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A Novel Conformal RFID-Enabled Module Utilizing
Inkjet-Printed Antennas and Carbon Nanotubes

for Gas-Detection Applications
Li Yang, Student Member, IEEE, Rongwei Zhang, Student Member, IEEE, Daniela Staiculescu, Member, IEEE,

C. P. Wong, Fellow, IEEE, and Manos M. Tentzeris, Senior Member, IEEE

Abstract—This letter introduces for the first time the integration
of a conformal radio frequency identification (RFID) antenna with
a single-walled carbon nanotube (SWCNT) composite in a chip-
less RFID node for toxic gas detection. The electrical performance
characterization of the inkjet-printed SWCNT film is also reported
for the first time up to 1 GHz. The whole module is realized by
inkjet printing on a low-cost paper-based substrate, and the RFID
tag is designed for the European UHF RFID band. The electrical
conductivity of the SWCNT film changes in the presence of very
small quantities of toxic gases like ammonia and nitrogen oxide,
resulting in the variation of the backscattered power level, which
can be easily detected by the RFID reader to realize reliable wire-
less toxic gas sensing.

Index Terms—Carbon nanotube (CNT) composites, conformal
antennas, gas sensing, inkjet printing, radio frequency identifica-
tion (RFID), wireless sensor.

I. INTRODUCTION

T
HE steadily growing radio frequency identification

(RFID) industry requires an ever improving performance

of the RFID systems, including reduced size and cost, and

higher levels of integration. Also, the tag flexibility is becoming

a must for almost all applications, including body area networks

for medical systems, tracking for pharmaceutical and food in-

dustries, supply chain, space, and many more. This demand

is further enhanced by the need for lightweight, reliable, and

durable wireless RFID-enabled sensor nodes [1]. Hence, the

two major challenges for such applications are the choice of the

material and the advanced integration capabilities. The choice

of paper as the substrate material presents multiple advantages

and has established paper as one of the most promising ma-

terials for UHF RFID applications: The mass “reel-to-reel”

production makes it the cheapest material ever made. Previous

work has demonstrated the successful development of a fully

inkjet-printed RFID module on paper [2]. The next challenge

is to integrate the sensor on the paper substrate as well. Some

passive RFID prototypes for sensing applications have been

proposed [3], [4]. However, the sensing capabilities are usually

realized by adding a discrete sensor or a special coating to the
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RFID tag, resulting in the difficulty in low-profile integration.

Plus, the sensitivity is usually low. Therefore, there has been a

growing interest in looking for new materials in RFID sensing

applications: an ultra sensitive composite that can be printed

directly on the same paper together with the antenna, for a low

cost, flexible, highly integrated RFID module.

Carbon nanotubes (CNT) composites have been found to

have electrical conductance highly sensitive to extremely small

quantities of gases, such as ammonia and nitrogen

oxide [5], and be compatible with inkjet printing [6].

However, due to the insufficient molecular network formation

among the inkjet-printed CNT particles at nanoscale, instabil-

ities were observed in both the resistance and, especially, the

reactance dependence on frequency above several MHz, which

limits the CNT application in only dc or LF band [7]. To allow

the CNT-enabled sensor to be integrated with RFID antenna at

UHF band, a special recipe needs to be developed.

This letter presents, for the first time, a conformal CNT-based

RFID-enabled sensor node for gas-sensing applications, fully

printed directly on paper substrate. Specifically, in this study,

one benchmarking RFID tag was designed for the European

UHF RFID band centering at 868 MHz. The printed CNT

particles were single-walled carbon nanotubes (SWCNT) from

Carbon Solutions, which were dispersed in dimethylformamide

(DMF) solution and sonicated to meet the viscosity requirement

for the inkjet printer. The impedance of the SWCNT film forms

the sensor part. The antenna was printed first, followed by the

25 layers of the dispersed SWCNT as a load with “gas-con-

trolled” value. When 4% consistency ammonia was imported

into the gas chamber, the SWCNT impedance changed from

to at 868 MHz, resulting in

a 10.8-dBi variation in the backscattered power from the tag

antenna, that can be easily detected by the RFID reader to

realize the “real-time” gas detection.

II. INKJET-PRINTED SWCNT

As a direct-write technology, inkjet printing transfers the pat-

tern directly to the substrate. Due to its capability of jetting one

single ink droplet in the amount as low as 1 pL, it has widely

drawn attention from the industrial world as a more accurate and

economic fabrication method than the traditional lithography

method.

To enable the SWCNT to be inkjet-printed, a SWCNT

ink solution was developed as the first step. Two types of

SWCNT—namely, P2-SWNT and P3-SWNT—were tested.

1536-1225/$25.00 © 2009 IEEE
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Fig. 1. Photograph of the inkjet-printed SWCNT films with silver electrodes.
The SWCNT layers of the samples from top to bottom are 10, 15, 20, and 25,
respectively. The dark region in the magnified picture shows the overlapping
zone between the SWCNT film and the silver electrodes.

P2-SWNT is developed from purified AP-SWNT by air ox-

idation and catalyst removing. P3-SWNT is developed from

AP-SWNT purified with nitric acid. Compared with P2-SWNT,

P3-SWNT has much higher functionality and is easier to

disperse in the solvent. In experiments, P2-SWNT started to

aggregate at the concentration lower than 0.1 mg/mL, while

P3-SWNT can go up to 0.4 mg/mL and still show good disper-

sion. Therefore, P3-SWNT was selected for latter steps.

The sample SWCNT powder was dispersed in DMF, a polar

aprotic solvent. The concentration of the ink was 0.4 mg/mL.

This high concentration helped the nanoparticle network for-

mation after printing; otherwise, there would be instability in

the impedance response versus frequency of the SWCNT film

due to insufficient network formation, such as a sharp dropping

of resistance value after 10 MHz [4]. The diluted solution was

purified by sonication for 12 h to prevent aggregations of large

particle residues. This is important to avoid the nozzle clogging

by SWCNT flocculation during the printing process. Dimatix

DMCLCP-11610 printer head was used to eject the SWCNT

ink droplet.

Silver electrodes were patterned with the nanopractical ink

from Cabot before depositing the SWCNT film, followed by a

140 C sintering. The electrode finger is 2 mm 10 mm with a

gap of 0.8 mm. Then, the 3 mm 2 mm SWCNT film was de-

posited. The 0.6-mm overlapping zone is to ensure the good con-

tact between the SWCNT film and the electrodes. Four devices

with 10, 15, 20, and 25 SWCNT were fabricated to investigate

the electrical properties. Fig. 1 shows the fabricated samples.

CNT composites have an affinity for gas molecules. The ab-

sorption of gas molecules in the CNT changes the conductivity

of the material, which can be explained by the charge transfer

of reactive gas molecules with semiconducting CNT [5]. The

electrical resistance of the fabricated device was measured by

probing the end tips of the two electrodes. The dc results are

shown in Fig. 2. The resistance goes down when the number of

SWCNT layers increases. Since a high number of SWCNT over-

written layers will also help the nanoparticle network formation,

25-layer film is expected to have the most stable impedance-fre-

quency response and is selected for the gas measurement. In

the experiment, 4% consistency ammonia, which was widely

used in chemistry plants, was guided into an 18-in tube-shape

gas flowing chamber connected with an exhaust hood. The test

Fig. 2. Measured dc electrical resistance of SWCNT films.

Fig. 3. Schematic of �� gas detection measurement.

Fig. 4. Measured impedance characteristics of SWCNT film with 25 layers.

setup is shown in Fig. 3. The SWCNT film exhibits a fast-while-

monotonic impedance response curve to the gas flow [8]. A

network vector analyzer (Rohde&Schwarz ZVA8) was used to

characterize the SWCNT film electrical performance at UHF

band before and after the gas flowing. A GS probe was placed

on the silver electrodes for the impedance measurements. The

calibration method used was short-open-load-thru (SOLT). In

Fig. 4, the gas sensor of SWCNT composite shows a very stable

impedance response up to 1 GHz, which verifies the effective-

ness of the developed SWCNT solvent recipe. At 868 MHz, the

sensor exhibits a resistance of 51.6 and a reactance of
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Fig. 5. Conceptual diagram of the proposed RFID-enabled sensor module.

Fig. 6. The RFID tag module design on flexible substrate: (a) configuration;
(b) photograph of the tag with inkjet-printed SWCNT film as a load.

in air. After meeting ammonia, the resistance was increased to

97.1 , and the reactance was shifted to .

III. RFID TAG MODULE

A passive RFID system operates in the following way. The

RFID reader sends an interrogating RF signal to the RFID tag

consisting of an antenna and an IC chip as a load. The IC re-

sponds to the reader by varying its input impedance, thus mod-

ulating the backscattered signal. The modulation scheme often

used in RFID applications is amplitude shift keying (ASK), in

which the IC impedance switches between the matched state

and the mismatched state [9]. The power reflection coefficient

of the RFID antenna can be calculated as a measure to evaluate

the reflected wave strength.

(1)

where represents the impedance of the load, and

represents the impedance of the antenna terminals, with

being its complex conjugate. The same mechanism can be used

to realize RFID-enabled sensor modules. The SWCNT film

functions as a tunable resistor with a value determined

by the existence of the target gas. The RFID reader monitors

the backscattered power level. When the power level changes,

it means that there is variation in the load impedance; therefore,

Fig. 7. Simulated and measured return loss of the RFID tag antenna.

Fig. 8. Far-field radiation pattern plots.

the sensor detects the existence of the gas, as illustrated in

Fig. 5.

The expected power levels of the received signal at the load

of the RFID antenna can be calculated using Friis free-space

formula, as

(2)

where is the power fed into the reader antenna, and

are the gain of the reader antenna and tag antenna, respectively,

and is the distance between the reader and the tag.

Due to the mismatch between the SWCNT sensor and tag an-

tenna, a portion of the received power would be reflected back,

as

(3)

where is the power reflection coefficient in (1). Hence, the

backscattered power received by the RFID reader is defined as

(4)

or written in a decibel form, as

(5)
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Fig. 9. Photograph of the conformal tag with a SWCNT film in the center.

Fig. 10. The calculated power reflection coefficient of the RFID tag antenna
with a SWCNT film before and after the gas flow.

where, except for the term of , all the other values remain con-

stant before and after the RFID tag meets gas. Therefore, the

variation of the backscattered power level solely depends on ,

which is determined by the impedance of the SWCNT film.

A bowtie meander-line dipole antenna was designed and fab-

ricated on a 100- m thickness flexible paper substrate with di-

electric constant 3.2. The RFID prototype structure is shown

in Fig. 6 along with dimensions, with the SWCNT film inkjet

printed in the center. The nature of the bowtie shape offers a

more broadband operation for the dipole antenna.

A dielectric probe station was used for the impedance mea-

surements. The measured at 868 MHz is .

The simulation and measurement results of the return loss of the

proposed antenna are shown in Fig. 7, showing a good agree-

ment. The tag bandwidth extends from 810 to 890 MHz, cov-

ering the whole European RFID band. The radiation pattern is

plotted in Fig. 8, which is almost omnidirectional at 868 MHz

with directivity around 2.01 dBi and 94.2% radiation efficiency.

In order to verify the performance of the conformal antenna,

measurements were performed as well by sticking the same tag

on a 75-mm-radius foam cylinder. As shown in Fig. 7, there is

almost no frequency shifting observed, with a bandwidth ex-

tending from 814 to 891 MHz. The directivity is slightly de-

creased to 1.99 dBi with 90.3% radiation efficiency. Overall, a

good performance still remains with the interested band cov-

ered. Fig. 9 shows a photograph of the designed conformal tag.

In air, the SWCNT film exhibited an impedance of

, which results in a power reflection at dB. When

is present, SWCNT film’s impedance was shifted to

. The mismatch at the antenna port increased the power

reflection to dB. From (5), there would be 10.8-dBi in-

crease at the received backscattered power level, as shown in

Fig. 10. By detecting this backscattered power difference on the

reader’s side, the sensing function can be fulfilled.

IV. CONCLUSION

The inkjet printing method has been utilized for the first time

to deposit SWCNT film on a fully printed UHF RFID module

on paper to form a wireless gas sensor node. To ensure reliable

inkjet printing, a SWCNT ink solution has been developed. The

impedance performance of the SWCNT film was also charac-

terized up to 1 GHz for the first time. The design demonstrated

the great applicability of inkjet-printed CNT for the realiza-

tion of fully integrated “green” wireless RFID-enabled flexible

sensor nodes based on the ultrasensitive variabiliity of the resis-

tive properties of the CNT materials.
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