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Abstract

Aim: This study aims to explore the sensing capabilities of polyvinylidene fluoride-hydroxyapatite-chitosan
(PVDF-HAP-CS) composite-based hernia mesh implants (of conformal/planar design), followed by in-vitro
analysis for better understanding of the bio-stability in the patient’s body.

Methods: For analyzing the sensing capabilities, a microstrip patch antenna (MPA)-based implantable
sensor [with 17-4 precipitate hardened (PH) stainless steel (SS) (bio-compatible) and Cu alloy (non-
biocompatible) materials as conducting plane/patch with PVDF-HAP-CS as dielectric material] has been
considered separately in this study. Primarily, in this study, the 3D models of the hernia mesh implant have
been designed in the high-frequency structure simulator (HFSS) software, and the sensing behaviour of the
same has been recorded.

Results: The HFSS results represent that for the 17-4PH SS-based sensor, resonant frequency (f,) decreases
from 2.3953 to 2.3800 GHz, whereas the gain increases from 0.54 to 4.02 dB with a SAR value of 1.077
W/kg. The f.for Cu alloy increases up to 30° conformal angle and, after that, starts decreasing, whereas the
gain reaches 3.24 dB with a SAR value of 1.238 W/kg. The in-vitro study highlights that both materials (17-
4PH SS and Cu alloy) possess a low corrosion rate.

Conclusions: The simulation-based comparison of the biosensors with conducting elements 17-4PH SS and
Cu alloy for different conformal angles indicates that the 17-4PH SS shows promising results over Cu in
terms of higher gain (up to 4.02 dB) and low SAR value (1.077 W/kg) with the f, lying in the industry
scientific and medical (ISM) band and therefore may be used for implantable sensor applications and
possesses the capability to be used as 3D-printed hernia mesh implant. The in-vitro results with the low
corrosion rate = of 5.1 x 10°mm/year, 17-4PH SS may be a suitable material for the fabrication of hernia
mesh implant.
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Introduction

Recently, additive manufacturing (AM) has evolved as one of the most widely explored processes for
fabricating bio-medical devices or facilities for medical applications [1]. AM follows a sequential procedure
for producing a functional part from a Computer-Aided Design model (CAD) by depositing the material in
the form of a layer over the other layer [2]. The ability of AM to produce patient-specific products with
complex contours and conformal shapes makes it more popular nowadays [3]. As per ISO ASTM 52900, AM
is classified into seven categories depending upon the working principle utilized to join the material
successively using the CAD model data. Fused deposition modeling (FDM), among the material extrusion
techniques, is one of the most flexible techniques and can process various materials [4]. FDM ensures high
dimensional tolerance and improved mechanical strength while processing bio-polymers for producing
biomedical implants or scaffolds [5, 6]. Apart from this, among the metal powder-based 3D printing
process, direct metal laser sintering (DMLS) offers certain benefits over others, such as acceptable
customization capabilities to produce internal structures and external morphology with a range of
porosities [7]. DMLS is generally used for fabricating dental and orthopaedic implants utilizing functionally
graded materials to achieve elastic strength similar to the bones while minimizing the effect of stress
shielding [8, 9]. Various metals and their alloys are used in DMLS printing. Specifically, Ti and stainless steel
(SS)-based alloys are the most reported materials for implant fabrication due to their sound mechanical
characteristics and corrosion resistance behaviour under in-vivo conditions [10]. The 17-4 precipitate
hardened (PH) SS alloy is a suitable biomaterial, offering good mechanical stability and excellent
biocompatibility under in-vitro cytotoxicity examination [11, 12].

Diaphragmatic hernia (DH) is one of the most reported maladies among the bovines, and it occurs due
to the passage of abdominal viscera into the thoracic cavity [13]. Increased intra-abdominal pressure due to
trauma, hardware perforation, or during an advanced stage of pregnancy results in the progressive
weakening of the diaphragm and, therefore, leads to the occurrence of thoracoabdominal disorder [14, 15].
Rumenotomy and herniorrhaphy are the most widely used surgical procedures to fix the hernia among
bovines [14]. Prosthetic meshes or biological grafts are generally used to overcome the recurrence of DH, as
these can provide tension-free repair over the surgical site [16]. A range of bio-materials and their
composites were reported in the past for the fabrication of these prosthetic meshes like polyethylene
terephthalate, polypropylene (PP), polytetrafluoroethylene (PTFE) and other biological materials also [17-
19]. Certain disadvantages of using these synthetic materials are seroma formation, non-comparable tensile
strength, adhesions, etc. [20, 21].

PVDF (polyvinylidene fluoride) is a semicrystalline polymer, and due to its piezoelectric nature, it is
used extensively for sensing applications [22]. High tensile strength, impact toughness, and biocompatible
nature make it suitable for fabricating prosthetic meshes [23]. Reinforcement of filler materials like
hydroxyapatite (HAP) and chitosan (CS) can enhance biocompatibility and bioactivity and improve the final
component’s mechanical strength [24]. Measuring physiological signals produced by any electronic device,
such as a transducer or any controlled equipment, is a part of biomedical telemetry for communicating
through implantable medical devices [25]. Due to their flexible design, miniaturization, and conformability
benefits, implantable patch antennas evolved as a compelling choice for health monitoring applications [26,
27].

The conformal antennas offer impressive properties like reduction in size and capability to work in
multiple frequency bands. They are also effective in wearable and implantable applications where round or
cylindrical contours are desired [28]. The literature review reveals that much work has been reported on
microstrip patch antennas (MPAs) and hernia mesh implants [29-31]. Still, little has been identified on the
usage of PVDF-HAP-CS for developing mesh in sensors with a conformal approach to detect the recurrence
of DH. In addition, a detailed bibliographic analysis has been performed in this study based on the data
extracted through the Web of Science (WOS) database to identify the research gap. For the analysis,
keywords like “3D printing”, “hernia mesh”, “flexibility”, “implant”, and “conformal” were searched in WOS.
As aresult, 705 documents appeared (372 were review papers, 263 were research articles, and 640 were
journal papers). To further refine the results, a new set of keywords was used, i.e., “biomedical implants”,
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(b) “herniorrhaphy”, “recurrence”, “

“flexible” and “in-vitro”, and as a result, 108 documents were found. It was observed that with the addition

of the keyword “3D printing” in the search string, only 15 papers appeared, indicating that limited work has
been reported in the field.

Further, the network diagrams have been constructed using the WOS data to explore the research gaps.
VOS viewer (bibliometric tool) was used to build the web diagrams (Figure 1), and the text data obtained
from WOS has been processed in VOS viewer. Further, to perform the analysis, the minimum number of
occurrences was selected as 6, and based on that, 359 out of 5,092 total terms meet the threshold value.
Figure 1a represents the web diagram based on the WOS data obtained after searching for desired
keywords. Four clusters based on random term allocation were formed in Figure 1a, represented by
different colour codes. Large-size nodes represent the maximum number of interconnections with other
nodes and hence represent a current research area that needs to be focused on. Chronic pain, postoperative
pain, and hernia repair are among the most highlighted keywords in the network diagram, and they
represent the need for a hernia repair solution with enhanced technology to stop the recurrence of DH
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Figure 1. Bibliographic analysis based on the keywords. (a) “3D printing”, “hernia mesh”, “flexibility”,

" “|mp|ant and “conformal”;
mesh repair”; (c) co-occurrence analysis based on the keyword “recurrence”. Figure 1a

contains three broad clusters (i.e., blue, green, and red), other than that, some nodes that appeared in yellow colour are least
relevant to the searched keywords as these have very few interconnections with other nodes and small nodes size (representing

low weight percentage)
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Figure 2. Steps involved in the study. HFSS: high-frequency structure simulator; RF: radio frequency; DH: diaphragmatic hernia

Similarly, Figure 1b represents the network diagram with 5 clusters with different colour codes. In this
diagram, nodes with maximum link strength are herniorrhaphy, recurrence, mesh repair, and outcomes.
The keyword “recurrence” is highlighted and represented in Figure 1c to perform the co-occurrence
analysis further. It was observed that limited materials like PP appeared for fabricating hernia meshes with
postoperative complications like recurrence, chronic pain, etc., highlighting the need for material that
matches the mechanical properties of the diaphragm and an intelligent solution to monitor a patient’s
health.

Materials and methods

In this study, 17-4PH SS and Cu were used as conducting materials for analyzing the sensing and
conformability behaviour of the mesh in a sensor for the health monitoring of veterinary patients. Usually,
Cu, in the form of adhesive tape, is utilized to make the conducting layers of MPA-based sensors. A detailed
methodology comprising the steps involved in conducting this study is shown in Figure 2. First, the
identification of the nature and severity of the hernia has been ascertained through a medical imaging
facility, i.e., X-ray or ultrasonography, and based upon that, the size of the mesh implant has been finalized.
Since the hernia mesh implant itself acts as a bio-sensor that works on the principle of MPA therefore, the
material selection for the development of hernia mesh was performed based on the mechanical,
biocompatible, and dielectric properties of the materials (i.e.,, PVDF-HAP-CS and 17-4PH SS) [31-33]. This
study parallelly investigates the dielectric properties of mesh material (i.e., PVDF-HAP-CS) for designing the
conducting materials’ bio-sensor and in-vitro properties. Initially, a ring resonator (RR) was designed in the
high-frequency structure simulator (HFSS) software to calculate the dielectric parameters [i.e., dielectric
constant (g,) and loss tangent (tan §)] of the substrate material while using both Cu and 17-4PH SS as
conducting patch and ground planes (for comparison purposes only due to its extensive use in electronic
circuits). After the extraction of dielectric parameters, the hernia mesh-based sensors were designed and
simulated in the HFSS software to get the radio frequency (RF) behaviour of the sensors [i.e., scattering
parameter as reflection coefficient (S11) vs f,, gain, SAR value, and radiation pattern], and a comparison
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study based on the conformal designs and effect on the conducting materials on the performance of sensor
has been shown in this work. Simultaneously, an in-vitro analysis of both the conducting materials was
performed to analyze the degradability or biostability of the implant inside the body. Linear polarization
resistance (R;), open-circuit potential (OCP), and Tafel analysis have been performed on the conducting
materials by making them the working electrode. Finally, based on these analyses, the corrosion rate (CR)
for the respective materials has been calculated. Finally, based on the above two comparative analyses, the
best suitable settings (conformability and biocompatibility) for manufacturing the hernia mesh implant
have been suggested in this study.

In this study, for performing the in-vitro analysis, a metallic component (i.e., 17-4PH SS) having
dimensions 50 mm x 20 mm x 4 mm was fabricated through a DMLS 3D printer. For the fabrication of the
testing sample, initially, powder processing was performed, which included sieve shaking and preheating of
the powder in the hot furnace to remove pre-existing moisture content. Parallelly, the CAD file of the
sample was imported into the 3Dxpert software, and build support was provided to the model for easy
removal of the part. Previous studies [30] suggest adding inclined wall support results in minimizing
residual stresses. Slicing has been done following the adjustment of working parameters, i.e., laser power
(LP)—120 W; scanning speed (Sc.S)-1,200 mm/s; and layer thickness (LT)—30 pum.

Medical imaging facility

For making customized biomedical implants or organs, AM has recently evolved as an effective technology
capable of fabricating parts with enhanced surface quality utilizing minimum manufacturing time. In this
work, the veterinary experts performed an X-ray of the bovine to diagnose the severity of the disease (i.e.,
DH) and identify the dimensions of the affected area. Figure 3a highlights the bovine under X-ray
examination, and the observed data (Figure 3b) highlights the presence of abdominal viscera in the thorax
cavity, confirming that the bovine is suffering from DH. While observing closely, the traces of the reticulum
(the 2nd compartment of the bovine stomach) have been traced between the 4th and 5th intercostal space
and represent the case of thoraco-abdominal disorder. X-ray examinations were conducted as part of
routine animal data collection in the X-ray laboratory of GADVASU, Ludhiana, India, and were part of
routine non-experimental agricultural practices. These X-ray examinations are not subject to the Breeding
of and Experiments on Animals (Control and Supervision) Rules (India). Therefore, ethical approval from
the animal experimentation ethics committee is not required.

(a) (b)
Figure 3. Diagnosis of DH in the bovine through X-ray examination. (a) The bovine; (b) X-ray examination (image source: X-ray
laboratory, GADVASU, Ludhiana, India)
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Figure 4. Simulated results of ring resonator test. Ring resonator with 17-4PH SS as conductive material (top view) (a); ring
resonator with Cu alloy as conductive material (top view) (b); 3D model of RR with 17-4PH SS (c); 3D model of RR with Cu alloy
(d); insertion loss (S,,) vs frequency (f,) with 17-4PH SS (e); S,, vs f. with Cu (f). PH: precipitate hardened; RR: ring resonator;
SS: stainless steel

Dielectric characteristics

To identify the dielectric properties of the substrate material, i.e., PVDF-HAP-CS, a standard procedure of
ring-resonator (due to low radiation losses) has been followed in this study. The dimensions of the ring and
the feed lines have been evaluated using Eq. 1-6 [29], and based on that, an RR has been designed in the
HFSS software. Figure 4 represents the designed RR samples with 17-4PH SS and Cu (adhesive tape) as
conductive materials for making the ring, feed lines, and ground planes. For analysis of the dielectric
parameters, specific input parameters have been required for designing the ring-resonator, i.e., the
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theoretical ¢, of substrate material (7.5 for PVDF), thickness of the substrate (0.8 mm), and operating
frequency 2.45 GHz for an input impedance of 50 Q.

2nR = nj, Eq.1

c 1

Ag = —X—+
\/geff fr qu

_ s,+1] [e,,—l h_O_S]
edf‘[ 5 +C > )(1+12W) Eq.3
g

L_I Eq. 4

w
R,-=R—E Eq.5

w
RO:R+7 Eq.6

R is the mean ring radius, n is the harmonic order for the resonance, 4, is the guided wavelength of the
signal, €. is the effective dielectric constant of the substrate material, c is the speed of light, f. is the
resonant frequency, R; and R, are the inner and outer radius of the ring, w is the width of the microstrip
feed, h is the substrate height, ¢, is the dielectric constant of the substrate material (theoretical value), and L
is is the length of the feed line.

It was observed that the RR with 17-4PH SS resonated at 2.387 GHz while possessing the insertion loss
of -32.3253 dB, whereas the Cu-based RR resonated at 2.41 GHz with the S,; value of -26.75. Further,
based on the above behaviour, the dielectric properties of the substrate material have been calculated using
Eq.7 and 8 [29]. Table 1 represents the calculated dielectric properties (g, and tan 6) of PVDF-HAP-CS
against both conductive materials, i.e., 7.6856, 0.0034 for 17-4PH SS, and 7.4678, 0.0033 for Cu.

_(ZXSeff'l'M—l)
= M+1

_ dako (& =Dy Fer Eq.8
27.3 " & (eopr = 1)

Eq.7

tand

Table 1. Dielectric properties of the PVDF-based composite with different conducting materials

Dielectric properties Substrate material

PVDF-HAP-CS with 17-4PH SS PVDF-HAP-CS with Cu tape
Measured values S,,=-32.33 dB S,, =—26.75dB

f.=2.39 GHz f.=2.41 GHz
Calculated values £ = 7.6856 £ =7.4678

tan 6 = 0.0034 tan 6 = 0.0033

PVDF-HAP-CS input parameters: theoretical ¢, = 7.5; thickness = 0.8 mm. PH: precipitate hardened; PVDF-HAP-CS:
polyvinylidene fluoride-hydroxyapatite-chitosan; SS: stainless steel. S,, is insertion loss; f, is frequency; ¢, is the calculated
dielectric constant of the substrate material; tan 0 is the loss tangent of the material

€. is the calculated dielectric constant of the substrate material, €. is the effective dielectric constant, M
is the function of substrate height and the fringing effect of the microstrip edges, a4 is the attenuation factor
of the dielectric, 4, is the wavelength of the resonance signal in free space, and tan ¢ is the loss tangent of
the material.

Corrosion analysis

An in-vitro analysis was performed against both SS-alloy and Cu (due to their extensive use for sensor
fabrications) to analyze the bio-stability of the materials for making implantable biosensors. The analysis
used a potentiostat (make: PhadkeSTAT-20, Phadke Instruments, Mumbai, India, with a compatible
software EC-Prayog). The experimental setup comprises three electrode unit cells, i.e., the working
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electrode (sample to be tested), the counter electrode (graphite), and a reference electrode (a calomel
electrode). A simulated body fluid (SBF) (i.e., 2.5 g NaCl in 100 mL of water) has been used to test the
samples to mimic the body conditions better. The degradation behaviour of both materials has been
observed by performing the Tafel analysis in the SBF.

Results

The conformability study of the hernia mesh implant has been ascertained through the simulation of the
biosensors designed in the HFSS software based on the calculated values of the dielectric parameters. Here,
in this study, different sensing characteristics have been plotted in the Ansys HFSS for PVDF-HAP-CS
substrate using different conducting materials at a time, and the effect of the conformal angle on the
sensing characteristics was also examined in this study by varying the conformal angles from 0°, 30°, and
45°. The designed biosensors work on the principle of the MPA and comprise three layers, i.e., a metallic
patch, substrate, and a ground plane (metallic). Figures 5 and 6 highlight the sensing behaviour of the
designed sensors using 17-4PH SS and Cu as conducting materials, and a comparison of both materials is
mentioned in Table 2.
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Figure 5. The sensing behaviour of the designed sensors using 17-4PH SS. MPA with 0° conformal angle (a), SAR field at 0°
conformal angle (b), S, vs f, at 0° conformal angle (c), gain value at 0° conformal angle (d); MPA with 30° conformal angle (e),
side view of 30° conformal angle (f), S, vs f. at 30° conformal angle (g), gain value at 30° conformal angle (h); MPA with 45°
conformal angle (i), side view of 45° conformal angle (j), S,, vs f, at 45° conformal angle (k), gain value at 45° conformal angle
(1). f. is frequency; S, is reflection coefficient

S, (@B)

(238,12.99) ,ni\,,

10 15 20 25 30

17-4PH SS-based biosensors

The patch dimensions were calculated using the dielectric value obtained through the RR test to design the
MPA-based biosensor. The patch of dimensions 29.38 mm x 22.05 mm has been developed over the
substrate. It can radiate (for communication through a remote device) through its surface when an electric
signal has been provided. The S;; for a frequency range of 1.5 to 3 GHz (ISM band), the gain, and the SAR
value have been observed for the designed sensor against different conformal angles. The shift in f, SAR,
and gain has been examined and compared for both the conducting materials. Figure 5 highlights that the f,
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Figure 6. The sensing behaviour of the designed sensors using Cu. MPA with 0° conformal angle (a), SAR field at 0° conformal
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Table 2. RF characteristics of the designed sensors at various conformal angles

RF characteristics Substrate material at various conformal angles
PVDF-HAP-CS with 17-4PH SS PVDF-HAP-CS with Cu adhesive tape
0° 30° 45° 0° 30° 45°
Dimensions of parts (in mm) Ground plane: 47.48 x 50.00 Ground plane: 47.48 x 50.00
Substrate: 47.48 x 50.00 Substrate: 47.48 x 50.00
Patch: 29.38 x 22.05 Patch: 22.36 x 29.75
Feed: 20.00 x 1.05 Feed: 30.00 x 0.70
Slot cut: 6.00 x 3.50
SAR value (in W/kg) 1.077 1.238
Gain (in dB) 0.54 1.67 4.02 1.89 2.17 3.24

Scattering parameters (f, in GHz, S,, in dB) 2.39, —-10.33 2.38, -10.63 2.38, —-12.99 2.43, —-18.66 2.43,-10.99 2.42, —11.32

PH: precipitate hardened; PVDF-HAP-CS: polyvinylidene fluoride-hydroxyapatite-chitosan; RF: radio frequency; SS: stainless
steel. f, is frequency; S, is reflection coefficient

shifts in the lower range with the increase in conformal angle, whereas the gain increases with the
impressive values and reaches up to 4.02 dB (Figure 51), representing that the sensor is suitable for
communicating through far distances and a SAR value of 1.077 W/kg (Figure 5b) represents the suitability
of the material for implantable sensor applications.

Cu based biosensors

Similarly, Cu-based MPA sensors have been designed using HFSS software. Optimization has been
performed to achieve the frequency peak in the desired range, and the slots have been provided on the
patch. The Cu patch’s dimensions were 22.362 mm x 29.754 mm, whereas the slots were 6.00 mm x
3.50 mm per side (Figure 6a). The inferences drawn from the RF characteristics for Cu show that the sensor
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with Cu as conductive material possesses more return losses and decreases in frequency value after 30°
(Figure 6k), whereas the gain value increases with the increase in curvature angle (Figure 61). The irregular
trend represents the low suitability of the material for such applications.

Table 2 represents the consolidated data of the RF characteristics of the two sensors at different
conformal angles. The results indicate that the sensor with 17-4PH SS seems more suitable for implantable
conformal sensors for health monitoring of the patients with the ability to transfer the signal to far distance
compared to Cu. Also, it possesses low return losses, impressive SAR value, and is biocompatible.

Tafel analysis

The degradation of the materials was analyzed based on the Tafel plots (Figure 7) drawn for both materials.
The corrosion current (I...), as well as the CR, has been evaluated using Eq. 9 and 10 [30]. The R,, of 17-4PH
SS is much higher than the Cu, whereas the I, of Cu (9.00 x 10~7 A) is also higher than the 17-4PH SS (6.56
x 1077 A). Similarly, the CR of SS-alloy (5.12 x 10~® mm/year) was observed as lower than the Cu (5.8 x 1078
mm/year), therefore indicating the marginal difference between the two (Table 3). However, due to the low
value of CR, it showcases the suitability of 17-4PH SS for implant applications.

1 Ba X Bc

Icorr = — X =———o—7—— Eq.9
R, 2303 (Ba + Be)
leorr XEW XK
== .10
0.1 4 Voltage vs Current for 17-4PH SS 0.0 4 Voltage vs Current for Cu
02 0.1
€031 € oo
S )
< <
= -04 S
> > -0.3 1
-0.5
0.4
0.6 -
-0.5 4
'0.7 T T T T T T T T T
1E-10 1E-9 1E-8 1E-7 1E-7 1E-6 1E-5 1E-4 0.001 0.01
Current (Amp) Current (Amp)

(a) (b)

Figure 7. Tafel plots for 17-4PH SS (a) and Cu (b)

Table 3. Comparison table highlighting in-vitro results for both materials

In-vitro results 17-4PH SS Cu

Linear polarization resistance (R,) (Q) 3.05 x 10° 3.47 x 10*
Anodic constant (8,) 0.08404 0.05285
Cathodic constant (§.) 0.10121 0.19952
Equivalent weight (EW) (g/mol) 27.92 31.80
Density (p) (g/cm®) 7.80 8.96
Exposer area (A) (cm?) 1.5 1.8
Constant (K) (mml/year) 0.00327 0.00327
Corrosion current (1.,,,) (A) 6.56 x 1077 9.00 x 107
Corrosion rate (CR) (mmi/year) 512 x10°® 5.80 x 10°®
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Ieorr is the corrosion current, R, is the polarization resistance, {3, is the anodic constant, . is the
cathodic constant, EW is the equivalent weight in g/mol, p is the material density, A is the exposed cross-
sectional area, and K is the constant.

The present study focuses on the conformability of the sensor by analyzing the effect of pressure on the
dielectric properties of the sensor mounted on the diaphragm during variable loading conditions as an
extension of previously reported work [33]. An in-vivo study is required to ascertain the sensor’s
performance inside the patient’s body. The current work doesn’t focus on the self-healing properties of the
implant, but it can be explored in further studies to identify the 4D characteristics of the prepared
composite. In the future, after obtaining the ethical committee’s clinical approval, the implant may be tested
inside the body (in vivo) to analyze its compatibility with the surrounding tissues. In future studies, thermal
analysis (i.e., differential scanning calorimetry) mimicking autoclaving of the composite may be performed
for a range of temperatures to reduce the chances of infection or any complications of the implant inside
the body. From the economic and technology transfer perspective, a techno-economic analysis may be
performed in further studies to fabricate the sensor.

Discussion

The simulation-based comparison of the biosensors with conducting elements 17-4PH SS and Cu for
different conformal angles indicates that the 17-4PH SS shows promising results over Cu in terms of higher
gain values (up to 4.02 dB) and low SAR value (1.077 W/kg) with the resonant frequency lying in the ISM
band and therefore may be used for implantable sensor applications and may be used as 3D-printed hernia
mesh implant. The in-vitro results represent that both Cu and 17-4PH SS possess low values of CR, i.e., 5.80
x 108 and 5.12 x 1078 respectively. Future studies may be performed on the fabrication of such sensors for
smart hernia mesh implants to prevent the recurrence of DH among bovines.
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