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Abstract—In this paper, we established a new type of passive 

Ultra-High-Frequency (UHF) Radio Frequency Identification 

(RFID) technology-based sensor with a referenced readout for 

moisture. We introduced the sensor system, which consisted of a 

sensor tag and a reference tag. In a highly moist environment, the 

sensor tag, which was fabricated by embroidery and 3D printing, 

permanently changed its shape from flat to curved, which then 

influenced its wireless performance. By recording the 

backscattered powers of the sensor tag and the unaffected 

reference tag, the presence of moisture could be detected. Based 

on our preliminary results, when the mean value of ΔP% was 

higher than 80%, the sensor system indicated exposure to high 

moisture environment. Our moisture sensing system can provide 

cost-effective zero-energy monitoring of moisture exposure for 

versatile application fields. 

 
Index Terms—passive UHF RFID technology, moisture sensor, 

wireless sensor, 3D printing, embroidery, zero-energy. 

 

I. INTRODUCTION 

ADIO Frequency Identification (RFID) is nowadays a 

well-assessed technology for tracking and tracing 

procedures [1][2]. Also more complex applications are being 

researched worldwide, concerning for example sensing [3]-[7], 

localization [8], wearable devices [9]-[11], and also more-

efficient supply chains [12][13]. Further, intelligent packaging 

technologies [14] and equipment of traditional packages with 

intelligence (to sense the product’s condition or the ambient 

conditions) have been studied [15][16]. Due to the wireless, 

battery-less, and thus maintenance-free nature, especially 

passive RFID-based sensors have attracted a growing interest 

[17]-[20]. With the help of self-sensing materials, RFID tags 

will have detectable changes of wireless performance, caused 

by a specific environmental condition. This feature can be 

utilized in several types of passive UHF RFID sensor antenna 

systems [21]-[23]. These self-sensing components have the 

benefits of low-cost, simple fabrication, and eco-friendliness. 

The sensing systems can be used as the part of the Internet-of-

Things (IoT) [24] for example for monitoring health 

information through human’s skin [25]-[27], detecting noxious 

gases in underground mines [28]-[30], or sensing the 

temperature levels of the environment [31]. 

In addition, as has been shown in case of strain and 

compression sensing, involving a reference tag in the sensor 

system will greatly help to increase the accuracy of the sensing 
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system in practical use [32][33]. Also our goal is to move away 

from fixed RFID reader-RFID sensor tag systems and present 

sensor tags with a reference readout.   

In this paper, we present a cost-effective passive RFID 

moisture sensing system for the global UHF RFID frequency 

band, fabricated by embroidery and 3D printing technology. 

This new type of sensor system consisted of a flexible sensor 

tag (which will curve automatically and permanently after 

dipped into water) and a stable reference tag. As studied in [35], 

curving of an RFID dipole antenna significantly changes the 

wireless performance of the tag. Thus, in our approach it can be 

utilized to detect moisture. Such a low-cost solution will be 

useful for example in detecting moisture exposures in various 

supply chains and in transportation mishandling of moisture 

sensitive items, as well as in indicating ice melting during 

frozen transportation.  

II. ANTENNA DESIGN AND SIMULATION 

The wire in the antenna body of the sensor tag had the same 

width (1.2 mm) in all parts of the antenna. The identical antenna 

structure used for the sensor tag and the reference tag is shown 

in Fig. 1.  

In this sensor system, the wireless response of the sensor tag 

was used to detect the presence of environmental moisture, 

while the wireless performance of the reference tag remains 

stable. The backscattered signals of passive RFID tags are noisy 

and unstable, and strongly affected by the environment. By 

involving the reference tag, the influence of the environment 

can be minimized.  

Firstly, the sensor antenna was designed and optimized to be 

functional throughout the global UHF RFID frequency band, 

which will support its use in global supply chain management. 

The antenna body material was conductive thread and the sheet 

resistance of the antenna material was simulated as 0.2 

ohm/square. In the simulation, the substrate consists of two 
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Fig. 1. Structure and size of the sensor tag, unit in mm. 
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parts: 0.5 mm polyamide (relative permittivity 4.3 and loss 

tangent 0.004 in HFSS preset) and 1.5 mm of 3D-printed 

material (relative permittivity 3.51 and loss tangent 0.03 at the 

original condition and relative permittivity 3.5 and loss tangent 

0.0413 when exposed to moisture, measured by a vector 

network analyzer, as presented in [23]). The antenna was first 

located on a surface of a 130 mm × 40 mm flat substrate (to 

simulate dry condition), as shown in Fig. 2. 

To simulate the curved senor tag, the flat substrate was 

changed into a semicircle with a radius of around 40 mm (as the 

perimeter of the round was double substrate length, 130 mm × 

2 = 260 mm) and radian π, as shown in Fig. 3. The antenna was 

still on the surface of the substrate. The simulated realized gain 

of the antenna in both flat and curved structure is shown in Fig. 

4, where the H-plane and E-plane realized gains are shown at 

915 MHz. In the E-plane, the realized gain of the curved 

antenna increased at ±90° obviously and shrinked slightly at 0° 

and 180°. It was caused by the RFID dipole antenna structure 

curving, as studied in [35].  

III. FABRICATION 

The sensor tag antenna body was fabricated from conductive 

thread. It was embroidered on a plain knitting elastic band, 

using Husqvarna Viking sewing machine. The used thread was 

multifilament silver plated thread (Shieldex multifilament 

thread 110f34 dtex 2-ply HC). The DC linear resistivity of the 

thread is 500±100 Ω/m, and the diameter is approximately 0.16 

mm. The elastic band was strained to 127 % of its original 

length before the embroidery process to achieve the 

functionality, i.e., curving of the sensor. The ready-made 

embroidered tag antenna on elastic band is shown in Fig. 5. The 

reference tag was fabricated in an identical way, but the elastic 

band was not initially strained. Thus, in this case, the elastic 

band did not try to return to its initial shape when the 3D-printed 

layer on top of it got soft. Consequently, the reference tag 

stayed flat even when exposed to moisture. 

After antennas fabrication, NXP UCODE G2iL series RFID 

ICs, provided by the manufacturer in a strap with copper pads, 

as shown in Fig. 5, were attached to the antennas. The IC was 

located on the designed position directly without conductive 

glue or embroidery connection. The added 3D-printed layer on 

top of the antenna will press the IC on the antenna to create and 

hold the needed connection.  

Next, a 3D-printed Poro-lay gel-lay porous filament substrate 

layer was applied on the top of the embroidered antenna and IC 

by Prenta Duo XL 3D printer, as shown in Fig. 6 (A, top view), 

(B, bottom view) and (C, side view). The size of the printed 

layer was 130 mm × 40 mm and the used printing parameters 

are shown in Table 1. This 3D-printed material is made from a 

rubber-elastomeric polymer and a polyvinyl alcohol (PVA)-

component. When in water, the PVA component disappears and 

the rubber polymer remains, which means the printed pattern 

will become flexible in water.  

IV. WIRELESS MEASUREMENTS 

A. Sensor functionality testing 

To test the sensor functionality, the system was dipped into 

water for one hour, until the PVA component of the 3D-printed 

structure was totally dissolved. Then, the 3D-printed structure 

became soft and the sensor tag got curvy as shown in Fig. 7, 

while the reference tag stayed flat. The 3D-printed layer started 

getting softer immediately when in water, as it had a slight 

curve already after 5 minutes. The curvatures of the tag after 

different soaking times are shown in Fig. 7. In this study, the 

3D-printed substrate stayed in water for 1 hour, after which it 

 
Fig. 5. The used IC structure (left) and a readymade sensor tag (right). 

  
Fig. 4. Realized gain in simulation of the flat antenna and curved antenna 

in E-plane (left) and H-plane (right). 

 

       
Fig. 2. Flat simulation: overall view (left) and top view (right). 

        
Fig. 3. Curved simulation: overall view (left) and top view (right). 

Table. 1. Substrate printing parameters 

3D printing parameters   
Printing head temperature 220 °C 

Plate temperature 50 °C 

Infill percentage 60 % 
Thickness 

Infill Pattern 

1.5 mm 

Rectilinear 

 

 
Fig. 6. Ready-made sensor A) front B) back C) side. 
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was totally soft and the final shape appeared. When the sensor 

structure was dry again, it was hardens as it was prior to 

dissolving, but maintained its curvy shape. 

The moisture sensor tags were tested in an anechoic chamber 

firstly, to compare their radiation patterns to simulated ones. 

The sensor tags were measured using a measurement system 

(Voyantic Tagformance) containing an RFID reader unit with a 

capability to a power-frequency sweeps. All the measurements 

were conducted with the tag suspended on a foam fixture in the 

anechoic chamber.  

During the test, we recorded the lowest continuous-wave 

transmission power (threshold power: 𝑃𝑡ℎ) at which a valid 16-

bit random number from the tag is received as a response to the 

query command in ISO 18000-6C communication standard. In 

addition, the wireless channel from the reader antenna to the 

location of the tag under test was first characterized using a 

system reference tag with known properties. As has been 

detailed in [6], this enabled us to estimate the attainable read 

range of the tag (dtag) versus frequency from: 

𝑑𝑡𝑎𝑔 =
𝜆

4𝜋
√

𝐸𝐼𝑅𝑃

Λ

𝑃𝑡ℎ∗

𝑃𝑡ℎ
,                             (1) 

where λ is the wavelength transmitted from the reader antenna, 

𝑃𝑡ℎ is the measured threshold power of the tag, Λ is a known 

constant describing the sensitivity of the system reference tag, 

𝑃𝑡ℎ∗ is the measured threshold power of the system reference 

tag, and EIRP is the emission limit of an RFID reader, given as 

equivalent isotropic radiated power. We present all the results 

corresponding to EIRP = 3.28 W, which is the emission limit in 

European countries. 

The realized gains of the tags were analyzed using the path-

loss measurement data from the measurement unit. The realized 

gain (Gr) takes into account the antenna–IC impedance 

matching and can be calculated as: 

𝐺𝑟 =
𝑃𝐼𝐶,𝑇𝑆

L𝑓𝑤𝑑 × 𝑃𝑡ℎ

                                (2) 

where PIC,TS is the tag IC sensitivity, Lfwd is the measured 

forward losses. 

The calculated read ranges of the sensor tag and the reference 

tag are shown in Fig. 8. The read ranges of the sensor tag (at the 

European and US UHF RFID frequencies) versus the time in 

water are shown in Fig. 9. The read range was initially around 

4-6 meters between 866 MHz to 915 MHz frequency bands, 

which cover both European and the US RFID standard 

frequency bands. Thus, this moisture sensor system can be used 

globally. The radian of the sensor increased with the socking 

time while the read range decreased. After dipped into water for 

1 hour, the tag curves to form a half-round. The measured 

curved read range result, which was around 3-5 meters between 

866 MHz to 915 MHz, was slightly shorter than in the initial 

flat condition. This decreasing was caused by the impedance 

changing mainly due to antenna curving [35]. The antenna gain 

has changed as well with the deformation, as shown in the plot 

of the radiation pattern (Fig. 10). This shows that the change in 

the antenna performance also slightly contributes to the change 

in the read range. The measured realized gain, as shown in Fig. 

10, also increased at ±90° obviously and shrinked slightly at 0° 

and 180° in E-plane. However, they shrinked a little bit more, 

when compared to the simulated results at both E- and H-plane. 

One possible reason was that the normal embroidery machine 

can only fabricate the antenna with the accuracy of mm. Thus, 

the ready-made antenna may have little size differences from 

the design in the simulation.  

For the reference tag, the read range remained same from 866 

 

             
Fig. 7. The sensing process of the sensor tag. 

 
Fig. 8. Read ranges of the sensor tag and the reference tag 

before and after dipped into water. 

  
Fig. 10. Radiation patterns in measurements of the flat antenna and curved 

antenna in E-plane (left) and H-plane (right). 

 

 
Fig. 9. Read range of the sensor tag versus the time in water in the  European  

UHF RFID frequency band (left) and US frequency band (right). 
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MHz to 915 MHz, after dipped into water and dried again. This 

supported the conclusion that the change of the sensor tag 

performance was caused by the structure transformation, not by 

the variation of the electrical properties of the non-conductive 

substrate. The minimum read ranges of the system were around 

3 meters at the global UHF RFID frequencies. These read 

ranges can still meet the requirements of many of the discussed 

practical applications. 

B. Practical sensor testing 

In practical sensor testing, Thing Magic M6 RFID reader 

with a circular polarized reader antenna was used for recording 

the backscattered powers. As explained, in the sensing system, 

the reference tag was located near the sensor tag, since the 

signal from the reader to the closely spaced tags travels 

approximately through the same channel. As showed in Fig. 11, 

the reference tag was located orthogonally of the sensor tag with 

a 3 cm distance.  

The tags were tested in two different office conditions, as 

shown in Fig. 12. The backscattered powers of both tags were 

measured at 1 meter from the reader and the transmitted power 

was 28 dBm at 866 MHz.  The measured RSSI (received signal 

strength indicator) values of each tag are shown in Tables 2 and 

3. The reference tags had a stable wireless performance with 

flat and curved sensor tag structures in both environments. As 

for the sensor tags, the backscattered power changed clearly 

between the flat and the curved stage, which was promising for 

practical use of these sensors. 

 In this study, we indicated the presence of water by 

calculating the variation of the backscattered power strength, 

defined as Δ𝑃 % = |
𝑃𝑠𝑛𝑠−𝑃𝑟𝑒𝑓

𝑃𝑟𝑒𝑓
|, where 𝑃𝑠𝑛𝑠 and 𝑃𝑟𝑒𝑓  were the 

backscattered power strength from the sensor tag and the 

reference tag, respectively. Fig. 13 shows the calculated ΔP % 

as well as the mean value and the standard deviation of the 

measurements in both environments. ΔP% was around 20% and 

90% in the 100 read counts, when the sensor was flat and 

curved, respectively, in environment 1. In environment 2, ΔP% 

changed from around 10% to 170%, before and after the sensor 

got curved, respectively. Thus, by recording the backscattered 

power of the system and calculating ΔP%, the presence of 

moisture can be tracked. While the mean of ΔP% was less than 

20%, the environment had stayed dry. When the mean of ΔP% 

was higher than 80%, it indicated exposure to moisture. These 

preliminary results show that this system can sense the exposure 

to moisture. 

V. CONCLUSIONS 

In this paper, we presented the design, fabrication, wireless 

evaluation, and practical testing of a wireless passive sensor 

system with a referenced readout for moisture. The sensor tag 

was fabricated by a combination of embroidery and 3D printing 

technology. This structure enabled the passive UHF RFID 

sensor tag to change shape permanently, after exposed to water 

for 1 hour. The measured estimate read range of all the tags 

were more than 3 to 5 meters, which were very promising for 

the practical applications.  By measuring and comparing the 

change in the backscattered power percentage (ΔP%), the 

presence of moisture could be detected and recorded. In 

practical environments, when the mean value of ΔP% was 

higher than 80%, the sensor system showed that it had been in 

a highly moist condition. This type of cost-effective and 

battery-free sensor system has versatile applications for 

example in supply chain monitoring. After these preliminary 

results, further testing will be done with a larger amount of 

samples. The next steps include testing the effects of water 

temperature on the sensor performance, as well as testing the 

sensor with other liquids. 

 
Fig. 12. Practical measurement in office condition 1 (top) and corridor 

condition 2 (bottom) 

 
Fig. 11. Configuration of the sensor tag and reference tag. 

Table 2. The backscattered power of flat sensor (Sens. f) and reference tag (Ref. 
f) as well as curved sensor (Sens. c) and reference tag (Ref. c) in environment 
1, unit in dBm.  

Counts 1 2 3 4 5 6 7 8 9 10 

Sens. f -34 -34 -34 -34 -33 -33 -34 -34 -34 -34 

Ref. f -33 -33 -33 -33 -33 -33 -33 -33 -33 -33 

Sens. c -44 -44 -44 -44 -43 -44 -43 -44 -44 -44 

Ref. c -34 -34 -34 -34 -35 -34 -35 -35 -35 -35 

 

Table 3. The backscattered power of flat sensor (Sens. f) and reference tag (Ref. 
f) as well as curved sensor (Sens. c) and reference tag (Ref. c) in environment 

2, unit in dBm 

Counts 1 2 3 4 5 6 7 8 9 10 

Sens. f -40 -42 -40 -40 -42 -42 -42 -40 -42 -40 

Ref. f -40 -42 -40 -38 -42 -42 -42 -40 -40 -42 

Sens. c -32 -32 -32 -32 -32 -32 -32 -33 -32 -32 

Ref. c -37 -36 -37 -37 -36 -36 -36 -36 -36 -36 

 

 

 

   

 
Fig. 13. Calculated Δ𝑃% of flat and curved sensor tag in environment 1 

(top) and environment 2 (bottom). 
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