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Abstract 
 

In this work, the appropriateness of the combination of 

3D-printing and RFID is faced. Firstly, a T-Resonator for 

the dielectric characterization of substrates, including 3D-

printed ones, is presented, and the dependence on the air 

percentage of both permittivity and loss tangent of PLA 

substrates has been found in the UHF RFID band. Then, a 

wearable bracelet tag and a Yagi-Uda-inspired long-range 

tag, which exploit the peculiarities of 3D-printinted 

substrates, have been designed, realized, and validated. 

 

1. Introduction 
 

Passive UHF RFID is growing at a rapid pace and covers 

many different types of applications. At the same time, 

additive manufacturing 3D-printing technology promises 

high added value in many fields, including 

electromagnetics [1 - 3]. In this paper, different 3D-

printed devices in the RFID framework are designed, 

realized, and tested. In particular, since permittivity and 

loss tangent of the printed substrate depend on the volume 

fraction of air in the host material, the first proposed 

device is purposely a system suitable for the dielectric 

characterization of 3D-printed substrates at UHF RFID 

frequency, realized in 3D-printing technology itself. The 

system is based on a resonant method and it is thought to 

allow for the measurement at around 1 GHz —so to be 

particularly suitable for RFID devices. Metallic parts have 

been realized in copper whilst the whole structure in 

Polylactic Acid (PLA). Once designed, realized and tested, 

the device has been used to characterize the dielectric 

properties of printed PLA substrates of different densities. 

 

With the substrates characterized, some examples of 

passive RFID tags taking advantages from 3D printing 

have been studied and tested. One of them is embedded in 

a PLA bracelet. A metallic background, took into account 

in the design phase, is integrated into the device during 

the printing phase so to make the tag much more 

environmentally immune to the mounting platform and to 

consequently guarantee the desired platform tolerance 

mandatory in wearable applications. The antenna is 

covered with a 40% PLA protection whose impact on the 

tag design has been considered as well.  

 

Finally, an example of a real three-dimensional tag is 

presented. Indeed, based on the Yagi Uda antenna theory, 

a very long range RFID tag has been realized and tested.  

 

2. 3D-Printed Device for Dielectric 

Characterization of 3D-Printed Substrates: 

Design and Results 
 

The rigorous dielectric characterization of 3D-printed 

substrates when varying frequency and infill percentage, 

is a mandatory step for their use in the design of MW 

circuits and antennas. Among the others, a microstrip 

device based on the well-known T-resonator method 

would be easy enough to be realized and particularly 

suitable for permittivity measurement of planar substrates 

[6 - 8]. On the contrary, two issues must be taken into 

account. The former is related to its use for loss tangent 

estimation, which is sensibly affected by the external 

loading of the resonator itself [7]. The latter is related to 

the practical measurement: the whole “T” must perfectly 

adhere to the substrate under test (SUT) so to guarantee 

the results to be accurate enough. 

 

As for the mathematical model of the T-resonator, the 

effective dielectric constant of the transmission line can 

be determined as a function of the resonant frequency, 

which can be derived from the measured S21. In particular, 

the effective dielectric constant at the frequency of each 

of the stub resonance is firstly evaluated by the following 

formula: 
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where c is the speed of the light, 
nf  the n

th
 resonance 

frequency, and ΔL an additional length that accounts the 

stub open-end effect and leads to a stub effective length. 

0.441L H  has been considered, as shown in [8]. 
r  is 

then derived from reff through the following empirical 

formula [8]:  
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where H and T are SUT and conductor thickness, 

respectively, and W is the microstrip width (see Fig. 1a). 

Moreover: 

 

2(1 ) B W H  if 1W H  , elsewhere 0B  .   (3) 

 

Apart from the permittivity, in order to make the method 

suitable for 3D-printed high frequency electronics, an 



accurate enough estimation also of the tan  is 

mandatory as well. The mathematical formulation must be 

hence extended by taking into consideration the external 

loading 
LQ [7, 8], defined as 

 

2L n nQ f f  ,                     (4) 

 

where 
nf  is the 3 dB bandwidth related to 

nf , 

straightforwardly derivable from S21 measurements. 

 

In particular, the loss tangent can be written as: 

 

    0tan ( ) ( 1) ( 1)c reff r r reff                  (5) 

where conductor losses 
c  can be analytically derived 

from known formulas [7] whilst   accounts the total 

losses as a function of QL: 
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Starting from S21 measurements, equations (2) and (5) can 

be applied to calculate the desired parameters. 

 

As from the practical aspects, a structure capable to place 

a certain pressure all over the “T” without considerably 

impacting on the microstrip functioning is necessary and 

in Fig. 3b a possible 3D-printable solution is reported. 

The T-resonator structure is placed upside down and the 

T-shaped line rests on a dielectric structure sufficiently 

rigid but also thin enough not to interfere with the E-field 

lines of force. Appropriate setscrew and bolts are foreseen 

to assure the desired contact between SUT and metallic 

parts and to form a sandwich structure. 

Lstub (5.72 cm) and W (1.38 cm) have been evaluated in 

order to have characteristic impedance 0 50 Z    and 

first resonance at around 900 MHz with a typical plastic 

substrate of thickness 2 mm and permittivity 2.7r  . 

Moreover, a first prototype reproducing the simple 

scheme of Fig. 1a has been simulated with CST 

Microwave Studio, realized and tested on PLA substrates 

of various densities. Obtained results have been compared 

with outcomes from many simulations of the whole 

structure when varying s  and h  parameters of Fig. 1b.  

 

In order to safeguard both robustness and footprint, the 

largest s and the smallest h guaranteeing comparable 

results, i.e s=3 mm and h=25 mm, have been selected. 

The whole structure has been consequently 3D-printed in 

60% PLA, assembled with the metallic parts (see Fig. 1c), 

validated through the characterization of different 

substrates of known dielectric properties, and then 

massively used on 3D-printed PLA substrates of different 

densities. In Fig. 2, for instance, the optimum agreement 

between simulated and measured S21 curves related to a 

100% PLA sample and performed in the 0.5  3.5 GHz 

band can be appreciated. It can be also observed that the 

desired peak in the UHF RFID band (860  920 MHz) 

does actually exist and that dielectric properties can be 

evaluated also at other frequencies, such as at around 

2.66 GHz where a second resonance appears. For both 

frequencies, permittivity and loss tangent values are 

calculated through (2) and (5) and are reported in the 

same Fig. 2 As expected, when the frequency increases, a 

slight variation of εr and a more significant increment of 

the loss tangent are observed. Moreover, dielectric 

properties coming from simulation results are in perfect 

agreement with the measurement ones, thus 

demonstrating the effectiveness of the device. 

 

In Fig. 3, instead, measured εr and tan values obtained 

for different infill percentages from 20% to 100% in steps 

of 20% are reported (a Piecewise Cubic Hermite 

Interpolation has been applied to estimate other points). 

As expected, the more dense is the substrate, the greater is 

 

Figure 1. 3D-printed dielectric characterization. Classic 

T-resonator structure a); model of a printable version b); 

photo of the realized system c). 

 
Figure 2. Comparison between simulated and 

measured S21 for 100% PLA. 

 
Figure 3. Dielectric parameters of PLA when varying 

the infill percentage. 



εr. Values in the range 1.50  2.57 can be obtained during 

the printing phase. Furthermore, the loss tangent varies 

from 0.0031 in the 20% case, up to 0.004 for 60% or 

higher infill percentages.  

 

These results demonstrate the suitability of 3D-printed 

structures to be used as dielectrically-controlled substrates 

for hi-performing electromagnetic applications.  

 

3. 3D-Printed Bracelet Tag: Design and 

Results 
 

Based on the results of Fig. 3, a second example of 3D-

printed RFID device has been designed and realized. It is 

a 100% PLA wearable tag with the main radiating 

structure applied on top and with an aluminum foil, useful 

to improve the shielding between radiating element and 

human skin, embedded on the bottom during the printing 

process. A 40% PLA thin cover to protect the antenna is 

also considered (see Fig. 4a). The antenna shape 

guarantees the platform robustness necessary in wearable 

antennas without requiring complex prototyping 

techniques [9]. The used chip is the EM Microelectronics 

EM4325 declaring an input impedance of 

23.3 145chipZ j   and a sensitivity in fully passive 

mode of –8.3 dBm. To consider the presence of an 

electromagnetic hostile material in the background, the 

whole bracelet has been simulated in CST Microwave 

Studio closed to a metallic surface and the radiating 

element optimized. An antenna input impedance 

25.18 144antZ j  , which assures an appreciable 

conjugate matching, has been obtained.  

 

Then, both main copper radiating structure and 

rectangular aluminum plate have been realized through 

the technique proposed in [10]. After 3D-printing the rest 

of the structure, the whole tag has been assembled (see 

Fig. 4b) and tested in three different conditions: when 

applied to a metallic plate, when dressed, and on air. In 

Fig. 5, for instance, the good agreement between 

simulated and measured (through method presented in 

[11]) radiation patterns (RPs) in both E and H planes and 

with the metallic backplane can be appreciated. A 6.3 dBi 

directivity and a -5.2 dB efficiency are observed. 

Moreover, a whole tag sensitivity of -12 dBm has been 

measured and a maximum working distance of 4 m 

revealed through an Impinj Speedway Revolution reader 

(output power 30 dBm) connected to a 5.6 dBi gain 

circularly polarized antenna. The same distance is 

obtained when dressing the bracelet, whilst it collapses 

down to 2 m without background materials.  

 

4. 3D-Printed Ultra-Long-Range Yaghi-Uda- 

tag: Design and Results 
 

The third proposed example of RFID device taking 

advantage from 3D-printing is a real three-dimensional 

very-long-range passive UHF RFID tag based on the 

well-known Yagi-Uda configuration. For the sake of 

conciseness, only the main results will be summarized. In 

particular, the whole supporting structure is printed in 

100% PLA and is thought to allow for a fine tuning of the 

distances between the driven element and both the 

reflector plane and the unique passive radiator element 

considered in this prototype. The reflector plane consists 

of an aluminum foil integrated into the structure during 

the printing phase. The driven element is a specifically 

designed tag similar to the well-known thinpropeller tag 

but re-matched to the impinj Monza 3 chip (input 

impedance 30 150j  ). It resulted, as expected, slightly 

longer than its equivalent in free space conditions. The 

passive radiator element is a tag antenna (without chip) 

whose length resulted shorter than its equivalent in free 

space. In Fig. 6a director element, driver element and tag 

in free space are shown and compared in terms of size.  

 

In Fig. 6b a photo of the whole tag is reported. Metallic 

radiating elements are not visible because are integrated 

into the PLA structure. Distances among elements have 

been optimized as well. 

 

 
Figure 5. Comparison between measured and simulated 

RPs. 

 
Figure 4. 3D-printed wearable tag: basic layout a) and 

top view of the realized device b). 



The Yagi-Uda tag has been exhaustively tested. In Fig. 7, 

for instance, the performance in terms of sensitivity of the 

whole tag, i.e. the minimum power reaching the antenna 

capable to activate the tag [11], is reported and compared 

with that of the thinpropeller tag (re-matched with the M3 

chip). In both cases the sensitivity has been measured in 

the most favorable condition with tag and interrogating 

antenna perfectly aligned in terms of gain. It can be 

observed that in the whole UHF RFID band the Yagi-Uda 

tag exhibits a sensitivity almost 6 dB lower than the 

Thinpropeller tag.  

 

The same comparison has been performed also in terms of 

maximum working distance in open space. The traditional 

tag works properly up to 9 m from the reader antenna, 

whilst an impressive distance of 28 m has been measured 

when using the Yagi-Uda tag. 
 

3. Conclusions 
 

The combination of Radiofrequency Identification (RFID) 

technology with 3D-printed structures is very appealing 

for designing new RFID-based smart devices while 

preserving cost-effectiveness. In this work, three different 

3D-printed UHF RFID devices have been presented: a T-

Resonator for the dielectric characterization of 3D-printed 

substrates, a medium-range wearable bracelet-integrated 

RFID tag, and a very-long-range passive tag based on a 

Yagi-Uda structures. The interesting results obtained in 

all the three projects encourage the joint use of 3D-

printing and RFID. 
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Figure 6. Yagi-Uda tag: comparison of director, driving 

element and original tag a) and photo of the realized tag. 

 
Figure 7. Comparison between Yagi-Uda and 

thinpropeller tag in terms of sensitivity. 
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