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Abstract— The one step modification of a commercial RFID 
sensing tag is demonstrated using polydimethylsiloxane based 
thin film chemistry to construct reusable passive RFID sensors 
for changes in the dielectric properties of electrolyte solutions as 
a function of concentration. The effects of PDMS film thickness 
were characterized as a function of RFID sensor code value. The 
output sensor code of the RFMicron RFM2100-AER wireless 
flexible moisture sensor (taken between 800-860 MHz) was 
compared to readings taken when the tag was dry and when the 
tag had a water deposition on the sensor area. The effect of the 
direct application of liquid water to the tag was to alter the 
capacitance presented to the integrated chip which auto-tunes to 
correct for the reactance. By varying the thickness of the PDMS 
film between the interdigitated sensor and deposited liquid, the 
sensitivity of the tag to a high dielectric medium could be 
controlled. Aqueous salt solutions were tested on a 500 m 
thickness film. It was found that the sensing platform could be 
used as a means of measuring the concentration of various salt 
solutions within the range 0-2M, and in turn could be used as a 
passive UHF RFID dielectric measuring tool. The measurement 
capability of the platform was subsequently demonstrated using 
a reduced frequency range (845-865 MHz). 
 

Index Terms— Radio Frequency Identification, RFID tags, 
chemical sensor, aqueous electrolyte.  

I. INTRODUCTION 

 ireless chemical sensors (WCSs) are an area of 
communications that have recently experienced a large 

increase in interest [1][2]. Chemical sensors are defined as a 
device that transforms chemical information [3] and possesses 
both a receptor (which transforms chemical information into 
energy) and a transducer (part capable of transforming the 
receptor energy into a useful analytical signal). The most 
common wireless platforms integrated into chemical sensors 
are Bluetooth (34%) [1] and Radio Frequency Identification 
(RFID) (23%) [2].  

 RFID is becoming an increasingly common method for 
identification [4] and anti-counterfeiting [5], being used 
increasingly for a wide range of applications (such as parcel 
and livestock tracking, theft prevention systems and 
contactless payment) [6]. One of the most rapidly growing 
applications of RFID has been its use for sensing purposes 
[2][7]. For example, in the agricultural industry, soil moisture 
and salinity monitoring is important for several reasons 
(profitability, efficiency, environmental health etc.) Soil 
moisture RFID tags have been proposed [8] for this purpose 
whereby a series of tags would be placed over a wide area in 

order to monitor changes in moisture content of soil within 
specific locations. RFID applications for soil salinity sensing 
have also been investigated [9] where a monopole antenna 
sensor probe was designed to alter resonant frequency with 
changing soil moisture/salinity composition.  

The monitoring of ions is the second most frequently 
researched analyte for wireless chemical sensors after pH [1]. 
One form of research has been for the monitoring of aqueous 
salts present in sweat and several systems have been 
developed that utilize different communication methods as 
well as transduction methods. Some of these designs have 
been bespoke systems such as the ‘SWEATCH’ [10], a 
wearable Bluetooth system that can detect Na+ ions present in 
sweat. Other bespoke approaches have utilized RFID tags as 
adhesive wearables [11] that send potentiometric data relating 
to Na+ concentration in sweat to a smartphone through Near 
field communication (NFC). An armband utilizing Bluetooth 
transmission was reported in [12] which can monitor sodium 
concentration in sweat. The primary transduction mechanism 
used in these devices is an ion selective potentiometer, and is 
often used for low concentration aqueous salt monitoring. 
Cheaper disposable alternatives for monitoring in the 
pharmaceutical industries manufacturing process have also 
been proposed  as affordable, disposable sensors require single 
use manufacture [13].  

Another approach taken with wireless chemical sensors is to 
modify pre-existing RFID tags and change the functionality by 
way of the addition of a chemically sensitive material. 
Variables that have been monitored using this approach have 
been food spoilage and ammonia concentration [14], gas 
sensing [15] and solvent vapour [16]. 
Until recently, sensing features within passive RFID have only 
been achievable by detuning the tag, adversely affecting read 
range and detecting the change in required tag turn-on power 
[17].  Some newer tags feature an integrated chip that is 
designed to tune their internal impedance[8][18] for the 
purpose of counteracting reactance changes caused by external 
stimuli. Whilst these systems provide a useful low cost means 
of sensing for a variety of stimuli (temperature, moisture, 
humidity etc.), they have limited sensitivity range, and 
because of their paper substrates, they are for single use once 
exposed to moisture[8].  
 Prior approaches to sensitizing RFID tags have involved 
incorporating sensing materials [19] but these are often 
purpose designed platforms for the particular material. Here, 
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using polydimethylsiloxane (PDMS) film deposition [20], we 
repurpose an existing commercial, low cost moisture sensing 
tag, allowing for the sensing of the change in dielectric 
constant of various liquids over multiple repetitions. 

Fig.1. shows the general premise of the proposed system. An 
RFID reader commincates with the sensing tag, which in turn 
provides sensing information regarding the analyte atop the 
capacitive sensor. This information is then interpreted through 
software on a computer that is attached to the RFID reader. 

II. SENSING TAG DESIGN 

A. RF-Micron RFM2100-AER Tag 

 
When a general RFID tag is placed in proximity to a dielectric 
material, the electromagnetic parameters of the substance 
interact with the tag antenna and cause a change in the antenna 
reactance. This would cause a conventional RFID tag to 
detune, adversely affecting the power transfer between the 
antenna and the transponder chip, and subsequently reducing 

the read range.   The RFM2100-AER RFMicron tag (AER 
variant is for the European bandwidth between 865.6 to 
867.6 MHz, read range 4.8 m) transponder is able to tune the 
reactance at its port in order to compensate for a mismatch 
with the antenna [18].   Therefore, it is possible to regard the 
tag antenna and an associated electrode as a sensing 
transducer, where the variable reactance presented to the 
transponder is automatically compensated by tuning.  This 
compensated reactance (i.e. the sensed parameter) is 
communicated digitally to the reader using the process 
described in [22].  The tuning mechanism within the 
transponder is facilitated by a switchable capacitor network, 
where the particular switching combination represents a 5 bit 

sensor code.    A schematic of the capacitor network is shown 
in Fig. 3.   

The advantage of using a digital sensor code method to 
communicate sensed level as opposed to the analog detuned 
backscattered power as reported in [7][8][9] is that the 
fluctuating wireless link parameters do not have to be 
calibrated out.  Furthermore, the read range of the tag is not as 
compromised by detuning caused by the sensing process. 

 The tag used in this instance is the RFM2100-
AER(RFMicron). The original application of the tag was as a 
wireless battery-free moisture sensor and the The tag (Fig. 2) 
has an interdigitated capacitor (IDC) sensing electrode.  
 
 The auto-tuning chip (Fig. 3.) switches its internal 
capacitance to maximize the delivered power, dependent on 
the material loaded onto the sensor electrode.  The selected 
tuning state is transmitted as a ‘sensor code’ value to the 

Fig. 2. Schematic diagram of the RFMicron RFM 2100-AER, with the 
interdigitated electrode indicated.  

(b) 

Fig. 4 (a) Schematic diagram of the RFMicron RFM-2100-AER, with 
the interdigitated electrode and liquid containing reservoir, and (b) 
Elevation view. 

(a) 

Fig. 3. Schematic diagram of the RFMicron RFM 2100-AER 
integrated chip 

Fig. 1. Block diagram of a capacitive sensing system. 
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reader. The tag antenna conductor is aluminium, and the 
antenna substrate is paper. 
 

B. Sensing Film and Deposition on Tag Electrodes 

Silanol terminated PDMS (8 grams, 3.08×10-4 mol) was mixed 
with crosslinking agent tetraethoxysilane (0.13g, 6.24×             
10-4 mol) were speedmixed at 3500 rpm for 60 s. 0.18ml of 
catalyst tin 2-ethyl hexanoate was then added and speedmixed 
for a further 60 s at 3500 rpm. The mix was then poured onto 
the topside of the RFMicron tag. A doctor blade (Automatic 
precision film applicator MTCX4, mtv-messtechnik) was used 
(set to applicate at 500 m) to distribute the fluid precursor 
over the entirety of the tag at the desired thickness. The 
deposited film was left overnight in a 65ºC oven. Figs. 4 (a) 
and (b) show the coverage of the film as a schematic, from top 
facing and side facing views. PDMS was chosen as the 
protective insulating film due to its low dielectric constant 
(typically 2.2 to 2.8), facile processability, elastomeric nature 
which allows for flexibility on non-rigid tags, hydrophobicity, 
and relatively good chemical resistance.  

III.  RFMICRON SENSING PRINCIPLE 

The RFMicron chip can vary its capacitance between 2-3pF 
dependent on the external stimulus or load material applied to 
the capacitive area. This has been previously expressed [21]    
[22] as: 
 
                               � � =  � + � 0                             (1) 
 
Where � �  refers to the total capacitance for the tag, �  is 
the minimum capacitance that can be achieved by the 
microchip (which would be the capacitance that is achieved 
when there is no external reactance applied to the electrodes), � refers to the sensor code, and 0 is a tunable step. This can 
be related to the presence of an external stimuli that causes the 
change also, as follows: 
                                      | � � + � � |  → 0                         (2) 
 
Where � is the susceptance of the chip, � is the susceptance 
of the antenna, and � is an external stimulus from the 
environment. When the antenna susceptance is altered as a 
result, the capacitor array inside the chip compensates to 
negate the effect of the susceptance change. As such, � is a 
numerical expression of the degree of capacitive adjustment 
made by the chip. This means that the sensor code is directly 
related to the environmental variable being tested.  

When modifying the tag, the association between sensor 
code and environmental response will inherently change.  

Therefore, two things must be considered when performing 
any alteration to the antenna. Firstly, does the �: � association 
still persist post modification? Secondly, if the �: � 
association does persist, to what degree has the modification 
altered the association?  A measurement methodology was 
established in order to confirm that the expected tag sensor 

operation persisted after the PDMS film deposition. 

A. Measurement Methodology 

In each case the RFID reading was performed using Voyantic 
Tagformance equipment [23] between 800-860 MHz (with a 
step of 5 MHz), and a transmit power of 9 dBm. The distance 
between the reader and the tag for all measurements was 
calibrated to 30 cm. The reader was positioned underneath the 
tag so that the underside of the tag faced the reader and the 
maximum achievable read range was calculated by the reader.  

All liquids under test were deposited from an auto-pipette 
into the reservoir mounted around the electrode. In all tests, 
0.8 milliliters was applied to form a liquid layer of 0.5 mm 
thickness (the liquid deposition area can be seen in Figs. 4 (a) 
and (b).  After each measurement, the surface of the tag was 
dried, rinsed with deionized water, and then dried again. If the 
sensor response from the rinsed and dried tag was found to 
match that of the original dry value, then the next 
measurement could be performed. Measurements of aqueous 
salt solutions were taken in triplicate for each concentration.  

 
Fig. 5 shows that while the tag sensor value has a 

significant dependency on frequency, the variation with 
transmitted reader power is almost negligible.  An average 
sensor value was calculated by taking the mean of all the 
values between 800-860 MHz for a fixed transmitted power of 
9 dBm.  

IV.  FILM THICKNESS STUDIES 

Adding bulk water directly to the electrodes of an 
unmodified tag with no PDMS film introduces a reactance so 
large that the chip is unable to tune out the impedance.  That 
is, the unmodified tag is beyond its tuning capability. 
However, the hydrophobicity of a deposited thin PDMS film 
means that water does not permeate, but capacitive Electric 
fields are able to fringe through the film between the 
electrodes and the liquid. The separation of the liquid from the 
electrodes reduces the capacitive effect and brings the tag 

Fig. 5.  Sensor code of an unmodified dry RFMicron 2100-AFR 
tag against frequency and transmitted power. 
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within its tuning range.  To ascertain the optimum 
performance in the presence of water solutions, it was 
necessary to test varying thicknesses of PDMS on the tag.   

 Fig. 6 shows averaged sensor values for tags with PDMS 
films applied with thicknesses ranging between 0 and 
1800 µm.  The tags were measured dry and with 0.8 mL of 
deionized water.  It can be seen that for all tested film 
thicknesses, it was possible to discriminate between the dry 
and wetted tags, making bulk water sensing possible. The tag 
can therefore have its sensitivity tuned simply by modifying 
the thickness of the electrode coating film depending on the 
required application.. 500 m was used as the film thickness 
for subsequent aqueous electrolyte monitoring as this 
thickness was thin enough to be more easily applied, whilst 
being thick enough to sufficiently isolate the capacitor from 
the analyte for sensing purposes. The effect of variable film 
thickness on aqueous electrolyte measurements is currently 
being investigated. 

V. DIELECTRIC SOLUTION MEASUREMENTS  

A. Aqueous electrolyte measurements 

To determine the effect of varying the dielectric properties of 
the aqueous layer, a series of salt solutions of varying 
concentrations were applied to a tag with a 500 m PDMS 
film. 10 mL stock solutions of NaCl, KCl, LiCl and RbCl in 

de-ionized water were prepared at various concentrations 
between 0.25-5 M. 
 
 As shown in Fig. 7 (a), a concentration range between 0-
2 M results in the largest change in sensor code value. 
According to expected values from [24][25], this corresponds 

to a variation in relative permittivity of 65-55 for the test 
liquids as shown in Fig. 7 (b).  
 
 When the permittivity of the liquid is 55 or lower, the tag 
reaches the limit of its tuning range, and cannot distinguish 
between salt concentrations in excess of 2 M, (the 
concentration of NaCl in seawater in around 0.6 M [26]).        
Further investigation was needed to alter the concentration 
range over which the tag is sensitive. 

B. NaCl Salt Concentration Measurements 

 
After establishing that the sensor could be used to measure 
low/mid concentrations for multiple salts, NaCl measurements 
were taken between 0-2 M over a smaller incremental step of 
0.1 M. Fig. 8 shows that as the concentration of the salt 
solution increases over 0.1 M, the averaged intensity lowers 
incrementally. The sigmoidal curve fit and resulting equation 

Fig. 6. The effect of increasing film thickness on 
sensor intensity when exposed to air and water 

Fig. 8. The effect of NaCl salt solutions between 0 to 
2 M on the tag averaged sensor code value.  

Fig. 7. (a) The effect of various concentration aqueous salt 
solutions on the averaged tag sensor value 

(a). 

Fig. 7. (b) averaged sensor value against aqueous salt 
permittivity.  

(b) 
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were derived according to a Boltzmann distribution using the 
Levenberg Marquadt algorithm (this curve fitting and 
algorithm were also used to curves for Fig. 10 and Fig. 11). 
 To relate the measured sensor code to solution permittivity, 
Fig. 8 shows the NaCl data against Cole and Debye 
permittivity models [27], as well as measured values obtained 
from a Speag DAK 3.5 dielectric measurement probe attached 
to a Rohde & Schwarz ZXX Vector Network Analyzer.  Good 
agreement is observed between the models and the 
measurement.  Further, a correlation is also apparent between 
Fig. 7 and the NaCl data in Fig. 7 (b) showing the expected 
dielectric values from the literature. 

 For the concentrations shown in Fig. 9, below 0.1 M the 
averaged sensor code (permittivity) decreases in all models. At 
0.1 M, NaCl solution shows slightly increased averaged sensor 
code values (permittivity) relative to water. Above this low 
concentration threshold, increasing the NaCl in the solution 
causes the permittivity to decrease. The measurements were 
performed in triplicate and found to be highly repeatable.   

C. Tan δ comparison 

Fig. 9 shows that whilst the relative permittivity of the 
solution is decreasing as concentration increases, the sensor 
values from the tag are decreasing. This is contrary to what 
should be seen when the relative permittivity of the analyte 

decreases. The conductivity of NaCl solutions increases with 
increased concentration, thereby increasing the loss tangent 
tan δ significantly. Fig. 10 shows that as the tan δ increases for 
NaCl solutions, the sensor code averaged value reduces. The 
tan δ is heavily dependent on both permittivity and 
conductivity, and is a more important variable to consider than 
solely permittivity. This is especially true of aqueous NaCl, 
where the solutions conductivity increases massively with 
increased concentration, which increases the tan δ 
dramatically. 

D. Sensor optimization  

The sensor code values were originally averaged across 800-
860 MHz.  An investigation was made to assess the effect of 
reducing the swept frequency range on the accuracy of the 
sensor value. Ranges of 845-865 MHz produced the response 
in Fig. 11 which compares well with Fig. 8 for the original 
wider frequency range, though it can be seen that the reduced 
frequency range sensor code is less capable of discerning 
between smaller concentration levels (as demonstrated by the 
lowered R2 value of Fig. 11 compared to Fig. 8).    

 However, the error bars in Fig. 11 indicate a response stability 
that makes this smaller range repeatable (albeit less so than the 
wider measurement set for Fig. 8). 
 

VI.  CONCLUSION  

The addition of a PDMS layer to the electrodes of an auto-
tuning RFID tag enables it to compensate for the capacitive 
effect of bulk water solutions. The hydrophobic properties of 
the layer also mean that when the water is removed the tag 
performance returns to the original dry state. Furthermore, the 
sensor was exposed to 4 times the amount of solution that an 
unmodified tag can withstand before its sensing limit is 
reached. While increasing the applied film thickness does 
reduce the sensitivity of the tag, it will still operate as a 
moisture sensor up to a limit of around 1.8 mm. 500 m was 
used as the film thickness for aqueous electrolyte monitoring 
as this thickness was thin enough to be more easily applied, 
whilst being thick enough to sufficiently isolate the capacitor 
from the analyte for sensing purposes. The effect of variable 
film thickness on aqueous electrolyte measurements is 
currently being investigated. The addition of the film enables 

Fig. 11. The effect of NaCl salt solutions on the tag averaged 
sensor code at 845-865 MHz.  

Fig. 9. Graph showing the effect of dielectric constant (for Cole & 
Debye and measured values) on the tag averaged sensor code.  

Fig. 10. Graph showing the effect of tan δ on averaged 
sensor code values  
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the tag to the sense dielectric properties of deposited solutions 
(using variable of concentrations of salts). Considering NaCl, 
this was found to be most effective when the concentration 
range varied between 0-2 M and had high repeatability. The 
large change in the tan δ of NaCl solutions with increasing 
concentration results in an increased capacitive load on the 
sensing tag despite the fact the relative permittivity decreases. 
The sensor is proposed for low cost salinity monitoring 
applications such as brine concentration monitoring, or 
electrolysis monitoring. Having confirmed that the system 
operates effectively in a laboratory setting, future work will be 
focused upon utilizing an iteration of this system for aquarium 
salinity monitoring, with the sensor exposed to the analyte and 
the antenna to be sat above the water line.  
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