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Abstract—We report on a multi-sensing probe for water
network monitoring enabling simultaneous measurement of water
electrical conductivity, flow-rate, temperature and pH. A very
simple fabrication process is used where all physical sensors are
obtained only from micro-patterning of glass, combining
platinum, gold. Further coating using Atomic Layer Deposition
(ALD) is achieved for the purpose of reducing both electro-
erosion and biofouling, while keeping the sensor’s electrical and
thermal functionalities. This is critical for long-term reliability of
sensors immersed in water. Carbon nanotubes are then inkjet-
printed last for the pH sensor. Lateral size of each sensing
elements does not exceed a few 100um. This small footprint
allowed implementing a redundancy strategy on the chip, not only
for reliability purposes but also to accommodate for different
measurement ranges based on scalable designs.

BACKGROUND

Motivated by the needs for large scale deployment of low-cost
sensors for monitoring water networks, we developed a multi-
sensor chip based on a simple fabrication process involving only
metal and CNT micro-patterning on glass. This enables co-
integration of metallic-based flow-rate sensors, temperature
sensors and electrical conductivity sensors as well as CNT-based
pH sensors. All those sensors rely on combination of resistors and
electrical pads as the only elementary building blocks.

CURRENT RESULTS

The flow-rate measurement is achieved thanks to a
conventional hot-wire anemometric element [1] involving one
resistive heating element and two thermistors. Accurate
temperature measurement is obtained thanks to a four-port
resistive device. Water conductivity sensor consists of a four-
probe arrangement involving two external electrodes for current
injection at constant amplitude and two internal electrodes for
voltage readout. In this latter case, the current is flowing inside
the water environment and involves electrochemical phenomena,
which imposes operating in AC mode at appropriate frequency.
The pH sensor consists of a printed multi-walled carbon nanotube
network lying between contact gold electrodes in a two-port
resistive configuration. Glass was chosen as the substrate material
for the full system for its superior electrical and thermal
insulation properties compared to silicon.
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Each of the elementary sensors occupies typically 500 pm x
500 um. Such small footprint enabled implementing different
designs for electrical conductivity and flow-rate sensors on the
same chip, so as to fit with different measurements ranges. This
enables addressing multiple applications including waste water,
rain water and drinking water. The small footprint also allowed
duplication of exactly similar sensors for redundancy. The
reliability was further addressed in the fabrication process
through adding a protective layer formed by ALD, whose
advantage is not only the conformal deposition which ensures
complete protection against water but also the thinness (10nm
here) to ensure than both electrical and thermal contacts are not
affected in AC mode. Both Al,O; and TiO, are considered for
ALD as those materials are also known as good candidates
regarding their anti-fouling properties [2].

Figure 1 shows photos of the fabricated multi-sensor glass chip
on the top of a one-cent coin and the chip assembled to a PCB
probe. The electrical wire bonds are then hermetically protected
against water using UV-cured epoxy. Due to the specific
constraints inherent to operation in aqueous environment,
measurement of electrical conductivity is the most critical. It
requires careful sensor design and operation conditions. Typical
measured responses are shown in Figure 3; while operation at a
frequency of 500 Hz led to strong non-linearity, the measured
response at 5kHz revealed excellent linear response, better than
0.5% over the full range extending from 200uS/cm to
2200uS/cm.

Accelerated aging was performed by operating the conductivity
sensor at a voltage level 1000x higher than the normal operation,
in order to stimulate effective electro-erosion of the metallic
electrodes and in the same time to evaluate the effectiveness of
the ALD coating. The result of this experiment is illustrated in
Figure 4. It reveals that, while the square unprotected electrodes
have been deteriorated, other electrode patterns remained
unaffected. This promising preliminary result is now being
complemented by further experiments.

We are currently working towards the further co-integration of
additional chemical sensors based on printed carbon nanotubes
functionalized for specific sensitivity to chemical pollutants. The
resulting system will integrate 7 different types of sensors and a
total of 15 sensing elements.
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Figure 1: Fabricated multi-sensing water probe. (a) Upper left: the
multi-sensor chip obtained from double-metal patterning of glass ; (b)
Upper right : details on a typical chip containing two flow-rate sensors
(#1 and #3), one conductivity sensor (#2) and one temperature sensor
(#4) ; Lower photo : Chip on a PCB probe.
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Figure 3: Measured response of the conductivity sensor recorded at
different operating frequencies. While the red curve recorded at 500
Hz reveal non-linear response (as expected from simulation), the
black curve recorded at 5kHz revealed excellent linearity (also as
expected from simulation) which is here better than 0.5% over the
measurement range extending from 0.2 to 2.2 mS/cm.

Figure 2: Part of the measurement setup involving
immersion of the probe in different samples of
calibrated conductivity standards.

Figure 4: Photos before (a) and after (b) an
accelerated aging experiment (operation at 1 Volt
instead of 1 mV) reveals that the electrochemically-
induced corrosion is concentrated in the regions of the
two (brown) squares which are not protected by the

Electrode

CNT network

Flgure 5: (a) schematlc of the re5|st|ve CNT-
based pH sensor; (b) printed MWCNT network



