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Fluid Temperature Measurement in Aqueous
Solution via Electrochemical Impedance

Alex Baldwin , Eugene Yoon, Trevor Hudson, and Ellis Meng , Fellow, IEEE

Abstract— A novel temperature transduction method using
the high-frequency electrochemical impedance between a pair
of microelectrodes exposed to aqueous solution is reported. The
solution resistance of an aqueous ionic solution is highly tem-
perature dependent, and the electrochemical impedance between
two microelectrodes is dominated by solution resistance when
measured at the appropriate frequency. Therefore, precise mea-
surements of electrochemical impedance at the proper frequency
in a two-electrode system can be used to transduce solution
temperature. To demonstrate this method, a temperature sensor
composed of two thin-film platinum electrodes on a freestanding
Parylene C substrate was designed and fabricated. A platinum
resistance temperature detector was co-fabricated to provide a
simple means of benchmarking against an existing standard.
Transduction via electrochemical impedance was achieved by
measuring the real part of impedance at the frequency where
phase was minimized. Fluid temperature was transduced between
15◦C and 50◦C with high sensitivity (−1.21%/◦C) and resolution
(0.02◦C). A 4× improvement in sensitivity and resolution over
the conventional platinum resistance temperature detector was
achieved. The sensor design described here features flexible
construction with inert materials which facilitates future use in
biomedical or microfluidic applications. [2019-0190]

Index Terms— Temperature measurement, electrochemical
impedance, biomedical sensor, thin film sensor, flexible sensor.

I. INTRODUCTION

TEMPERATURE measurement of aqueous solutions is
vital in a number of different microfluidic, medical,

and biological applications. To measure flow rate, precise
temperature measurement can be utilized to create a thermal
flow sensor which tracks heat flow due to the moving liq-
uid [1]. Applications of thermal liquid flow sensors include
flow cytometry [2], drug delivery dosing [3], and lab-on-chip
devices [4], [5]. In the medical realm, precise temperature
measurement in the body can be used to monitor blood
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perfusion to an organ [6] or as part of a control system
to avoid these pathological states [7], [8]. Many of these
applications involve prolonged exposure to saline or other
aqueous ionic liquids; therefore, a temperature sensing method
that can withstand a corrosive saline environment is desirable.

State-of-the-art methods for fluid temperature measurement
include thermocouples and resistance temperature detectors
(RTDs) [9], [10]. Thermocouples utilize the Seebeck effect,
in which a temperature-dependent voltage occurs at the junc-
tion of two dissimilar conducting elements [11]. They are
generally constructed from nickel alloys and have temper-
ature sensitivities up to 60 μV/◦C, though their precision
is low (±2◦C). Semiconductor junctions can also be used
as thermocouples, with sensitivities up to 110 mV/◦C and
precisions approaching ±0.8◦C [9]. However, thermocouples
require encapsulation to protect conducting elements from
water intrusion or shield the body from non-biocompatible
materials, further reducing sensitivity.

RTDs are conductive or semiconductive elements whose
resistance changes with temperature. Most metal RTDs use
platinum due to its highly linear response, but other metals
such as copper and nickel can be used as well. The standard
PT100 RTD is made of bulk platinum wire and defined
by a resistance of 100 � at 0◦C [10]. Platinum RTDs can
also be microfabricated on thin-film substrates, though the
temperature sensitivity of thin-film platinum (0.198%/◦C
for ∼100 nm films) is lower than in bulk platinum
(0.385%/◦C) [12]. Laboratory-grade RTDs can operate
between −200 and 1000◦C with precision approaching
±0.001◦C whereas commercial RTDs can have precisions
on the order of ±0.03◦C. Drawbacks of platinum RTDs
include low sensitivity and the requirement for encapsulation
in aqueous solutions, to prevent unwanted charge transfer
through the solution and biofouling. Semiconductor RTDs
are known as thermistors, and can possess temperature
coefficients of resistance approaching −2%/◦C [9], [13].
However, semiconductors corrode and disintegrate during
chronic soaking in aqueous solutions [14]–[16].

This work proposes an alternate method of fluid temperature
transduction via direct measurement of a fluid’s solution resis-
tance. The solution resistance between electrodes immersed
in an aqueous ionic solution is highly sensitive to temper-
ature changes, mainly due to decreases in water’s viscosity
with increased temperature. Decreasing viscosity increases
the mobility of ions dissolved in solution, which lowers
a solution’s electrical resistivity. The temperature sensitivity
of an aqueous solution’s resistivity matches or exceeds
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Fig. 1. Temperature sensors are composed of 2000 Å thick platinum
electrodes (exposed area 150 × 250 μm2) sandwiched between 10 μm
thick layers of Parylene C and exposed to the solution. The electrochemical
impedance between two identical electrodes consists of the solution resistance
RS , as well as a charge transfer resistance Rct and double layer capac-
itance Cdl at each electrode interface. At high measurement frequencies,
the double layer capacitance acts as a short circuit and impedance can be
approximated as RS .

the sensitivities of semiconductor materials; for example,
the reported temperature coefficient of resistivity for human
cerebrospinal fluid at body temperature was previously mea-
sured as −1.98%/◦C [17]. It follows that measuring solution
resistance using high-frequency electrochemical impedance
enables highly sensitive fluid temperature transduction.

Low-frequency electrochemical impedance was measured
across the terminals of a lithium-ion battery to transduce its
internal temperature [18], [19]. The temperature transduction
method was based on charge transfer resistance and
not investigated for other applications. In contrast,
this work utilizes the temperature sensitivity of high
frequency electrochemical impedance measured between two
microfabricated electrodes exposed to saline and demonstrates
precise temperature transduction. Previously, qualitative
measurement of high frequency electrochemical impedance
using microfabricated platinum electrodes was used to create
a thermal flow sensor [20], [21]. Impedance measurements
were used to track the time of flight of a heat pulse, allowing
for measurement of low flow rates with minimal overheat
temperature. The present temperature detector builds off
this early qualitative demonstration for flow measurement.
In comparison to earlier methods relying on charge transfer
resistance, potential toxic byproducts of Faradaic reactions
are avoided, and rapid measurement is possible.

II. THEORY

The electrochemical impedance between two identical elec-
trodes immersed in solution can be approximated as a sim-
plified Randles circuit [22] which includes a charge transfer
resistance Rct and double layer capacitance Cdl at each
electrode-electrolyte interface, and the solution resistance Rs

between electrodes (Fig. 1).
Rct describes charge transfer between the metal electrode

and the aqueous solution due to Faradaic redox reactions. For
a given overpotential v0, the net current inet is given by:

inet = io
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where CO(0, t) or CR(0, t) is the concentration of the oxidized
or reduced species at 0 displacement from the electrode at
time = t, C∗

O or C∗
R is the bulk concentration of the oxidized

or reduced species, αc is a transfer coefficient which can range
from zero to unity, n is number of electrons transferred, i0 is
the exchange current density, F is Faraday’s constant, R is the
gas constant, and T is temperature in Kelvin [23], [24]. Using
the linear approximation of an exponential (ex ≈ 1 + x), this
equation can be simplified to give an expression for charge
transfer resistance in response to small overpotentials:

inet = −i onF

RT
v0 (2)

Rct = dv0
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= RT
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Equation 3 implies a direct correlation between Rct and tem-
perature. However, the byproducts of Faradaic reactions can be
toxic [25], so measurement of Rct in biological or microfluidic
systems is undesirable. Furthermore, Rct only factors in to
the impedance of microelectrodes at frequencies <1 Hz [26],
preventing rapid measurement which limits the utility of
the technique. Therefore, practical electrochemical impedance
measurements between microelectrodes directly exposed to
solution will be composed of Cdl and/or RS .

The capacitance Cdl is created by the double layer of
electrostatically-bound ions that builds up at the electrode-
electrolyte interface [27]. Helmholtz, Gouy-Chapman, Stern,
Graham, and others have modeled this phenomenon, but the
precise relationships between Cdl and temperature remains an
area of ongoing research [28], [29].

Solution resistance, RS , is highly sensitive to changes in
temperature. The solution resistance between two electrodes
depends on the orientation of and distance between electrodes,
but generalized expressions can be developed by considering
an electrolyte solution’s resistivity or its reciprocal value, con-
ductivity. Bulk conductivity is proportional to ionic concentra-
tion, but a molar conductivity � = G/c can be defined, where
G is bulk conductance and c is concentration [30]. As ionic
concentration goes to zero, interionic forces disappear. This
is known as the state of infinite dilution and can be modeled
using Stoke’s law as:

λ0 = q F

4πηr
(4)

where λ0 is conductivity at infinite dilution, q is ionic charge,
η is water’s viscosity, and r is ionic radius [31]. Only viscosity
varies significantly with temperature; therefore, the temper-
ature coefficient of solution resistance at infinite dilution is
proportional to water’s viscosity [20].

At concentrations above infinite dilution, solution con-
ductivity will decrease. Interionic forces at concentrations
above infinite dilution can be modeled using Debye-Huckel-
Onsager theory [32]; the Kohlrausch equation can then be
employed to generate the following expression for solution
conductivity:

� = λ0 −
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Fig. 2. The temperature coefficient of solution resistance for a solution
of sodium ions at infinite dilution and at the osmolarity of cerebrospinal
fluid (CSF). At infinite dilution, the temperature coefficient ranges from
−3.39%/◦C at 0◦C to −1.04%/◦C at 100◦C, with a value of −1.91%/◦C
at body temperature (37◦C). Increasing ionic concentration decreases tem-
perature sensitivity; at the osmolarity of CSF (295 mOsm), the temperature
coefficient of solution resistance decreases to −1.75%/◦C at body temperature.
Figure generated via MATLAB.

where c is electrolyte concentration in moles per liter, z is the
valency number of each ionic species, e is the electron charge,
and x describes ionic symmetry [33].

This expression for solution conductivity can be used to
calculate the sensitivity of solution resistance to temperature.
Empirical measurements for the viscosity [34], permittiv-
ity [22], and Debye relaxation time [23] of pure water and the
hydrated radius of a sodium ion [35] were used to calculate
temperature coefficients of solution resistance of a solution
of sodium ions (Fig. 2). At infinite dilution, the temperature
coefficient of resistance calculated using Equation 5 ranged
from −3.39%/◦C at 0◦C to −1.04 %/◦C at 100◦C. Equa-
tion 6 can be used to calculate the temperature coefficient
of solution resistance at concentrations above infinite dilu-
tion; temperature sensitivity decreases at higher concentrations
compared to infinite dilution, but there is minimal change
in temperature coefficient between 100 mOsm and 1 Osm.
At body temperature (37◦C), the temperature coefficient of
solution resistance is −1.75%/◦C at a typical osmolarity of
cerebrospinal fluid (295 mOsm [36]), compared to −1.91%/◦C
at infinite dilution.

The predictable and highly sensitive relationship between
RS and temperature suggests a possible method for tempera-
ture transduction. By measuring electrochemical impedance at
high frequencies where phase is minimized, Cdl and Rct are
rendered negligible and impedance consists only of RS . There-
fore, fluid temperature can be transduced using high-frequency
electrochemical impedance.

III. DESIGN AND FABRICATION

A temperature sensor was designed and fabricated to
transduce fluidic temperature via high-frequency impedance.
The sensor consisted of a pair of platinum electrodes on a

Fig. 3. Impedimetric temperature sensing was tested using a pair of platinum
electrodes on a Parylene C substrate. A microfabricated platinum RTD on the
same substrate was used for benchmarking.

Fig. 4. Fabrication on a Parylene C substrate give sensors flexibility, enabling
simple packaging and integration into catheters and shunts used in the clinic.

Parylene C substrate (Fig. 3). Electrodes had exposed areas
150×250 μm2 with centers 750 μm apart. A platinum resistor,
placed 1 mm away from the electrodes on the same Parylene
C substrate, was used as an RTD for benchmarking. This RTD
consisted of a serpentine trace 25 μm wide with nominal
DC resistance of ∼450 �. Construction out of platinum on
a Parylene C substrate leaves sensors flexible, [37] (Fig. 4)
for simpler integration into microfluidic packaging. In addi-
tion, both Parylene C and platinum are non-toxic and have
a long history of use in chronically implantable medical
devices [38], [39].

Devices were fabricated using previously-reported polymer
micromachining techniques [40], [41]. First, a 10 μm thick
layer of Parylene C was deposited onto a 4” silicon carrier
wafer using a SCS LabCoter 2 chemical vapor deposition
system (Specialty Coating Systems, Indianapolis, IN, USA).
Next, a mask for metal deposition composed of 2 μm thick
AZ 5214 photoresist (Integrated Micro Materials, Argyle, TX,
USA), was spin-coated and patterned using UV lithography.
A 2000 Å thick layer of platinum was electron-beam deposited
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and patterned via liftoff. A second 10 μm thick layer of
Parylene C was deposited as insulation, then electrodes and
contact pads were defined by a switched-chemistry deep
reactive ion etch in oxygen plasma [41] using an Oxford
Plasmalab 100 inductively coupled plasma etcher (Oxford
Instruments, Abington, UK). For oxygen plasma etching,
an etch mask was defined using a 15 μm thick layer of AZ
P4620 photoresist (Integrated Micro Materials, Argyle, TX,
USA). Devices were released from the carrier wafer by gently
peeling while immersed in deionized water, then cleaned by
soaking in acetone, isopropyl alcohol, and deionized water
for ten minutes each. After release, devices were thermally
annealed at 200◦C for 48 hours in a vacuum environment;
thermal annealing increases crystallinity, decreasing flexibility
slightly but improving adhesion between adjacent Parylene C
layers [40], [42]–[45].

Electrical connection to devices was achieved by attaching
a 250 μm thick PEEK (polyetheretherketone) backing to
contact pads using cyanoacrylate glue and inserting into a zero
insertion force connector [46] (ZIF; Hirose Electric Co. Ltd.,
Tokyo, Japan). Electrical connections were protected during
soaking using EpoTek 353ND-T epoxy (Epoxy Technology
Inc., Billerica, MA, USA).

IV. TESTING METHODS

Sensors were primarily tested in phosphate-buffered saline
(1× PBS), a common physiological fluid analog. 1× PBS is
similar in composition to cerebrospinal fluid and possesses
a nominal resistivity of 50 �·cm. For comparison, the con-
ductivity of human cerebrospinal fluid has been measured as
68.7±1.1 �·cm at room temperature and 55.5±0.7 �·cm at
body temperature [17]. Transduction was also evaluated in
concentrated PBS (10×PBS, resistivity 5 �·cm) and deionized
(DI) water (resistivity 18 M�·cm).

For electrochemical impedance spectroscopy (EIS), sensors
were sealed in glass vials filled with 1× PBS and placed
in a water bath, which was heated to temperatures between
30 and 50◦C. A Gamry Reference 600 potentiostat was
used for EIS measurement. For single-frequency impedance
tests, solution was heated from room temperature (∼20◦C)
to 50◦C using a hot plate or cooled to 15◦C with ice packs.
A thermocouple/multimeter (Newport TrueRMS Supermeter,
±2◦C accuracy) was used to monitor fluid temperature and
calibrate the co-fabricated RTD; RTD calibration was achieved
by comparing resistance measurements to thermocouple data
over multiple cycles and generating a linear regression. Data
was collected from impedance electrodes using an Agilent
E4980A precision LCR meter with a measurement amplitude
of 0.1 VPP, to stay within the low overpotential regime. Data
was acquired from the RTD using a Keithley SourceMeter
with 10 μA bias current. The impedance between electrodes
and the resistance of the platinum RTD were simultaneously
collected and analyzed using LabVIEW.

To evaluate drift, a sensor die was sealed into a silicone
tube using EpoTEK 353-NDT epoxy and exposed to room
temperature 1× PBS for 24 hours. Fluid was flowed past
the sensor at 100 μL/min using a Watson-Marlow 120U

Fig. 5. Electrochemical impedance spectroscopy between two platinum
electrodes at temperatures between 30 and 50◦C. As temperature increased,
the real impedance at high frequencies decreased.

peristaltic pump to prevent local variations in the bulk ionic
concentration. Impedance and RTD resistance were recorded
once per minute, and a Sensirion SLI-1000 operating in its
temperature transduction mode (±0.1◦C precision) was used
to confirm measurements.

V. EXPERIMENTAL RESULTS

EIS from 1 Hz to 100 kHz was performed at 5◦C tempera-
ture intervals from 30 to 50◦C (Fig. 5). Only the real part of
impedance was recorded in order to remove any interference
from parasitic capacitances. Results showed a clear tempera-
ture dependency of impedance at high frequencies.

The platinum RTD was calibrated by comparing its resis-
tance to thermocouple measurements in 1×PBS, revealing a
temperature coefficient of resistance of 1.21 �/◦C. Temper-
ature was then cycled between 20 and 50◦C while simul-
taneously measuring the impedance across the electrodes at
100 kHz, the DC resistance of the RTD, and fluid temperature
from the thermocouple. The real part of impedance correlated
with temperature with a sensitivity of -58.29 �/◦C (Fig. 6).
The resolution, calculated as 3× the average RMS noise
across the tested temperature range divided by the linearized
temperature coefficient of resistance between 20 and 50◦C,
was 0.02◦C for impedance-based temperature sensing and
0.08◦C for the platinum RTD. Direct comparison between
temperature measurements using the calibrated RTD and real
impedance values exhibited an inverse relationship (Fig. 7).
Minimal hysteresis was observed over 8 cycles. Both electrode
impedance and RTD resistance responded to ±30◦C changes
in temperature in less than 200 ms.

Temperature sensing was then evaluated in DI water and
10× PBS. First, EIS between the microelectrodes was per-
formed in DI water and 10× PBS at room temperature (Fig. 8),
revealing ideal measurement frequencies of 1 kHz for DI water
and 1 MHz for 10× PBS. Baseline impedance magnitudes
were 1.77 M� at 1 kHz for DI water and 803 � at 1 MHz
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Fig. 6. Real impedance at 100 kHz and RTD resistance compared to
thermocouple measurements. Impedance was roughly linear with temperature,
with a temperature coefficient of resistance −58.29 �/◦C and resolution of
0.02◦C. This compared favorably to the RTD, which showed a temperature
coefficient of resistance of 1.21 �/◦C and a resolution of 0.08◦C.

Fig. 7. Real impedance showed an inverse relationship with temperature,
as measured using the platinum RTD on the same substrate. Minimal hystere-
sis was observed during repeated temperature cycles from 15 to 45◦C.

for 10× PBS, compared to 5.55 k� at 100 kHz for 1× PBS.
Temperature coefficients were found to be remarkably con-
stant, even over a >103 change in solution resistance.

Electrode impedance and RTD resistance were monitored
in flowing PBS at room temperature for 24 hours (Fig. 9).
Both the RTD and the electrodes recorded ambient temper-
ature fluctuations throughout the day. During the first three
hours of measurement, the temperature as measured by the
RTD increased approximately 2◦C, a change which was not
reflected in the real impedance measurement or the Sensirion
temperature data. Between 3 and 24 hours, there was no
detectable drift between the impedance measurement, the RTD
resistance, and the Sensirion temperature data.

To examine drift, a sensor was immersed in 1× PBS and
placed in an environmental chamber (EC0-A, Sun Electronic
Systems Inc., Titusville, FL, USA) set to 37◦C. After two
hours of warmup time, over which time both the impedance-
based temperature sensor and the RTD detected an increase
from 21 to 37◦C, the chamber maintained its temperature
within the resolution of the chamber’s thermocouple for

the next 19 hours. Over this time, the electrode impedance
dropped approximately 5.3% from its baseline value while
the RTD resistance increased by 0.29%. Solution conductivity
was measured before and after the experiment (A212, Ther-
moFisher, Waltham, MA, USA) to monitor evaporation, which
detected an increase from 17.01 to 17.68 mS/cm. Correcting
for this conductivity change results in only a 0.2◦C error
between temperature measurements using the electrodes versus
using the platinum RTD (Fig. 10). This drift was not observed
during tests at room temperature.

VI. DISCUSSION

The experimental results demonstrate that electrochemical
impedance is highly sensitive to changes in temperature. This
effect was used to measure sub-degree temperature fluctuations
at a higher resolution than platinum RTDs, which are con-
sidered the gold standard for fluid temperature transduction.
High-speed and high precision measurement of changes in
fluid temperature is useful in thermal anemometry; previous
work has utilized the qualitative application of impedance-
based temperature transduction to create highly sensitive liquid
thermal flow sensors [20], [21].

Construction out of thin-film platinum on a Parylene C
substrate renders this sensor flexible and resistant to corrosion.
A flexible sensor is advantageous for packaging and will
allow easy integration into the walls of shunts and catheters
currently used in the clinic. However, flexing of the substrate
may change the distance between electrodes, creating drift
in impedance magnitude and preventing accurate temperature
measurement. For accurate temperature transduction, electrode
position and spacing should be fixed prior to calibration
or baseline measurements. In addition, the use of Pary-
lene C as a substrate material limits operation to temperatures
below its glass transition temperature, which lies between
60 and 90◦C [47], [48]. The current version of the sensor
is designed for use between room temperature and 37◦C,
which do not exceed this temperature limit; future versions
for industrial applications could be fabricated on borosilicate
glass to avoid thermal degradation issues.

During 24 hours of continuous measurement at room
temperature there was no significant drift in the electrode
impedance compared to the RTD. However, when held at 37◦C
significant drift was observed in impedance measurements.
This drift is most likely caused by increasing ionic concen-
tration in the testing solution due to evaporation, as suggested
by conductivity meter readings before and after testing. After
correcting for changes in solution composition, drift remained
below 0.2◦C over a 21-hour period.

Future target applications for the temperature sensor
described in this work will focus on temperature transduction
in vivo. Variations in physiological fluid temperature can affect
the calibration of biochemical sensors, so sensitive temper-
ature measurement is useful to reduce noise and increase
accuracy. Measuring the temperature of blood can also be
useful for hemodynamic assessment and for calibration of
blood pressure or flow sensors, and chronic measurement of
CSF temperature can be used to monitor the efficacy of hydro-
cephalus treatment. Electrochemical impedance measurements
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Fig. 8. Left: EIS showing the impedance phase across temperature sensing electrodes in DI water, 1× PBS, and 10×PBS. Higher ionic concentrations resulted
in a shift of the ideal measurement frequency (where phase is minimized) towards higher frequencies. Right: Relative impedance compared to thermocouple
measurements in DI water, 1× PBS, and 10× PBS. Temperature coefficients of real impedance in the resistive range stayed relatively constant despite a >103

change in solution resistance. Real impedance was measured at 1 kHz in DI water, 100 kHz in 1× PBS, and 1 MHz in 10× PBS.

Fig. 9. Electrode impedance at 100 kHz in 1× PBS was measured
once per minute for one day and compared to temperature as measured
by the co-fabricated RTD. Real impedance and RTD temperature between
6 and 12 hours of measurement shows sub-degree changes in room tempera-
ture due to cycling of the air conditioning system of the laboratory.

are independent of the substrate and electrode material when
measured at the appropriate frequency, since any surface
effects are bypassed. Therefore, temperature measurement via
electrochemical impedance can be extended to other rigid or
flexible substrates and can be implemented in pre-existing
medical devices such as pacemakers or continuous glucose
monitors that already contain electrodes exposed to aqueous
solution. Future studies will characterize the effects of biofoul-
ing on the measurement signal, and self-cleaning techniques
such as cyclic voltammetry or electrolysis will be evaluated.
Outside of the body, impedance-based temperature measure-
ment has applications in microfluidics, diagnostic testing, and
chemical processing, since these fields all require precise con-
trol of fluid temperature to manipulate reaction kinetics. The
chemical inertness, biocompatibility, and corrosion resistance
of both Parylene C and platinum make the sensor described

Fig. 10. Impedance and RTD resistance were measured during 21 hours of
soaking in an environmental chamber set to 37◦C. Over this time, temperature
measurements by the impedance sensor drifted by approximately 0.2◦C
compared to temperature measurements by the platinum RTD.

in this work widely applicable throughout the biomedical and
industrial spaces.

VII. CONCLUSION

A novel method of temperature transduction in aqueous
solutions was explored using a polymer MEMS sensor. The
sensor consisted of two exposed platinum electrodes embedded
in a thin-film Parylene C substrate; temperature was trans-
duced by measuring the electrochemical impedance between
the electrodes at the frequency where phase was minimized.
According to the Randles model, at this frequency, impedance
will be dominated by solution resistance, which is highly
temperature sensitive due to decreases in water’s viscosity with
increasing temperature. Experimental results showed that the
sensor transduced fluid temperature with higher sensitivity and
lower noise than a platinum RTD co-fabricated on the same
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substrate; sensitivity was consistent over a wide range of ionic
concentrations. This microfabricated polymer temperature sen-
sor is flexible and corrosion resistant, lending itself to a wide
range of applications in the chemical and biomedical fields.
Future development will focus on practicality for chronic
in vivo temperature transduction.
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