with the MEMS module, which has built-in interfaces
for piezo-resistivity and heat-transfer problems. The FE analyses
conﬁrmed our assumptions that the speciﬁc dynamic response
observed during the experiment with droplets of volatile liquids
on the diaphragm comes mainly from the dynamic changes in the

temperature distribution due to the Joule heating of the thick-ﬁlm
resistors and the local cooling caused by the evaporation of the
liquid covering the sensing structure. For validation purposes, supplementary experiments with non-volatile silicone oil and a drop
of hot water were carried out.
The simulations also showed that due to the lower thermal conductivity, LTCC can be appropriate for the creation of functional
structures aimed at the detection of dynamic changes in the local
temperature distribution. It is important to note that such effects
cannot be observed in the case of sensing structures made of materials with higher thermal conductivities (e.g., Al2 O3 ceramic, which
has a 10-times-higher coefﬁcient of thermal conduction).
The thermal phenomenon can be exploited in monitoring environmental conditions, the detection of drops and small streams of
liquids, the identiﬁcation of different liquids and other applications.
Depending on the target application, the sensor device can be optimized. To increase the sensitivity, the implementation of thick-ﬁlm
thermistors (PTC or NTC) could be a good solution.
In this paper we have highlighted the possibility of exploiting the thermal effects in LTCC-based Wheatstone-bridge sensor
conﬁgurations. The developed FE model provides a means for
predicting the structure’s response in speciﬁc situations. Further
improvements for special situations would also be possible when
applied to real, practical examples.
Acknowledgement
The authors acknowledge the ﬁnancial support from the Slovenian research agency (research core funding No. P2-0098).
References
[1] M.R. Gongora-Rubio, P. Espinoza-Vallejos, L. Sola-Laguna, J.J. Santiago-Aviles,
Overview of low temperature co-ﬁred ceramics tape technology for
meso-system technology (MsST), Sens. Actuators A Phys. 89 (2001) 222–241.
–A
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