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Fully Printed PTC Based Heat Transfer Sensor Array as

Liquid Level Sensor

Rainer Bduerle, Pariya Nazari, Johannes Zimmermann, Christian Melzer,
Gerardo Hernandez-Sosa, and Wolfgang Kowalsky*

1. Introduction

Liquid levels must be monitored in almost any process involving liquids. Most

level sensors are mounted inside the vessel containing the liquid. Herein, a
fully screen-printed level sensor is demonstrated for external use. It consists
of a vertical array of 16 pixels, each comprising a voltage divider of a positive
temperature coefficient (PTC) element and a shunt resistor. The
self-regulating PTC elements are heated with constant voltage. Heat flow out
of the PTCs dictate their resistances and enables inference about their thermal
surrounding. Water in a polypropylene container changes voltage levels by (33
+ 2) % compared to air. Applications with a glass container and household oil
instead of water are also successfully tested. Both liquids yield a distinctive
difference in signal and the sensor determines the height of the oil fwater
interface as well as the surfaces of the liquid. To further demonstrate the
capabilities of the sensor, segregation of a water-oil mixture, slowed by a
mixing agent, is observed in real time. This work offers an adaptable and

simple alternative for external level sensing.
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Advances in functional printing have led
to an emerge of printed electronics. Es-
pecially the field of sensorics has ben-
efited from mechanical flexibility and
inks with unique features. Additionally,
printing allows for fast and low-cost
manufacturing.['?] As a result, nowadays
printed sensors exist for most applica-
tion, e.g. temperature, light, and level
sensing.>”7 Most of today’s liquid level
sensors rely on optic or capacitive ef-
fects to detect surfaces and interfaces
of liquids.*7] Fully printed level sen-
sors have been realized.®?! While each
type of sensors has their own advan-
tages, e.g. high precision or free design
choice, there are disadvantages as well,
e.g. complex electronics or build-up on
the sensor.['*18] Furthermore, some inter-
face detectors are only tested against clear
interfaces between pure single phases. Also, many sensors
require direct contact with the medium under test and are
intrusive.>*®>15] Depending on the liquid, direct contact be-
tween medium and sensor can cause quick degradation or de-
stroy the sensor. For some applications, an installation on the
outside of an existing setup is desired. Heat can travel through
a sufficiently thermally conductive container wall, rendering
such sensors capable of non-intrusive setups.!'”! This allows heat
based sensorics to be used adaptive to existing structures, espe-
cially as afterthought solution.

The fully printed liquid level sensor introduced in this work is
based on heat flux through the container wall. It combines the
temperature sensitivity of a polymeric positive temperature coef-
ficient (PTC) material with the advantages of printed electronics.
It is successfully used for interface detection and dispersion seg-
regation observation.

2. Results and Discussion

As the underlying concept, the step-like PTC behavior of a con-
ductive polymer composite (CPC) is used. The main compo-
nents of CPCs are a conductive filler and an insulating polymer
matrix.[221 The density of the filler determines the conductivity
of the CPC. At low concentrations of the filler, agglomerates and
particles of filler material are isolated within the matrix. At the
percolation threshold a conductive network starts to form: due to
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Figure 1. Polymeric PTC effect. a) Photograph of the flexible device developed in this work. b) Schematic of conductive path formed by percolation of
conductive particles between contacts below and above operation temperature. c) Typical R-T curve (red) for a polymeric PTC material and the power
draw (blue) under constant voltage. Grey rectangle marks the operation temperature. d) Experimental R-T curve for the polymeric PTC material used in

this work. e) Experimental R-T curve of shunt resistance SR.

the density of filler particles they are in close proximity or touch-
ing, starting to form a connected network. This network allows
charge transport from one particle to another throughout the en-
tire material.?!] Thus, conductivity arises from paths of conduc-
tive filler particles distributed throughout the CPC. At the perco-
lation threshold, conductivity typically increases several orders of
magnitude.l??24] Additional filler content further increases con-
ductivity albeit its relative change is much less pronounced than
at the percolation threshold.!?2¢]

The typically observed step-like PTC behavior of some CPC is
due to conductive networks with a filler concentration near the
percolation threshold. At low temperatures, the conductive net-
work is established, resistivity is low and nearly temperature in-
dependent. Heating the composite to the temperature of a phase
change, e.g. melting point of the polymer, the arrangement of the
polymeric chain changes, leading to the disruption of the conduc-
tive network and increasing resistivity.?’] At temperatures above
the phase change, the conductive network is destroyed and resis-
tivity accordingly high. Resistivity above phase change temper-
ature is mostly governed by the polymer and thus nearly tem-
perature independent. The scheme explaining this concept is il-
lustrated in Figure 1b. As the phase change usually occurs over a
small temperature window, resistivity changes step-like as a func-
tion of temperature.[?8-3% As a result, resistivity is highly temper-
ature dependent in this temperature range.[*!-?]

This behavior has been utilized for self-limiting heaters.!
With an applied constant voltage U, the PTC material draws elec-
tric power P, according to P = U?/R with resistance R, and heats
up. Upon reaching its operation temperature T, (at which the
phase change occurs), resistance R drastically increases and with
that, heating power P decreases (Figure 1c). Therefore, power

33,34]

Adv. Sensor Res. 2024, 3, 2400060 2400060 (2 of 8)

draw of the PTC rapidly drops at T,, which prevents the PTC
from being heated to temperatures exceeding T,,. This way the
material is heated only to T,,, and maintains this temperature.

By choice of material, T, is above ambient temperature T,,,.
Thus, there is heat flow out of the heated PTC. In a steady state,
the outgoing heat flow matches the electric heat generation. Con-
sequently, the electric input serves as a measure of heat transfer
from the PTC to its surroundings. The outgoing heat flow de-
pends on the thermal properties of the adjacent material. Thus,
heat flux out of the PTC material is different for different sur-
rounding materials. This principle is used as a heat flux sensor
of which the results are interpreted to differentiate between dif-
ferent surrounding liquids.

Dimensions of the materials play a major role in power con-
sumption, efficiency, and sensitivity. Higher channel width corre-
sponds to added parallel resistors, decreasing resistance, and in-
creasing power consumption, thus introducing more energy into
the system under test. Temperature behavior is not dependent on
the channel width. Longer channel length corresponds to added
serial resistors. This would increase overall resistance. However,
as energy is needed to heat the PTC element, which in turn in-
creases its resistance, only a small length of a long PTC element
is heated. The remaining length has a constant resistance. To in-
crease the relative resistance change, the channel length should
be kept short. For small surface area and suitable printability,
channel width and length of the PTC and SR are chosen to 1x1
mm? and 5X0.2 mm?, respectively.

At 30 °C the PTC has a resistance of (8073 + 658) Q (Figure 1d).
It increases to (149 + 44) kQ at 70 °C. The most significant
increase in resistance occurs between 62 and 65 °C. The re-
sulting PTC ratio — the ratio of high-temperature resistance to
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Figure 2. PTC characterization. a) Photograph of a heavily used test pixel containing a PTC resistor and a resistor SR. The additional resistor toward the
readout of the test sample was not utilized in the level sensor and is thus ignored. b) Heat-up period of a PTC sample. The sample was suspended in
air and supplied with 25 V. After ca. 3 s the sample reaches a constant power draw. c) Current draw during voltage cycling of a PTC sample. The sample
was switched between 0V (0 A) and 30 V (ca. 0.5 A) for 100 times. Lines between data points are removed for better overview. The inset shows a zoom
into three cycles. d) I-V curves of a PTC sample. One run was recorded with the PTC element suspended in air and one placed on a metal plate.

low-temperature resistance — is over one order of magnitude
(18 + 6). Figure 1e shows the resistance of a printed shunt resis-
tor SR as a function of temperature. At 30 °C its resistance is at
(2188 +99) Q and changes less than 0.15 over the same recorded
temperature range, thus it is much less sensitive to temperature
changes. Relative to the PTC it can be assumed constant.

Electric characterization of the sensor device was carried out
on separate test circuits printed together with the level sensor
array (Figure 2a). Since SR behaves as an ohmic resistor, the fol-
lowing characterization is carried out over only the PTC part of
the device. Figure 2d shows current-voltage (IV) curves of one
sample in different thermal surroundings. At low supply voltages
(and thus temperature) it behaves ohmic. With increasing volt-
age, temperature (and thus resistance) increases and current de-
creases. The voltage at which the behavior changes from constant
resistance to power limited depends on the thermal surrounding:
in isolating materials (e.g., air) the sensor requires less power to
reach and maintain its operating temperature T, and current
saturates at lower voltages. Depending on sensor mass and heat
flux, it requires some time for the sensor to reach T,,,. Figure 2b
shows the power draw of a sample suspended in air. Power spikes
upon applying voltage and decreases over 3 s before reaching a
constant level. During this time PTC heats up and its resistance
increases until it reaches T, .

The theory of the origin of the PTC effect and quantification
thereof is still the topic of ongoing research.’?! Especially re-
producibility of the resistance levels after temperature cycling is
challenging.** In our device with the chosen material, the cycle
stability is providing satisfying results. As shown in Figure 2c,
switching voltage from 30 to 0 V and back for 100 times has no
major effect on the current level.
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As demonstrated, the heated PTC can differentiate between
different surroundings (Figure 2d, [**)). Applying several such
heaters in a vertical array to a container containing a liquid, the
readings will vary for different sensor-adjacent liquids or the ab-
sence of liquids (Figure 3a). For all PTC elements adjacent to the
same liquid, the heat flux is the same and thus is the electric en-
ergy put into the elements. However, liquids have different ther-
mal properties and accordingly heat fluxes vary. Therefore, an
array of PTCs functions as an interface detector or liquid level
Sensor.

The operation temperature of the PTC is not reached instantly
but instead it takes a couple of seconds (Figure 2b). Therefore,
any plain switching pixel by pixel would have devastating impact
on the response speed of the full array. Consequently, heating and
reading of the sensor are separated. This is why a shunt resistor
SR is connected in series with each PTC element, forming a volt-
age divider. The resistor from Figure 1le and Figure 2a is used as
SR. With a resistance of SR being small and a constant voltage,
the addition of SR has nearly no impact on the power draw of the
PTC and heating is undisturbed by the SR. The voltage V,,, over
the latter is

Vin 1)

with supply voltage V,,, PTC resistance Rpyc, and shunt re-

sistance Rgy. If Ry is constant and sufficiently small, i.e.,
Rqp << Rpre, Vyp is inversely proportional to Rppc:

Vip ~ 1/ Rprc (2)
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Figure 3. Water level sensing. a) Principle of level sensing. Energy flows from the sensor through the container wall. Depending on the material inside
the container the flow rate changes. The symbols p, ¢, and 4 represent density, specific heat capacity, and thermal conductivity, respectively. b) Sensor
applied to a beaker containing (blue colored) water. Grey paste is thermal paste, the black squares are sensor pixels. c) Equivalent circuit of the level
sensor. PX and RX form a voltage divider of which the voltage is read as SX. d) Relative signal of pixels 1to 16 installed on a water filled PP cup. Red dots
represent the signal of pixels when the cup is empty (the calibration point) and blue dots show the signal of the water filled cup. Pixels 1-3 are below
the bottom of the cup. e) Comparison of PP cup and glass beaker. The exemplary signal is plotted relative to the empty container (left axis). At time t
= 0 s the first change in signal occurs. On the right axis the voltage reading for the PP cup is given. Data is Savitzky-Golay smoothed. f) Signal against
time of sensor on PP beaker. The water is slowly poured into the beaker over ca. 15 s. g) Signal over time of sensor on glass beaker. The water is slowly
poured into the beaker over ca. 15 s. Pixels in f and g are represented by color: from bottom in blue to top in orange.

Ad. Sensor Res. 2024, 3, 2400060 2400060 (4 of 8) © 2024 The Author(s). Advanced Sensor Research published by Wiley-VCH GmbH

85UB017 SUOWILIOD BAIFeR1D 3|qeol dde au3 Aq peusenob a1e Sajo e YO ‘SN J0 S3|Ni o4 A%eiqI 2UIIUO 43| 1 UO (SUOIPUCD-PUR-SWSH D" A3 1M A1 1RUTIUO//SANY) SUORIPUOD PUe SWB L 8L} 885 *[5202/2T/6T] U0 Arelqiauljuo A8|1M ‘090004202 SPe/z00T OT/I0P/WoD A8 | Im* AReiq U JUO'peoURADe//Sdny woiy papeojumoq ‘TT ‘#202 ‘6TZTTS.E


http://www.advancedsciencenews.com
http://www.advsensorres.com

ADVANCED
SCIENCE NEWS

ADVANCED
SENSOR
RESEARCH

Open Access,

www.advancedsciencenews.com

Table 1. Thermal conductivity and specific heat capacity of relevant mate-
rials.

Substance Thermal conductivity Specific heat capacity
W m~" K] Jg ' K

air 0.026 [36] 1.01 1371

glass (borosilicate) 1.2 38 0.3 [38]

olive oil 0.17 39 2.0 1401

polypropylene 0.22 141 21142

water 0.6 139 4.18 [40]

Any change in thermal surroundings — which results in a
change of PTC resistance Rpyc — can be quantified by reading
the voltage Vi, over the shunt resistance Rgy. For this reason,
signal of the sensor refers to Vy,, from here on. To obtain multi-
ple sensing points and thus a level sensor, 16 voltage dividers are
connected in parallel (Figure 3c).

For detecting the level of a liquid inside a container the sensor
is taped on the outside of a 150 ml polypropylene (PP) beaker with
a wall thickness of 0.6 mm (Figure 3b). For increased thermal
contact a small amount of thermal paste was applied directly onto
the PTC elements before taping it to the container. Due to the fab-
rication there are small variances from pixel to pixel. To compen-
sate for that a calibration of the sensor was done: the recordings
of the empty cup are taken, and the data is displayed relative to
those readings. The required input voltage depends on the ther-
mal properties of the container and the surrounding and must
be chosen on a by-application basis. For a water-air experiment,
where the air is the insulator and will yield higher resistance, and
thus lower signal, the input voltage V;, is slowly increased until
a sudden and significant drop in sensor signal is detected. The
level sensing experiments in this work are carried out with V,, =
30V.

After taking a calibration reading the cup is slowly filled with
water. The signals of the pixels rise after the water reaches the
corresponding height. They settle at a relative signal for water
of 1.33 + 0.02 (Figure 3d,f). A clear distinction between relative
signals of 1 (air) and 1.33 (water) is visible. As water has both
higher thermal conductivity and specific heat capacity than air,
see Table 1, it is expected to provide increased cooling to the sen-
sor. Therefore, the PTC will be at a lower temperature and lower
resistance which in turn results in a higher reading voltage, ac-
cording to Equation 2. Exemplary readout voltages in Figure 3d
are 0.820 V for air and 1.096 V for water. Resolving Equation 1 af-
ter Rppc, the resistance of the PTC can be calculated to (78 + 4) kV
and (58 + 3) kV for air and water, respectively. In this scenario,
the sensor successfully and easily finds the water’s surface.

The same experiment was carried out with a glass beaker of
3 mm thickness. The relative signal strength of water to air is re-
duced compared to the PP beaker to 1.09 + 0.01 (Figure 3e,g). Fur-
thermore, time constant of the sensor (the time it takes to reach
1-1/e of its final value) is almost quadrupled; from (1.7 + 0.1) s to
(6.3 % 0.4) s in the case of the PP cup and the glass beaker, respec-
tively (Figure 4b). With thicknesses of 0.6 mm and 3 mm and a
thermal conductivity of 0.22 Wm K'! and 1.2 Wm'1 K, 1 energy
flow through the PP and glass container wall should roughly be
equal or in favor of glass (367 W m K'1 versus 400 W m K'1).
However, due to both higher thickness and thermal conductivity,
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lateral heat flow inside the container wall is greater in the case
of glass. Heat is distributed over a larger area. Thus, point like
sensitivity and relative signal strength are reduced. Additionally,
with thicker walls and similar volumetric heat capacities (Table 1)
heat inertia is higher for the glass container, reducing response
speed. However, even with a reduction of both sensitivity and re-
sponse speed the capability of the sensor to also work with the
glass beakers is verified.

The sensor is tested to differentiate between different liquids
and detect their respective level. As the difference in thermal
properties of the materials is smaller than in the single liquid ex-
periment, so is the expected signal difference. To compensate for
that, a different calibration of the sensor was done: two reference
points are recorded, i.e., when all pixels are in the same state and
surroundings. Unless otherwise noted, the reference points are
the empty cup (“0” on the readout scale) and the cup filled with
tap water at room temperature (“1” on the scale).

Upon filling the cup with a water/oil mixture the signals for
all pixels jump to (1.0 = 0.1). However, over the next two min-
utes, the signal of the upper pixels decreases, finally settling at
(0.78 & 0.03) whereas the lower pixels settle after just one minute
at (1.02 + 0.03) (Figure 4a). The one pixel in between steadies at
a signal of 0.90. The difference in signal is ascribed to the two
different liquids. As water has a higher specific heat capacity as
well as higher thermal conductivity than (olive) oil (Table 1) it
can absorb more energy faster. This provides increased cooling
capacities to our sensor. Thus, it requires more power to keep its
operation temperature and the electrical resistance of the PTC
part is lower. This leads to a higher signal for water, see Equa-
tion 2. The placement of the sensor pixels is in agreement with
these results; the pixels with a signal of around 1 are at the height
of water — matching the predefined calibration point of “1” —, the
pixels with a signal of around 0.8 are at the height of oil, and
one pixel sits at the interface and yields the intermediate signal
of 0.9. Therefore, the sensor successfully located both interfaces
water/oil and oil/air.

To further challenge the sensor, it was tested to track the seg-
regation of an oil-water mixture. Due to a difference in polar-
ity, the liquids usually segregate and develop pure phases. How-
ever, it may be of interest to observe the segregation in real time,
e.g. in oil production.)] To slow the segregation of the mix-
ture, a mixing agent was introduced, namely dishwashing deter-
gent. Thanks to its amphiphilic ingredients, the components can
form a temporary dispersion.[**! With time however water and
oil separate again. Chen et al. carried out thorough tests of this
process.’! To observe the segregation a pre-mixed oil-water mix-
ture is poured into the PP cup (Figure 4e). For increased sensitiv-
ity, the pre-mixed liquids are taken as calibration point “1” instead
of water. Recordings of all pixels can be found in Figure 4b,d. Im-
mediately after filling, the signal falls for all pixels. Then, pixel by
pixel some signals start rising again, the first one 45 seconds af-
ter filling. This rise occurs for the pixels from the bottom of the
PP cup upwards (Figure 4b,d). After some time, generation of a
purer water phase at the bottom of the cup can be seen. This water
phase gets more transparent — thus purer — with time. An inter-
face forms between water dominant layer and oil dominant layer.
As more and more water falls out of the dispersion the emulsion
layer decreases in size and is moved upwards. The movement of
the visible interface is also seen in the pixel signal: it changes
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Figure 4. Real-time observation of oil-water-segregation. a) Signal of water/oil mixture without mixing agent. Pixels are colored from bottom to top: at
water height in shades of blue from dark to light, at the interface purple, and oil height in shades of orange from light to dark. b) Signal of water/oil
mixture with mixing agent during segregation. Pixels are colored from blue at the bottom to orange at the top. c) Lab photographs of the segregation
experiment. The photos correspond to 2 min (120 s), 5 min (300 s), and 10 min (600 s) of the experiment in part b. d) Readout of the sensor in 3D
representation. The data from b is height-separated to better illustrate the signals of different pixels. Data in b and c is smoothed using a moving average
of 50 readings (about 15s). €) Photo of the test cup in a photo booth immediately after pouring the test mixture in. V¥ in a, b, and c refers to the two-point

calibration.

trend while next to the interface. Pixel 9 is passed by the slow-
moving interface over 2 min, at time t = 400 s the interface
is height-wise roughly in the middle of the pixel. The formerly
decreasing signal increases afterwards, see Figure 4b/d. Due to
higher water content (and its ability to better conduct and ab-
sorb heat) the resistance of the PTC decreases and thus the signal
voltage increases. After 900 s, the mostly water neighboring pix-
els settle at 0.99 + 0.02 and the oil neighboring pixels settle at
0.76 + 0.02. Therefore, the sensor distinguishes between the two
liquids and yields real-time observation of the segregation.

3. Conclusion

In conclusion, a sensor for precise liquid level and interface de-
tection was successfully demonstrated. It is based on heat flow

Adv. Sensor Res. 2024, 3, 2400060 2400060 (6 of 8)

from an actively heated PTC element into the liquid. A change
in the surface level of water at room temperature inside a con-
tainer can be observed in real-time. Differentiation between wa-
ter and olive oil is possible not only in the stationary case but
also during emulsion segregation. The sensor works from the
outside through the container wall. Thus, toxic and chemically
aggressive liquids are within the application range of the sensor.
The only requirements are good thermal conductivity through
the container wall and the liquid(s) being at or below room tem-
perature. However, the latter requirement can be circumvented
by use of PTC inks with higher operation temperature. With an
operation temperature of 65 °C for the ink used the sensor is
also safe to use. Because of the small area and heat capacity it
is even safe to the touch, especially through the substrate. There-
fore, the sensor provides a low-cost, simple, and safe alternative to
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monitor liquid levels and interfaces, observe mixtures, and deter-
mine the local gradients of liquid components.

4. Experimental Section

Materials: LOCTITE ECI 8001 E&C, LOCTITE ECI 1010 E&C, LOC-
TITE ECI 7004HR E&C, and LOCTITE EDAG 451SS E&C were purchased
from Henkel AG & Co. KGaA. dielectric. Before applying the inks to the
screens, they were thoroughly stirred for several minutes. The PEN sub-
strates were cut to size and heated for 1 h at 120 °C before printing. Test-
ing liquids were tap water from the sink without further treatment, albeit
used only after some time to ensure room temperature, typical household
olive oil, and standard commercial dishwashing detergent. Thermal paste
RS-GCS-040-GNS silicone-free grease from RS Components was used as
received.

Device Preparation: The sensors were prepared by screen printing with
a Thieme 3010S. The printer is located inside a clean room. First, the con-
tact lines were printed. The silver ink LOCTITE ECI 1010 E&C was dried
for 2 min at 80 °C on a hot plate immediately after printing before being
annealed for 10 min at 80 °C in an oven. On top, the dielectric layer was
printed. It was annealed via UV. To ensure a fully closed dielectric layer two
consecutive layers of the dielectric were applied. Then, contacts over the
bridges were established by another printed layer with silver ink, annealed
as before. Next, PTC ink LOCTITE ECI 8001 E&C was applied. Similar to
the silver ink it was dried for 3 min at 90 °C immediately after printing and
later annealed for 10 min at 90 °C. Finally, LOCTITE ECI 7004HR E&C as
the shunt resistor was printed. This layer was dried and annealed as were
the silver layers. Printing parameters were the same for all layers. Squeegee
pressure and angle were at 2.3 bar and 73°, respectively. Flood speed was
at 300 mm s°1 and stroke was at 400 mm s’ 1.

Electric Characterization: 1-V and R-T recordings were taken with an
Agilent 4155C Semiconductor Parameter Analyzer in conjunction with an
Intertek 1000 temperature controller and hot plate. In case of the temper-
ature curves, a delay of minimum 5 min between reaching the target tem-
perature and taking the measurement ensured accurate and homogenous
temperature within the sample.

Readout: An Arduino Mega 2560 R3 compatible board with self-
written code serves for readout electronics. The reading lines of the sensor
are fed to the analog inputs of the Arduino and are read one by one and
forwarded over USB to another self-written script on the computer. The ref-
erence voltage for analog readings is set by the internal analogReference()
to 1.1V, 2.56 V, or 5 V. Wherever possible, the lowest voltage is used. If the
signal exceeds the reference voltage, the next higher is chosen and the ex-
periment repeated. The choice of Arduino Mega also dictates the number
of pixels used at the same time, namely 16. Reading speed exceeds 50 Hz.

Level Sensing:  For level sensing the sensor was attached to the outside
of the container. One stripe of tape on each vertical edge holds the sample
in place. The active side of the device, i.e., the side where the printed mate-
rial is on, is facing the container wall. For increased thermal contact small
amounts of thermal paste were put directly onto the PTC before press-
ing and taping it to the container wall. The containers used in this work
are a 150 mL polypropylene beaker with a wall thickness of 0.6 mm and a
250 mL glass beaker (borosilicate 3.3) with a thickness of 3 mm. The lig-
uids were either tested with a thermocouple or kept in ambient conditions
for several hours to ensure room temperature.

Sensor Layout: The PTC material LOCTITE ECI 8001 E&C has an active
area of A = 1x1 mm?. The shunt resistor consists of carbon ink LOCTITE
ECl 7004HR E&C and has an area of A = 5x0.2 mm?. For ease of oper-
ation, the shunt resistor is connected to ground so the readings can also
be taken against ground to get Vyp, see Figure 3b. Isolating bridges are
centered on the crossing and of 1.5x1.5 mm?. Straight lines connected to
the readout have a linewidth of 200 um while all other contact lines are
500 um wide. Contact pads for electric power are 7x2 mm? in size. The
overlaps between 1st layer silver lines and contact lines over the dielectric
bridges have a length of 500 um. The pixels have a spacing of 5 mm.
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