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Abstract—In this work, we a demonstrate photocurable 
PEDOT:PSS:PEGDA biomaterial as a promising candidate  for 3D-printing 
implantable antennas intracorporeally. Previous work has demonstrated 
the feasibility of a robotic probe to 3D-print biological tissues via a minor 
incision. This same probe could also 3D-print implantable antennas as long 
as a suitable conductive material is identified in terms of conductivity, 
printability, biocompatibility, and ability to cure at room/body 
temperature for safety purposes. We assess the frequency-dependent 
conductivity of this biomaterial and explore the Radio-Frequency (RF) 
performance of resulting antennas operating in free-space and inside 
tissue-emulating phantoms. Results show that PEDOT:PSS biomaterials 
with 21% and 30% PEGDA concentration exhibit a conductivity of ~104 
S/m up to 5 GHz, suitable for wireless implants. Comparing the two, 21% 
PEGDA content exhibits poorer curing abilities, while 30% PEGDA 
exhibits slightly lower conductivity. Measurements for 2.4 GHz free-space 
dipoles conducted in an anechoic chamber reveal only ~0.8 dB and ~1 dB 
lower gain for PEDOT:PSS:21%PEGDA and PEDOT:PSS:30%PEGDA 
biomaterial, respectively, as compared to their copper counterpart. For a 
5 mm-deep implanted patch antenna, these two biomaterials exhibit 3.05 
dB and 3.84 dB higher transmission loss than copper, respectively. If 
deemed necessary, this performance degradation can be overcome by 
increasing the overall antenna size since the printing process is now 
minimally invasive and miniaturization requirements can be relaxed. 
 

Index Terms—3D-printing, biomaterial, conductivity, 
implantable antenna, RF performance. 

I. INTRODUCTION 

Wireless implants functionalized with antennas are becoming 
increasingly appealing for various diagnostic, therapeutic, and 
monitoring applications such as pacemakers and cardioverter 
defibrillators [1-2], intra-cranial pressure monitors [3-4], neuro-
sensors/stimulators [5-7], body temperature sensors [8], gastric 
stimulators [9], and blood glucose monitors [10,11], among others. 
Traditional surgeries to implant these devices are highly invasive, 
require prolonged recovery time, and often lead to post-operative 
complications [12-14]. Though electronics can be miniaturized and 
potentially embedded inside the body by means of injection [15], there 
are fundamental electromagnetic limits as to how small the 
implantable antenna can be while still maintaining adequate Radio-
Frequency (RF) performance [16-18]. For example, a volumetric 
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antenna reduction by 65% results in a 19% reduction in maximum gain 
and 80% increase in the maximum 1g-averaged Specific Absorption 
Rate (SAR) [19]. 

Minimally invasive, intracorporeal (meaning inside the body) 3D-
printing of implantable antennas shows great promise. In 
intracorporeal 3D printing, a small diameter (order of 8 mm) probe 
enters a keyhole surgery site and delivers (prints) material in a specific 
pattern.  Multiple probes, or material exchanges, can be used to create 
multi-material antennas. Besides the safety benefits associated with 
this approach, a special advantage is that antenna miniaturization 
requirements can now be relaxed without altering the size of the 
incision [20]. In [21], authors printed an interstitial antenna using a 
coaxial applicator that heats a conductive polymer at 40o C and cures 
it in 10 sec. However, the resulting conductivity was poor (9.09 S/m), 
while the need to apply heat inside the body is undesirable for safety 
reasons.  

In a major step forward, we envision intracorporeal 3D-printing of 
implantable antennas using high-conductivity materials that are 
delivered and cured at room/body temperature. Our approach utilizes 
a robotic delivery probe that has been previously reported for 3D-
printing biological tissues intracorporeally [22]. That is, the printing of 
lossy dielectrics has already been demonstrated [22], but suitable 
conductive inks have yet to be explored. Here, the term ‘suitable’ refers 
to inks that: (a) exhibit conductivity of at least 104 S/m as deemed 
necessary for maintaining adequate RF performance [23], (b) are 
curable at room/body temperature to ensure patient safety, (c) are 
biocompatible, and (d) can be mechanically delivered by the printer. 

In this work, we report Poly-3,4-Ethylene Di-Oxy Thiophene 
(PEDOT) Polystyrene Sulfonate (PSS) Poly-Ethylene Glycol Di-
Acrylate (PEGDA), a polymer-based conductive biomaterial cured 
using a 365 nm ultraviolet (UV) light, as a promising candidate for the 
intracorporeal fabrication of antennas. We report measurements of 
conductivity up to 6 GHz, which covers some of the most important 
bands for wireless implants [24]. We also fabricate and assess the RF 
performance of free-space dipole and implantable patch antennas at 
2.4 GHz. A comparison with other conductive polymers used for 
biomedical applications in the literature (see Table I) shows improved 
conductivity, curing, and safety (temperature and biocompatibility) 
performance for the proposed PEDOT:PSS:PEGDA biomaterial [25-
29]. 
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For this proof-of-concept study, we print PEDOT:PSS:PEGDA on 
off-the-shelf dielectric substrates with 3D-printing being conducted 
outside the tissue environment. Printing of dielectrics can be readily 
performed using the materials and methods reported in [22], while 
printing directly inside biological tissues is a topic of future research. 
In this work, the objective is to obtain a comprehensive understanding 
of the PEDOT:PSS:PEGDA electromagnetic behavior, with the 
ultimate goal of 3D-printing fully-functional antennas 
intracorporeally. With a focus on antenna applications, specifics 
related to material optimization are excluded and focus is rather on 
assessing the RF conductivity performance of PEDOT:PSS:PEGDA 
(Section II) and its suitability for realizing antenna structures (Section 
III). In summary, we introduce a new fabrication method for 
implantable antennas, where a 3D-printer would eventually print the 
antenna intracorporeally via a small incision on the patient’s body. 
This is the first time that we demonstrate feasibility of such an 
approach: [21] utilized inks of 9.09 S/m in conductivity, whereas we 
show ~104 S/m. Since this is the first time that PEDOT:PSS:PEGDA 
is evaluated for implanted antenna applications, we purposely select 
simple/standard antenna structures (dipoles and patches) in Section III 
to prove the concept, with no goal of antenna design optimization. The 
results are, of course, applicable to multiple antenna design.   

II. RF CONDUCTIVITY OF PEDOT:PSS:PEGDA 

A. Biomaterial Composition and Formulation  
The conductive biomaterial used in this study is based on PEDOT:PSS 
biomaterial which is known to be biocompatible [30] and can be 
modified by various additives to provide desired mechanical properties 
[31], good conductivity [32], and printability [30]. Conductivity of the 
PEDOT:PSS solution (Heraeus Electronic Materials, Clevios # TM 
PH1000) is lower than 1 S/cm  and Ethylene Glycol (EG) (Sigma 
Aldrich, # 324558) was used to increase its conductivity  [32]. To cure 
the biomaterial, the photocurable PEGDA 575 (Sigma Aldrich, # 
437441-500ML) with Phenylbis (2, 4, 6-trimethylbenzoyl) Phosphine 
Oxide (BAPO) photo initiator (IMG Resins,  # 162881-26-7) was used 
to cure the biomaterial at room temperature. The PEDOT:PSS 
concentration was selected based on adequate viscosity and printability 
as 3-7% w/v PEDOT:PSS, 8% v/v EG, 21 or 30% v/v PEGDA, and 
1% w/v PEGDA photo initiator. We examined two different PEGDA 
concentrations of 21% and 30% to evaluate the trade-off between 
conductivity and curing capabilities. To fabricate the biomaterial, the 
as received PEDOT:PSS was stirred for 6 hours and filtered using a 
450 µm syringe filter. The filtered solution was cryogenically frozen 
in liquid nitrogen and lyophilized for 72 hours to eliminate the water 
content. To make 10 ml biomaterial with 30% PEGDA content, 350 
mg of the lyophilized PEDOT:PSS was re-dispersed in a solution of 
0.8 ml EG and 6.2 ml deionized water and mixed with a vortex mixer 
until no solid content was observed. In a separate tube, 3 ml of PEGDA 
was prepared and 33.6 mg BAPO photo-initiator was gradually added 
to the tube and mixed by vortex mixer. To make a homogenous ink, 
the liquid was thoroughly mixed with the vortex mixer and sonicated 

for 1 hour before being grounded with a Disposable Tissue Grinder 
(Fisher Scientific, # 02-542-07). According to [33], 2-3% PEGDA 
would yield the highest conductivity for PEDOT:PSS films. However, 
other research recommended using 30% PEGDA content for fast 
curing capability and improved mechanical properties [34]. In this 
paper, we have investigated the RF performance of PEDOT:PSS 
biomaterial with 21% and 30% PEGDA content as  both show good 
curing capabilities and adequate conductivity at DC with the 21% ink 
having higher conductivity and lower curability conditions compared 
to the 30% one.  

The prepared biomaterial was manually loaded into a 1 ml glass 
syringe with a nozzle diameter of 514 µm and loaded into a direct-
write printer. The ink was subsequently deposited on the Printed 
Circuit Board (PCB) substrates with an SMA connector in either one 
end or two ends as to form the desired antenna or transmission line’s 
(TL) shape as shown in Fig. 1. The nozzle distance from surface was 
set to 400 µm and printing tracks were separated by 400 µm to print a 
2-dimensional coherent structure. The printed samples were cured by 
a 365 nm UV curing light (Thorlabs, # CS20K2,) with a 220 mW/cm2 
light intensity at a distance of 2 mm from the sample with exposure 
time of 1 min/cm2 of the sample. A thorough analysis of the 
abovementioned material aspects will be reported in a future 
publication. Instead, we herewith focus on the RF performance of the 
PEDOT:PSS:PEGDA biomaterial and associated antennas. 

B.  Analyzing the Concentration-Dependent Behavior of PEDOT: 
PSS Biomaterial with Dipole Antennas 

In order to evaluate the PEDOT:PSS biomaterial at RF frequencies, 
three different concentration were examined using standard 2.4 GHz 
dipole antennas printed on a Polysine glass slide. A surface-mount 
transmission line transformer from MiniCircuits (SCTX1-83-2W+) 
was used as a balun. The telemetry setup involved a copper dipole 

  
(a) 

 
(b) 

Fig. 1. Direct-write 3D printing: (a) schematic illustrating the 3D-
printing process (left) and patch antenna on 1.27-mm-thick substrate 
(right) (b) 4.5-mm-thick transmission line on 1.52 mm substrate. 

 

TABLE I 
COMPARISON OF CONDUCTIVE POLYMERS 

Material Conductivity Annealing 
Temperature 

Curing 
Time Biocompatible Frequency  

of Operation Application Ref 

PEDOT:PSS 2x103 S/m 60°C 24 H Not Tested 1 kHz In-vivo recording of neural 
brain activity 

[25] 

Nafion/PEDOT 500 S/m 30 -70°C  0.5 to 4 H Yes DC Wearable sensors [26]  
PEG/PEI/GNPs 3.85x104– 5.33x104 S/m  RT*-450°C NA No DC Bio-electronics [27]  

PLA/GNPs 0.98 S/m 60°C NA Yes 8-12 GHz EMI shielding [28]  
HPC/Fe3O4-GNPs 85-580 S/m 20-180°C 0.16 H No 8.2-12.4 GHz EMI [29]  

PEDOT:PSS: 
PEGDA (this work) 

~2x104 S/m RT 0.016 H Yes 0.1-5 GHz Implantable antennas --  
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antenna as a reference transmitter, while dipoles with 5%, 6% and 7% 
PEDOT:PSS biomaterial served as receivers at 30 cm away. The 
reflection and transmission coefficients were measured using a 
network analyzer, as shown in Fig. 2. The reflection coefficient of 5%, 
6% and 7% at 2.4 GHz was -3.92 dB, -5.64 dB and -5.45 dB, 
respectively. The transmission coefficients were -24.40 dB, -23.57 dB 
and -22.15 dB, respectively. That is, 7% PEDOT:PSS biomaterial 
performs better and is considered in the following investigations. 
Further material optimization can be pursued in the future. 

C. Conductivity Measurement Results 
To determine the RF conductivity of PEDOT:PSS:PEGDA 

biomaterial, we pursued the transmission line (TL) approach described 
in  [35,36]. Specifically, we: (a) fabricated two microstrip TLs of 
different lengths (3 and 5 cm, see inset of Fig. 3(a)), (b) measured the 
return loss and insertion loss, (c) used the S-parameter de-embedding 
technique to eliminate reflection losses at the input and output 
junctions, (d) removed dielectric and radiation losses by relying on 
copper-based counterparts of the TLs, and (e) derived the intrinsic 
conductivity of the printed material. All transmission lines were 4.5-
mm-wide and fabricated on 1.52-mm-thick Rogers RO3003 substrate 
(εr=3, tanδ=0.01). To realize the copper and PEDOT:PSS:PEGDA 
samples, we used copper tape, 21% PEGDA bio-material, and 30% 
PEGDA bio-material, respectively. Measurements of the reflection 
(|S11|) and transmission (|S21|) coefficient parameters for all six TLs 
(copper and two biomaterial concentrations, each of two different 
lengths) are shown in Fig. 3(a). Measurements were taken using a 
Keysight PNA-L N5235A network analyzer in the 10 MHz to 6 GHz 
range. As seen, the insertion loss of the 21% and 30% biomaterials at 
1 GHz is 0.28 dB/cm and 0.31 dB/cm respectively, which is only 0.26 
dB/cm and 0.29 dB/cm higher than copper. At 4 GHz, insertion loss 
increases to 0.81 dB/cm and 1.08 dB/cm respectively, which is only 
0.68 dB/cm and 0.95 dB/cm higher than copper. These results confirm 
the promise of PEDOT:PSS:PEGDA as a highly conductive 
biomaterial. Indeed, conductivity results in Fig. 3(b) (derived using the 
approach in [35]) show that the average conductivity of both  
biomaterial concentrations is >104 S/m up to ~5 GHz which covers the 
bands of interest to implantable applications in Section I. 

 

D. Repeatability Assessment 
To assess repeatability, we evaluated 3 distinct samples of TLs of 

each length and conducted 5 tests on each sample (Fig. 4); the center 
line represents the average of 3 samples and the shaded region 
represents the largest deviation about the mean. In summary, the 
average deviation about the mean for 21% PEGDA content was 0.326 
dB and 0.854 dB for the 3 cm and 5 cm samples, respectively. For 30% 
PEGDA content, the average deviation was 0.316 dB and 0.727 dB for 
the 3 cm and 5 cm samples, respectively. These discrepancies are 
mostly attributed to the weak contact between the conductive 
biomaterial TL and the SMA connector. By printing directly on the 
metal pin of the SMA connector rather than establishing a connection 
afterward, this inaccuracy may be minimized. Another method is to 

use an adhesive such as silver glue to strengthen the contact surface 
and establish a more durable connection. 

III. RF ANTENNA PERFORMANCE 
The performance of free-space dipole and implantable patch 

antennas made of PEDOT:PSS with 21% and 30% PEGDA 
biomaterial is hereafter assessed. Per Section I, we purposely select 
simple/standard antennas as we are not aiming to optimize any 
particular design. Accordingly, we are not aiming to overcome the 
reduced conductivity of PEDOT:PSS:PEGDA as compared to copper. 
If we want to have the ability to print intracorporeally, we are going to 
have to sacrifice some properties. Approaches for overcoming low 
conductivity issues are well established in the literature. 

 
Fig. 2. Comparative performance analysis of varying concentrations of 
PEDOT:PSS using dipole antennas. 
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Fig. 3. (a) Measurements of the TL reflection (|S11|) and transmission 
coefficient (|S21|) (Inset shows the fabricated transmission lines), and (b) 
resulting conductivity (σ).   
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Fig. 4. Repeatability studies for 3 transmission line samples each of 21% 
and 30% PEGDA biomaterial. 
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A. Simulation of Conductivity Effects on Antenna Performance 
Previous studies using reflection characteristics have indicated that 

a minimum conductivity of 104 S/m may be suitable for implantable 
antenna applications [23]. Here, we expand upon the work reported in 
[23] to demonstrate gain results, and particularly realized gain that 
takes mismatch into account to determine adequate conductivity. 
Simulations were performed using the finite element method in the 
CST Microwave Studio (MWS). As a proof of concept, we 
investigated free-space half-wavelength dipole antennas at 403 MHz, 
915 MHz, 2.4 GHz and an implanted patch antenna at 2.4 GHz. The 
implant antenna setup considers the 11 mm × 18.5 mm patch reported 
in [37], placed 5 mm deep inside a rectangular frequency-
dependent 2/3 muscle tissue phantom representing average 
tissue properties [37]. A 2nd order Debye model was used in 
simulation with an 8th order fitting scheme, having an error of 
13.4% before interpolation. A frequency domain solver was 
used to obtain the results. As mentioned in [37], the implanted 
antenna was directly designed inside a tissue environment and 
the free-space performance was not evaluated separately. 
Details on tissue loading effects are well reported in the 
literature [38,39]. 

Simulated maximum realized gain results as a function of 
conductivity is shown in Fig. 5. As seen, the gain is fairly constant 
above σ=106 S/m, below which deterioration increases. For the case of 
2.4 GHz implant patch antenna, at σ=106 S/m, the maximum 3-D 
realized gain is -11.4 dB, at σ=105 S/m it reduces by only 0.6 dB, and 
at σ=104 S/m it reduces by 2.6 dB. Similar results were obtained for 
the remaining antennas. Based on these findings, we conclude that 
conductivities of >105 S/m are excellent, while conductivities of ~104 

S/m are adequate to fabricate antennas. 

B. Free-Space PEDOT:PSS:PEGDA Antenna Performance  
To validate the conductivity findings of Fig. 3(b), we first tested a 

free-space half-wavelength dipole antenna operating at 2.4 GHz. For 
comparison purposes, we fabricated two antenna samples, with 21% 
and 30% PEGDA, respectively. Both antennas were printed on a 
Polysine glass slide. Reflection coefficient measurements were taken 
using a network analyzer, while radiation patterns were measured in 
the ElectroScience Laboratory anechoic chamber. The balun 
mentioned in section II.B was used. We also simulated these antennas 
in CST MWS using the conductivity values obtained in Section II. 
Finally, we contrasted the resulting performance vs. “gold-standard” 
copper. 

 

Reflection coefficient results are summarized in Fig. 6(a), while far-
field radiation patterns in the E- and H-planes are shown in Fig. 6(b). 
For the free space dipole antenna simulations, the complex impedance 
at the resonant frequency for copper is 47.13+j2.02 Ω. For 
PEDOT:PSS 21% and 30% PEGDA, it is 56.14-j3.49 Ω and 66.17 -
j11.27 Ω, respectively. The quality (Q) factor obtained using 
simulation is 6.96, 6.69 and 6.49, respectively. Overall, the simulation 
and measurement results are in good agreement. Slight differences in 
performance of PEDOT:PSS:PEGDA vs. copper dipole antennas can 
be rectified by fine-tuning the length of the dipole legs. The smaller 
bandwidth observed with the PEDOT:PSS:PEGDA biomaterial as 
compared to copper is likely due to shrinkage in the biomaterial post-
printing. In fact, the bandwidth of the 21% PEGDA biomaterial is 
smaller than the 30% PEGDA hinting to larger shrinkage. This 
shrinkage only occurs in air-based media and is not of relevance to our 
intended intracorporeal printing application. Further research is 
required to fully understand this phenomenon. Figure 6(c) illustrates 
the impact of fabrication errors on the |S11| performance. These 
variations can be attributed to both material and fabrication 
inconsistencies. Nevertheless, all samples consistently demonstrate 

 
(a)  

  

 
(b) 

 
(c) 

Fig. 6. Performance of copper and PEDOT:PSS:PEGDA dipole antenna at 
2.4 GHz operating in free-space: (a) reflection coefficient (|S11|) 
performance, (b) E-and H-plane radiation patterns, and  (c) change in |S11| 
response across 5 samples of 30% PEGDA. 
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TABLE II 
COMPARISON OF RF PARAMETERS FOR IMPLANTED PATCH ANTENNAS MADE OF COPPER AND PEDOT:PSS BIOMATERIAL 

Antenna Material |S11| at 2.4 GHz (dB) |S21| at 2.4 GHz (dB) Simulated Gain (dB) Side Lobe Level (dB) Radiation Efficiency 

Copper -13.72 -25.64 -10.20 -7.5 2.21% 
PEDOT:PSS:21%PEGDA -12.74 -28.67 -13.60 -7.0 1.05% 
PEDOT:PSS:30%PEGDA -20.17 -29.54 -12.01 -7.4 1.46% 

 

 

 
Fig. 5. Effect of varying conductivity in simulation of the max. realized gain of 
a implanted patch antenna and free-space half-wavelength dipole antennas. 
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that the dipole resonates closely within the operational band. The 
maximum co-pol gain measured for the copper prototype was 1.86 dB 
(0.086 dB lower than the simulated value), while for 21% PEGDA and 
30% PEGDA it was 1.06 dB and 0.805 dB, respectively. The combined 
effect of poor contact between the antenna-feed mechanism and 
inadequate contact during its rotation in the anechoic chamber 
degrades the measured gain. The cross-pol components of both 
PEDOT:PSS: 21% and 30% PEGDA biomaterials were below -15 dB 
for all scan angles. The simulation results showed that the radiation 
efficiency for copper was 99.10%, while PEDOT:PSS with 21% 
PEGDA and 30% PEGDA exhibited lower radiation efficiencies of 
84.76% and 81.57% respectively. 

C. Implantable PEDOT:PSS:PEGDA Antenna Performance  
We expand our studies by considering the 2.4 GHz microstrip 

implantable patch antenna of Section III.A [37]. Two prototypes were 
fabricated using PEDOT:PSS with 21% and 30% PEGDA content, 
respectively (see inset of Fig. 7(a)). They were inserted 5 mm deep 
inside an 80% lean / 20% fat ground beef phantom used to replicate 
the average human tissues [37]. A telemetry setup was then 
implemented (see Fig. 7(c)) where each of the implanted patches were 
set to communicate with a 2.4 GHz copper-based half-wavelength 
dipole placed 5.5 cm away.  

Reflection coefficient results for the patch antennas and 
transmission coefficient results for the system are shown in Fig. 7(a) 
and 7(b) respectively. The simulated complex impedance and Q factor 
for copper, PEDOT:PSS 21% and 30% PEGDA are shown in Fig.7(d). 
For the copper-based antenna, the input impedance observed through 
simulation at 2.4 GHz is 28.91 + j1.98 Ω. For fabricated antennas with 
21% and 30% PEGDA, the corresponding input impedances are 53.5 
+ j18.23 Ω and 36.67 + j32.85 Ω, respectively. Furthermore, the Q 
factors at 2.4 GHz are 14.98 for copper, 2.93 for 21% PEGDA, and 
1.12 for 30% PEGDA. As seen, both the 21% and 30% PEGDA 
implanted antennas resonate at 2.4 GHz with |S11| being well below -
10 dB. Transmission loss at 2.4 GHz with 21% PEGDA is 3.05 dB 
higher than the copper counterpart. With 30% PEGDA, it is 3.84 dB. 
The non-uniform pattern of |S11| for the biomaterials is mainly due to 
inconsistencies in fabrication. Nevertheless, the minimum |S11| 
consistently stays well below -10 dB.  As a result, the power entering 
the antenna is well within acceptable limits, explaining the observed 
satisfactory agreement in the |S21| measurement. A zoomed-in view of 
the patch antenna as depicted in the inset of Fig. 7(a) reveals tiny 
fissures in the printed structure, as a consequence of microcracks after 

curing the sample. This can be eliminated by using smaller diameter 
nozzles and reducing the spacing between printing tracks for more 
compact printing, thus improving the antenna performance. Moreover, 
any frequency shifts induced by reduced conductivity can be mitigated 
through careful adjustment of the antenna's geometry. Increasing the 
size of the ground plane can also lead to improvements in gain and 
reductions in the side lobe levels. Simulated radiation patterns 
(normalized) are shown in Fig. 7(e). Table II provides a detailed 
comparison of the RF performance between the implanted patch 
antenna using the PEDOT:PSS:PEGDA biomaterial and copper. It 
presents a comprehensive analysis of various parameters, highlighting 
the performance differences using lower conductivity biomaterial. The 
lower gain observed in the case of 21% PEGDA can be attributed to 
the conductivity values considered in CST, as obtained in Section II.C. 
Note that CST uses a fitting scheme with an error of 13.4% before 
interpolation. Measured results, however, indicate a better 
performance. To characterize the communication link, the implantable 
antenna depth was varied from 5 mm to 20 mm and the performance 
is compared in Fig. 7(f). Other communication link parameters can be 
calculated based on previously reported approaches [40, 41]. SAR 
simulations were also conducted considering a 1010 kg/m3 tissue mass 
density [41]. To comply with the Federal Communications 
Commission (FCC) guidelines of SAR1g<1.6 W/kg, the maximum 
input power was found to be 9.9 dBm, 14.1 dBm and 11.7 dBm, for 
implanted patches based on copper, 21% PEGDA and 30% PEGDA, 
respectively. 

IV. CONCLUSION 
This paper investigated the feasibility of PEDOT:PSS:PEGDA 

biomaterial in fabricating RF structures (transmission lines and 
antennas) using 3D-printing with a robotic probe, with an emphasis on 
examining the impact of decreased conductivity on RF performance. 
The vision is for this approach to ultimately 3D-print wireless implants 
intracorporeally via a minor incision on the patient’s body. Our studies 
showed that the biomaterial containing 7% PEDOT:PSS demonstrates 
superior performance compared to those with 5% and 6% content. 
Meanwhile, compositions with 21% and 30% PEGDA exhibit a 
conductivity of approximately 104 S/m up to 5 GHz. Simulations 
confirmed these conductivity values to be appropriate for implantable 
antenna applications. Comparing the two, 21% PEGDA content 
exhibits poorer curing properties, while 30% PEGDA exhibits slightly 
lower conductivity. Compared to gold standard copper, 

   

(a) (b) (c) 

  
 

(d) (e)  (f) 
Fig. 7. Comparison of RF performance of copper and PEDOT:PSS:PEGDA implanted patch antennas in tissue media (a) reflection coefficient (|S11|) of 
implanted patches, (b) transmission coefficient (|S21|) between the implanted patches and copper dipoles. (c) telemetry setup, (d) input Impedance and Q factor. 
(e) simulated normalized radiation patterns, and (f) effect of implant depth on |S21| performance. 
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PEDOT:PSS:21% PEGDA exhibited only 0.8 dB lower measured 
maximum 3-D gain in free space and 3.05 dB lower measured 
transmission coefficient for an implantable scenario. 
PEDOT:PSS:30% PEGDA exhibited 1 dB lower measured 3-D gain 
in free space and 3.84 dB lower measured transmission coefficient for 
an implantable scenario. To counter lower gain values, a standard 
technique to increase antenna footprint could be implemented: since 
the printing process is now minimally invasive, miniaturization 
requirements can be relaxed. Future research will focus on optimizing 
the biomaterial at RF frequencies, performing parametric studies on 
the effects of manufacturing defects on the antenna performance, and 
printing of both dielectrics and PEDOT:PSS:PEGDA inks inside 
biological tissue media for various diagnostic, therapeutic, and 
monitoring applications. 
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