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Abstract

In this paper, the manufacturing challenges and related technological solutions concerning the
prototyping of microwave ablation (MWA) probes are addressed. In particular, the intertwined aspects
pertaining probe design, fabrication and target performance are tackled. The development of a 14G
MWA probe prototype, working at a frequency of 2.45 GHz, is proposed as a case study, describing
design efforts and the use of rapid prototyping technologies combined with other manufacturing
processes. A specific focus is dedicated to the insulating part of the probe radiating section, featuring
high aspect ratio and complex shape, which was fabricated by means of Digital Light Processing (DLP)
and by using a biocompatible material, the EnvisionTEC E-Shell® 300. Furthermore, the probe

handling, properly designed to arrange cables’ and tubes’ routing, was fabricated by means of Fused
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Deposition Modelling (FDM) technology. Finally, ex-vivo experiments conducted on bovine liver
showed satisfactory treatment performance and structural reliability of the 14G MW A probe prototype.
Besides being characterized by a good impedance matching (S}, = -25dB), prototype performance were
also in good agreement with design simulations and even satisfying if compared to other results
available in literature as, with an input radiation power of 40 W, the ablated zone after a 10 minutes

treatment exhibited an aspect ratio of 0.66.

Keywords Rapid prototyping, additive manufacturing, cancer ablation, microwave ablation,

minimally invasive surgery

1. Introduction
In 2019, cancer still held as one of the leading causes of mortality worldwide [1]. In the last decades,
minimally invasive tumor treatments based on hyperthermia have been proposed and practiced, proving
their effectiveness towards complete patient healing, especially in the case of early detection.
Hyperthermia treatments rely on different technologies, such as laser, radiofrequency (RF) and
microwave (MW). In general, the base principle of these techniques relies on the induced temperature
increase of the tumor area, causing the destruction of the tumor cells. This is achieved by inserting one
or more thin needle-like probes into the target area of the organ affected by the tumor, minimizing
surgical wounds and, thus, aiming at minimal invasiveness.

The maximum temperature accomplished during the treatments represents an important parameter
characterizing hyperthermia techniques as, coarsely, higher temperatures enable shorter surgical

treatments. MW ablation (MWA) attracts more and more interest due to its advantages compared to the
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earlier RF-based approach, such as higher treatment temperature, faster heating, larger active heating
zone, reduced susceptibility and distortion of the ablated area when the treatment is carried out close to
large vasculature zones [2, 3].

A MWA system is generally composed of a microwave generator and an applicator (probe),
technically acting as an antenna. The probe is the most delicate part of the whole system, as it has to
comply with the minimal invasiveness requirement. For this reason, the probe is characterized by a small
diameter size (typically spanning from 17G to 11G, about 1.40 + 3.00 mm) and a length sufficient to
reach the internal zones subjected to the ablation. Moreover, the probe dimensions are also linked to the
operation frequency of the MW signal, propagating into the probe via an inner coaxial cable connected
to the MW generator output. Usually, two frequencies are considered, 0.915 GHz or 2.45 GHz, as these
values are regulated by the Industrial, Scientific and Medical (ISM) standardization [4] and are used by
the current commercial MWA systems. Some performance indicators characterize a MWA treatment, in
particular from the perspective of minimal invasiveness: the “sphericity” of the ablated area, referred
hereon also as “axial ratio” and defined as the ratio of the radial and longitudinal axis of the ablated area
(Figure 1), the temperature profile, which must be isothermal with respect to normal tissue one along the
shaft, and reduced treatment times (usually, around 10-15 min).

The scientific community is currently investigating the performance of commercially available
products. In particular, it has been observed in [5] that the use of different commercial MWA devices
leads to significantly different results in terms of non-uniform shrinkage within the coagulated area.
Similar considerations have also been reported in [6] and [7], showing that different applicators, based
on various coaxial antenna designs, provided ablated areas displaying diverse axial ratios, strictly related

to the rate of MW backward radiation. In a recent review [8], a new generation of devices was compared
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to traditional ones, exhibiting the peculiarity of accomplishing spherical ablation of the treated tumor cell
in hepatocellular carcinoma, also feasible for highly vascularized zones.

Aiming at improving ablation performance, plenty of MWA probe designs for the treatment of breast,
liver, lung and kidney tumors are proposed in literature [9]. In particular, a recent article [10] reviewed
the most reliable antenna designs pertaining MWA probe developed so far, with the aim of identifying
the most efficient ones in terms of expected ablation area distribution, high MW power transmission and
minimal invasiveness. To this aim, three basic antenna types were acknowledged: monopole antenna
with choke, dipole antenna with sleeves and slot antenna with double choke. Alternatively, pioneering
works are also proposed in literature, concerning MWA applicators characterized by exotic concept
designs [11, 12] solutions comprising non-coaxial antennas [13], dual mode [14] and higher frequencies
operation [15]. Regarding this latter aspect, numerical analyses and experiments demonstrated that an
axial ratio almost equal to 1 could actually be accomplished by increasing the operational frequency
(from 2.45 GHz up to 18 GHz). Additionally, a further aid towards the shape and dimensional control of
the ablated area may be provided by the use of a cooling fluid, as proved by the results reported in [16-
22]. Actually, the presence of the cooling systems is generally advisable to cope with the probe
overheating, as the temperature increase along with the probe length may induce damage to normal
tissues surrounding the applicator and spoil the whole system reliability. Nonetheless, the addition of
cooling channels has an impact on the probe size; therefore, the device integrated design requires a
considerable effort.

The aforementioned studies highlighted that all design solutions are aimed mainly at the achieving
minimal invasiveness and increasing the axial ratio, obtained through the control of the ablated area

shape. However, these performance targets have relevant consequences on the MWA probe fabrication
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complexity. In particular, hosting additional components, such as the cooling system, as well as the use
of specific materials, such as thermally insulating and bio-compatible ones, furtherly compounds the
design of thinner and thinner probes. Nonetheless, despite the evident interlinks between MWA probe
design, fabrication and assembly, becoming even more relevant aiming at device optimization, the mutual
impact that all these aspects have on each other is not addressed by the recent literature.

Therefore, this paper addresses the fabrication challenges pertaining the prototyping of a MWA probe,
while considering the final expected performance; in order to comprehensively outline the context, the
main steps pertaining to the design prototyping of such a device are presented. The discussion builds on
a case study regarding the 14G MWA probe, whose design was presented in [23, 24]. In these papers, all
details related to the antenna electromagnetic design and optimization have been outlined. Hence, in the
present work, the fabrication challenges related to the mechanical design of the 14G MWA probe are
disclosed and technologic solutions are proposed. In this viewpoint, as a MWA probe is characterized by
a very short life-cycle, the use of consumer additive manufacturing (AM) options is also highlighted.

In general, effective product development is a critical issue in the field of medical devices, in which
the optimal integration of medical and engineering competences are essential the whole cycle (design,
prototyping and manufacturing) [25]. The increasing widespread use of AM techniques for the
fabrication of medical instruments plays an important role to enable, besides lower prototyping times,
more complex designs, cost savings — which can be also quantified and compared [26] — and higher
degree of patient-oriented customization [27, 28]. In this paper, the use of two different AM technologies
is proposed for the MW A probe prototyping: Fused Deposition Modeling (FDM) to realize the handling
case and Digital Light Processing (DLP) for the fabrication of an inner insulating component,

characterized by demanding geometric features and high aspect ratio. The former is acknowledged as
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one of the most widespread 3D printing technique, whose performance can be significantly increased by
process parameter optimization [29, 30], while the latter is based on the stereolithography principle,
which is more suitable for manufacturing parts displaying demanding features at the microscale [31-34].

The paper is organized as follows: a description of the probe architecture and typical performance
targets is reported in section 2.1; section 2.2 illustrates the approach used for the development of the
MW A probe prototype. The MWA probe design is then detailed considering the 14G case study (section
3); concerning in particular probe manufacturing, smart solutions are proposed for rapid prototyping, also
proposing the use of novel materials and AM technologies. Finally, section 4 reports the results and
discussion of the ex-vivo experiments conducted on a bovine liver, aimed at assessing the performance

of the fabricated 14G MWA probe prototype.

2. Methodology

2.1. MWA probe architecture and performance targets

The general scheme of a MW A probe architecture is sketched in Figure 1: the main structural component
is an external cylindrical structure - the “shaft” - usually made of biocompatible material (i.e. medical
steel) and hosting the inner components, such as the coaxial cable feeding the radiating section. The
insertion tip is usually made of conductive material; an insulating component is interposed between the
shaft and the tip, thus enabling the reduction of shaft overheating due to the proximity to the ablation
target area and the proper emission of MW radiation. The terminal part of the probe, comprising part of
the shaft, the insulating component and the tip, represents the actual radiating section. Other inner
components can be envisaged depending on the specific probe architecture: a cooling system to further

limit shaft heating, chokes or sleeves to improve the MW radiation efficiency [4, 6, 10, 13, 15].
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The effectiveness of a MWA probe is assessed considering the following interrelated targets:
- minimal invasiveness, considering the minimization of surgical wound, shaft overheating, required
treatment time;
- the maximization of the axial ratio, related to the controllability of the zone actually targeted by the
treatment;
- performance, in terms of antenna impedance matching and minimization of the scattering parameter
S11. These two parameters determine the emitted radiation, and thus the ablation temperature (required

to be above 100°C), which, in turn, also affects the treatment time.

Insulation

Ablation Tip

area

Shaft

Radiating section

Fig. 1 Schematic of a MW ablation probe. a; and ag represent the longitudinal and radial axis of the ablation

volume, respectively.

Table 1 reports the qualitative impact weights that the relevant design features have on these
parameters. It is worth observing that descriptors in Table 1 are actually interlinked: the treatment time
is reduced when treatment temperature is adequate; the temperature, in turn, depends on the rate of MW
power actually transferred to the tissue, and thus on impedance matching and minimization of the Sj;.

Hence, the effect of each indicator on the increase of manufacturing complexity is also reported,
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highlighting how manufacturing capability is actually a crucial key-enabling factor for an optimized
MWA probe. Moreover, this aspect is exacerbated for the fabrication of low-cost devices or small

production batches (e.g. a single prototype) due to the effort required for the setup of the production line.

2.2. Approach for prototype development

The aim of targeting minimal invasiveness, axial ratio and performance, while considering the
prototyping challenges, has required the implementation of the multidisciplinary approach depicted in
Figure 2. Indeed, given a target diameter (i.e. probe gauge) as the main constraint, a base architecture
was chosen. Subsequently, the probe length was set by considering the position of the internal organ to
be reached for the treatment. The length of the radiating section was then assessed through
electromagnetic (EM) analyses, as it depends on the evaluation of the scattering parameter S; and
impedance matching. The EM design and simulations were tackled in [24], and the obtained heat
distribution and EM optimal design of the 14G MWA probe were used as the input of the subsequent
development steps. The computational fluid-dynamics (CFD) simulations supporting the cooling system
design (Section 3.1) are based on the heat distribution and temperature profile retrieved by EM analyses.
In this phase, the cooling system was dimensioned by assessing the flow rate needed to meet the interface
temperature requirement. The feasibility of the preliminary design of all the components was assessed
and finalized in the design for manufacturing and assembly tasks (section 3.2). Once obtained the
executive design, the prototyping (section 3.2) and testing (section 4) stages took place. In the present

case study, the experiments to verify the device performance were performed ex-vivo on a bovine liver.
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Table 1 Qualitative impact of design solutions on the manufacturing complexity.

Page 10 of 46

Design Features Targets Manufacturing
Minimal Invasiveness Performance complexity
Surgical Shaft over- Axial ratio Minimized Impedance
wound (#1) heating (#4) S11 (#5) matching
(#2) (#6)
Small diameter ) cee
EM optimal geometry? . cee cee ) ces
Cooling system® XX Ok XX
Choke/sleeve® . oo oo .o .o
20ptimization of the component geometry from the perspective of the electromagnetic behavior
®Optional subsystem of a MWA ablation probe
°Only in specific architectures
dIn specific designs the coolant fluid may affect the dimensional control of the ablated area [22]
9
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;; Fig. 2 Schematic of the multidisciplinary approach for the prototype development.
29
30
31 3. MWA probe design and prototyping
32
33 The 14G MWA probe object of the study, operating at 2.45 GHz, is based on a choke dipole antenna
34
35 configuration and is equipped with a liquid-based cooling system. The presence of a choke ensures the
36
37 electrical continuity between the shaft and the external conductor of the coaxial cable, resulting in the
38
39 enhancement of the MW field radiation and reduction of the backward currents. Ultra-thin cannulas are
40
41 used for the transportation of the cooling fluid into the probe. The probe handling is conceived to be
42
43 externally connected to the MW power source cable and the upstream cooling system flow-channels,
44
45 with an optimized internal arrangement of tubes and cables.
2? The geometrical features of the probe were obtained by considering the following main design targets
22 [23, 24]: the minimization of the scattering parameter Sy at 2.45 GHz (target #5 in Table 1), the reduction
50
51
52
53
54
55
56
57
58
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of treatment time (target #3 in Table 1) and the antenna impedance matching to the biological tissue

(target #6 in Table 1). The EM optimization was accomplished by parametric analyses performed by

CST Microwave Studio and the final dimensions are detailed in Table 2, with reference to Figure 3.

Table 2 14G MWA probe: optimal geometrical parameters [24].

Label Parameter Value (mm)

Dyhai ot External diameter of the shaft 2.20

Dyt in~ Internal diameter of the shaft 1.74

Doax External diameter of the coaxial cable 1.19

Diel Diameter of the coaxial inner dielectric material 0.965

Linsul Length of the larger part of the insulator 8
Length of the thinner part of the insulator made by

F EnvisionTEC E-Shell® 300 (g, = 2.73, tand = 0.0278) *

Lchoke Length of the choke 5

Lo Length of the radiating slot 1

Lip Length of the tip 5

Lo Length of the extra radiating part of the tip 6

Dyyg Diameter of the extra radiating part of the tip 1.765

http://mc.manuscriptcentral.com/JOEM
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Fig. 3 14G MWA probe design. In the transversal section, proportions are specially changed (in particular,

vertical dimensions are doubled) in order to highlight all the components.

3.1. Cooling system design

The presence of a cooling system prevents the overheating of shaft (target #2 in Table 1) and, thus, of
normal tissues surrounding the probe; it can be gas- or liquid-based [10]. In the present work, an open-
loop liquid-based system was considered. The liquid (sterilized water) is driven into the MWA probe by
an external peristaltic pump: an input circuit, sourced by a liquid bag, feeds the ablation probe and an
output circuit enables the drain of the heated fluid.

Considering the reduced space available inside the probe, the design of the cooling system was aimed
at identifying the most affordable fabrication solution. Capillary metallic tubes were considered and, in
particular, four @ 0.25 mm stainless steel cannulas are implemented, inserted into the annulus-shaped
cavity between the coaxial cable and the shaft. The remaining gap volume is dedicated to fluid drain,
forced by the presence of the choke (Figure 4). Such a solution can be considered extremely suitable for

manufacturing and assembly purposes, since capillary tubes are commercially available and can be easily
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inserted into the shaft; furthermore, the use of metallic tubes enables the possibility of soldered jointing

solutions.

The choke separates

the cooled part of the probe
from the radiating part. Coolant fluid
is forced to go back throught the available
volume between the shaft and the coaxial cable.

Fig. 4 Architecture of the cooling system inside the probe.

The maximum shaft temperature should be kept around 40°C to avoid damaging the adjacent tissues.
For the design of the cooling system, several CFD simulations were performed (by using the ANSYS
Fluent software), leading to obtaining the best set of parameters, i.e. the flowrate and the feeding pressure.
The heat distribution retrieved by the electromagnetic analyses was used as input in the CFD simulations;
the overheating of the normal tissue was used as target parameter, by controlling the temperature at the
probe/tissue interface.

An environment comprising ablation probe and biological tissue was modeled for the simulations
(Figure 5). The 220 mm long probe penetrates the tissue up to a depth of 66 mm. The domain outside the
probe is a cube with a side of 100 mm, representing the biological tissue, whereas a parallelepiped of 154
mm x 100 mm x 100 mm represents the air. In order to perform the analysis with conjugated heat transfer,

an unstructured computational grid (14-10° cells) was set, considering the different parts as a single body.
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9 The adequacy of the mesh was verified by comparing the pressure drop in the capillary tubes with the
11 value obtained by applying the Hagen-Poiseuille law. A detail of the computational mesh at the inlet

13 section of the four capillary tubes is shown in Figure 6.

17 y'\/'%‘/

18 WA
19 T >

N
o
100 mm

/

28 Fig. 5 Computational domain of the fluid dynamics simulations.

40 Fig. 6 Computational mesh at the inlet of the capillary tubes.

Considering water as cooling liquid, the simulations were performed by testing the following flowrate
values: 3.5, 5 and 7.5 ml/min, with a fixed inlet temperature of 5°C. The boundary of the biological tissue
was set at a reference starting temperature of 37°C, whereas the air temperature was fixed at 20°C. The

thermal flux through the surface of the probe was considered as heat source, whereas the temperature of

59 http://mc.manuscriptcentral.com/JOEM 14
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the tip was set according to the values obtained by the electromagnetic simulations. Regarding the former,
the flux profile was conservatively discretized in two constant values, each one corresponding to a

different longitudinal portion of the probe, as reported in Figure 7a.

Table 3 Relevant results of the CFD simulations.

0Oix (ml/min) Tohare (°C) P;, (bar)

3.5 40.28 1.5
5 38.85 2.1
7.5 37.55 3.2

The relevant results obtained by the CFD simulations are reported in Table 3. The most appropriate
cooling flowrate Q;, was identified by pursuing a balance between the peak temperature recorded on the
shaft Ty.n and the feeding pressure P;,. Considering the common performance of the commercially
available peristaltic pumps, the value of 3.2 bar is unacceptable, and 2.1 bar is not easily achievable.
Accordingly, the flowrate of 0;,=3.5 ml/min and feeding pressure of 1.5 bar were chosen as set

parameters for the cooling system.
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3.2. Mechanical design and prototyping

w w
N O

Based on the MWA probe architecture, including also the cooling system components, the mechanical
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design of the whole device was carried out considering two subsystems: the “insertion” and the
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“handling” ones.

N
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The insertion subsystem is the MWA part actually penetrating the body and the organ of the patient,

S D
W

therefore its diameter has to be reduced to minimize the surgical wound (target #1 in Table 1). Due to
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miniaturization requirements, small-scale production issues are relevant, also considering budget
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constraints and project timing. Therefore, the technological analysis was aimed at implementing, where
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possible, off-the-shelf components, slightly modified or customized. For the feasibility of the other

components, AM technologies were assessed. A summary of the identified solutions is reported in

Table 4.

The brass tip was obtained by traditional machining, whereas the shaft, the cooling cannulas and the

choke, made of stainless steel, were realized by cutting off-the-shelf cannulas with appropriate

dimensions.

Table 4 List of components of the insertion subsystem.

Part Material Manufacturing process

Tip Brass machining

Shaft Medical Stainless Steel cutting a 14G cannula
(ISO 9626:2016)

Cooling Medical Stainless Steel cutting a 30G cannula

cannulas (ISO 9626:2016)

Choke Medical Stainless Steel

(ISO 9626:2016)

cutting a 16G cannula

Insulator EnvisionTEC E-Shell®

300

DLP

The prototyping of the insulating component, in its optimal geometry (Figure 8), represented a

challenge, as the high aspect ratio of the component (target #1 in Table 1) requires a demanding

manufacturing resolution. Due to thin and slander walls, conventional machining technologies are not
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9 adequate for fabricating such a component in Teflon (PTFE, typically used for this application), while
11 molding technologies are not cost-efficient for prototyping. Accordingly, several AM techniques,
13 suitable for the production of complex polymeric components with features at the micro scale, were

15 evaluated, and the DLP technology was selected.

27 Fig. 8 Measures of the insulating component.

The DLP technology is based on the working principle of projection stereolithography, thus the overall
resolution and surface quality of the final parts are imposed by the resolution of the digital mask
projecting the UV light pixel pattern onto the photocurable resin [33-35]. However, the accuracy of a
36 DLP system can be improved by using high-resolution Digital Mirror Devices (DMDs) [33] and
38 appropriate anti-aliasing and gray-scaling strategies. The projection principle also implies that the overall
40 manufacturing time depends on the selected layer height and the maximum height of the parts with
42 respect to the building table, but not on the part size in the X and Y plane and the part number. Based on
44 these considerations, DLP proves to be one of the most suitable processes for the rapid prototyping of
46 such an insulating component, also considering the short life-cycle of MWA probes that might entail the

48 manufacturing of several prototypes.
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The base material was also investigated, according to the functional requirements of the specific
component: the E-Shell® 300 by EnvisionTEC, specific for medical applications, was selected for its
biocompatibility (Class Ila according to the ISO 10993), mechanical resistance (tensile strength
51.6MPa) and resistance to high temperatures (nominal glass transition in the range 86-160°C, ASTM
Method D570-98).

Besides complying with the optimal EM design, the executive design of the insulating component also
considered the fabrication process. Indeed, the geometry was specifically adjusted to be manufactured
using the DLP system, i.e. the EnvisionTEC Micro Plus HD, characterized by high resolution (30 um in
the XY plane and 25 um along Z-axis).

With reference to Figure 8, D, and D;; turned out to be the most critical dimensions, as they define a
hollow cylinder characterized by the combination of extremely low thickness (about 0.2 mm) and
considerable length (18 mm). Therefore, an experimental campaign was carried out to assess the process
performance: in particular, the trials aimed at adjusting the geometrical values set by the EM design to
compensate for process inaccuracies when manufacturing miniaturized components. In this experimental
campaign, all the combinations between the D.; and D;; values in Table 5 were tested. The components
were manufactured by setting a proper orientation to facilitate the resin evacuation and prevent its
accumulation at the interface where the inner channel diameter variates (Figure 9). Moreover, the
components were positioned directly on the building table in order to avoid the use of supports, whose
subsequent removal could affect the final part geometry and lead to part breakage. According to the
results of the experimental campaign, D.; = 1.70 mm and D;; = 1.30 mm proved to be the best dimensions

capable of compensating the process inaccuracies properly; therefore, these values were set for the DLP

http://mc.manuscriptcentral.com/JOEM 19
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9 manufacturing. With the choices described above, the manufacturing time for all the components (five
11 for each dimension combination) is 1.40 h.
13 It is also worth mentioning that the inner channel size requires an accurate cleaning phase to remove
15 the remaining uncured resin; to this aim, the manufactured components were subjected to isopropyl
17 alcohol washing within an ultrasonic bath and a further clearing of the channels was performed with the
19 aid of a syringe.

In conclusion, despite the criticality exhibited by the high aspect ratio of the insulating component, a
proper setting of DLP process parameters to compensate process inaccuracies, an appropriate part
orientation on the building plate and a very accurate post-processing (including cleaning and post-curing)

allowed to fabricate the component successfully.

30 Table 5 Critical dimensions of the insulating component.

32 Parameter Target value (mm) Tested values (mm)

34 D,, 1.74 1.70, 1.74

36 Dy, 1.19 1.25,1.30, 1.34

59 http://mc.manuscriptcentral.com/JOEM 20
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building table

b

Fig. 9 Component placement for DLP manufacturing.

The design of the handling subsystem (Figure 10) was aimed at a smart and affordable arrangement of
cooling fluid inlet/outlet and MW power supply cables. This is not trivial, considering that the backward
fluid flowing “freely” out of the shaft (see Figure 4) needs to be conveyed; at the same time, the four
cannulas have to convey the fresh fluid from the upstream circuit and the coaxial cable need to be
interfaced with the power source cable. The implemented solution relies on a 3-ways “T” tube connector,
interfacing as follows:

(1) one way hosts the probe, with a part of the shaft inserted and sealed by means of epoxy resin;

(2) one way let to drain the backward fluid by means of a tube;

(3) the coaxial cable and the cannulas come out from the shaft and pass through the opposite

connector way; also in this case, epoxy resin sealing ensures water tightness.
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a) SOLDERED JOINT CANNULAS  SEALING

COAXIAL

CABLE \/
3-WAYS
CONNECTOR

Fig. 10 Handling subsystem design. a) General arrangement of inputs and outputs, b) detail of the assembly at
interface (3), c) detail of the assembly at interface (1), d) FDM slicing of the two parts of the handling case

(software: Simplify3D) and e) detail of the interior of the prototype.

Upstream, the cooling system capillary tubes are welded with a stainless steel commercial fluid
connector as interface with the water tube coming from the pump. The coaxial cable is instead connected
to a standard RF plug; both the fluid and RF connectors are integrated into the handling cover wall.

The handling casing was obtained by two complementary parts assembled by screw connections: each
part is made of PolyLactic Acid (PLA) and realized by FDM, due to the resolution required by the part,
much lower than the one characterizing the insulating component. The handling casing was designed
with planar lateral surfaces, thus avoiding, by a proper placement on the building table, the need for

supports for the realization of the two sub-parts (Figure 10d). The machine used in this case was the
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GIMAX 3D S2. The two parts were realized in a single run, taking about 450 min, with printing speed

set at 3000 mm/min and the temperature of the nozzle at 230°C.

4. Prototype testing

The 14G MWA assembled prototype was tested via ex-vivo experiments performed on bovine liver
(Figure 11). The probe was first connected to a Vector Network Analyzer (VNA) for the scattering
parameter S;; measurement and considering impedance matching condition. The result showed a Sj,
average intensity of about -25 dB, with good impedance matching with a bandwidth of about 200 MHz.
Then, the MWA probe was connected to the MW power generator to proceed with the ablation tests on
the bovine liver. Different trials were performed to evaluate the axial ratio of the ablated area (target #4
in Table 1) by varying the input MW power and considering same treatment times (10 min). The results
are reported in Table 6. During each ablation treatment, the used MW power generator was also capable
of measuring the return loss: the recorded values showed that less than 3% of the provided input MW
power was reflected back to the power generator, thus proving the good impedance matching of the
antenna throughout all the experiments, despite the expected variation of the tissue dielectric properties
induced by the heating treatment. A probe thermometer, inserted 20 mm apart from the MWA probe
insertion point, was used to monitor the maximum temperature of the surrounding tissue: during all
treatments the value did not exceed 41°C, demonstrating the proper functioning of the cooling system
circuit. On the other hand, the flow rate suffered significantly from the relevant pressure drops, likely due
to the unknown roughness of cannula inner surfaces, which affects the liquid flow, especially at the

microscale. However, the tests successfully validated the manufacturing and assembly choices, and, in
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9 particular, demonstrated adequate stiffness and resistance to typical mechanical and thermal stress of
11 components and joints and, finally, reliable sealing of all connections.

13 At the end of the ablations, the liver was dissected to evaluate the axial ratio of the ablated zone: as
15 shown in Table 6, the best result was achieved by supplying 40 W for 10 min, obtaining an axial ratio of

17 about 0.66, in good agreement with the 0.73 value obtained in the simulations reported in [24].

48 Fig. 11 a) Ex-vivo experimental setup and b) bovine liver tissue dissected after MW ablation.
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Table 6 Ex-vivo experiments: set up parameters and measured axial ratio

Input Power (W) | Treatment time (min) | Axial ratio of the ablated area

20 10 0.33
30 10 0.5
40 10 0.66

5. Discussion

The multidisciplinary perspective required by MWA probes — and by cancer ablation probes in general
— makes the prototyping and testing phase crucial for the validation of the device final design. In
particular, combining miniaturization with electromagnetic and thermal performance is extremely
challenging, as manufacturing accuracies and tolerances may lead to deviations of the realoperation
behavior of the probe compared to the simulated one. Therefore, as reported in this paper, relating the
main device targets with the manufacturing and prototyping challenges is crucial to optimize the device
development, thus reducing the overall time-to-market. The 14G MWA choke-dipole probe presented in
the paper exhibited performance in good agreement with the simulations. Moreover, they are also
satisfying if compared with performance results related to 7 GHz choke dipole probe, reported in one of
the most recent review available in literature [10]: in that case, with a supply power of 30 W, a treatment
of 5 min led to obtain an ablation zone of 4.1 cm x 2.7 cm and an aspect ratio of 0.66. Comparing these
results with those reported in the previous section 4, it can be claimed that same aspect ratio (0.66)
obtained with the 14G MWA probe object of this paper can be conservatively assessed as a good result,

especially considering lower operation frequency (2.45 GHz). Moreover, the 7 GHz MWA probe
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considered for comparison has an overall diameter of 3.5 mm, which is much higher than the one of the
device proposed in this paper.

From the overall prototyping perspective, the use of AM technologies for the realization of surgical
tools provide several advantages. The design flexibility is significantly higher, enabling complex designs
and personalized treatments [27, 28]. Focusing in particular on tools for cancer surgery, there are several
examples in literature of devices for ultrasound-based surgical treatments guided by Magnetic Resonance
Imaging (MRI) [36-39] and MR-guided biopsy [40]. In the device presented in this paper, AM techniques
were used in the device prototyping phase, in particular to cope with the realization of a single component,
thus avoiding to rely on Injection Molding, which is not cost-effective for small batches, besides requiring
higher setting times and steps.

The insulating component is a crucial part of the presented MW A probe, as its properties directly affect
the emitted radiation and its thermal insulation is crucial towards minimal invasiveness and overall tool
efficiency. The selected AM technology, i.e. DLP, allowed to successfully prototype the component,
which is characterized by challenging features, such as section variation, thin walls (with a minimum
thickness of 0.215 mm) and high aspect ratio (about 24.5 for the inner channel with diameter D;;=1.19
mm). On the other hand, realizing the handling part via FDM allowed to verify the design during
prototype assembly, and slightly modify it aiming at the optimal arrangement of the hosted components,

cables and tubes.

6. Conclusion

In the field of medical devices, effective product development can be a critical issue, in which design,

prototyping and manufacturing phases are essential. Developing a cutting-edge cancer ablation probe
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means finding the optimal trade-off between geometry, ablation performance and minimal invasiveness,
in which manufacturing capabilities represent one of the most critical constraints. Realization and
construction issues, together with material properties, increase the relevance of prototyping and testing
phases for the progressive optimization of such devices. In this perspective, the present work aimed at
showing how manufacturing challenges imposed by a 14G MWA probe prototype can be efficiently
faced and coped with a flexible combined approach comprising optimized probe design and smart
technological solutions.

In particular, alternative materials were proposed for the rapid prototyping of the complex geometry
especially characterizing the insulating component of the MWA probe radiating part. To this aim, DLP
was successfully exploited for its realization. Additionally, a proper mechanical design was proposed to
facilitate the arrangement of all the components within the small volume of the MWA probe, including
the cooling system, while preserving the minimal invasiveness requirement and easing the final device
assembly, as well. The cooling fluid set parameters were identified based on CFD numerical simulation,
pursuing a balance between the peak temperature on shaft surface and the feeding pressure, and
considering the typical performance of the peristaltic pumps commonly implemented; as result, 0;=3.5
ml/min and P;,=1.5 bar were chosen as flowrate and pressure set parameters. The probe handling was
thoroughly designed to optimize the arrangement of inner cables and ducts. Moreover, the external casing
was fabricated by using PLA and the FDM technology, thus enabling fast and low-cost prototyping.
Finally, the assembled 14G MWA probe prototype was tested via ex-vivo experiments conducted on
bovine liver. The experimental results highlighted that:

- from a structural point of view, the probe exhibited adequate stiffness to penetrate the tissue, and the

whole assembly did not suffer any criticality during the ablation treatments;
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9 - regarding the performance, the probe exhibited good impedance matching during all treatments, with
11 a MW efficiency up to 97%; the best measured axial ratio of the ablated area was about 0.66, obtained

13 by supplying a MW power of 40 W for 10 min.

17 Acknowledgments
19 This research was developed within the “Sinach — Integrated systems for mini-invasive surgical
navigation” project, supported by Puglia Region (Italy) through the Regional Operation Program POR

FESRFSE 2014-2020, Innonetwork action, grant n. BLNGWP7.

Declaration of Conflicting Interests

28 The authors declare that there is no conflict of interest.

32 References
34 1. BrayF, Laversanne M, Weiderpass E and Soerjomataram I. The Ever- Increasing Importance of
36 Cancer as a Leading Cause of Premature Death Worldwide. Cancer 2021; 127(16): 3029-3030.

38 https://doi.org/10.1002/cncr.33587

40 2. Wright AS, Lee Jr. FT and Mahvi DM. Hepatic microwave ablation with multiple antennae
42 results in synergistically larger zones of coagulation necrosis. Ann Surg Oncol 2003; 10(3): 275-

283. https://doi.org/10.1245/AS0.2003.03.045

3. Spiliotis AE, Gébelein G, Holldnder S, Scherber PR, Glanemann M, Patel B. Microwave ablation

compared with radiofrequency ablation for the treatment of liver cancer: a systematic review and

49 meta-analysis. Radiol Oncol 2021 55(3): 247-258. https://doi.org/10.2478/raon-2021-0030

59 http://mc.manuscriptcentral.com/JOEM 28


https://doi.org/10.1002/cncr.33587
https://doi.org/10.1245/ASO.2003.03.045
https://doi.org/10.2478/raon-2021-0030

oNOYTULT D WN =

10.

11.

Journal of Engineering Manufacture

Hernandez JI, Cepeda MFJ, Valdés F and Guerrero GD. Microwave ablation: state-of-the-art

review. OncoTargets Ther 2015; 8: 1627-1632. https://doi.org/10.2147/2FOTT.S81734

Farina L, Nissenbaum Y, Cavagnaro M and Goldberg SN. Tissue shrinkage in microwave
thermal ablation: comparison of three commercial devices. Int J Hyperthermia 2018; 34(4): 382-

391. https://doi.org/10.1080/02656736.2017.1362115

Tammam E, Said AM, Ibrahim AA and Galal AIA. About the Interstitial Microwave Cancer
Ablation: Principles, Advantages and Challenges. [EEE Access 2020; 8: 49685-49694.

https://doi.org/10.1109/ACCESS.2020.2978210

Mohtashami Y, Luyen H, Sawicki JF, Shea JD, Behdad N and Hagness SC. Tools for Attacking
Tumors. IEEE Antennas Propag Mag 2018; 60(6): 52-57.

https://doi.org/10.1109/MAP.2018.2870657

Imajo K, Ogawa Y, Yoneda M, Saito S and Nakajima A. A review of conventional and newer
generation microwave ablation systems for hepatocellular carcinoma. J Med Ultrason 2020;

47(2): 265-277. https://doi.org/10.1007/s10396-019-00997-5

Fallahi H and Prakash P. Antenna Designs for Microwave Tissue Ablation. Crit Rev Biomed Eng
2018; 46(6): 495-521. https://doi.org/10.1615/CritRevBiomedEng.2018028554

Huang H, Zhang L, Moser MAJ, Zhang W and Zhang B. A review of antenna designs for
percutaneous microwave ablation. Phys Med 2021; 84: 254-264.

https://doi.org/10.1016/j.ejmp.2021.03.010

Hassan EGMI, Takruri-Rizk H, Hope M and Zaki Al. Investigation of Tear Drop Flared Tipped

Antenna for Therapeutic Microwave Ablation. In 2018 11th International Symposium on

http://mc.manuscriptcentral.com/JOEM 29

Page 30 of 46


https://doi.org/10.2147/2FOTT.S81734
https://doi.org/10.1080/02656736.2017.1362115
https://doi.org/10.1109/ACCESS.2020.2978210
https://doi.org/10.1109/MAP.2018.2870657
https://doi.org/10.1007/s10396-019-00997-5
https://doi.org/10.1615/CritRevBiomedEng.2018028554
https://doi.org/10.1016/j.ejmp.2021.03.010

Page 31 of 46 Journal of Engineering Manufacture

oNOYTULT D WN =

9 Communication Systems, Networks & Digital Signal Processing (CSNDSP). Budapest, Hungary,

1 18-20 July 2018. pp. 1-6. IEEE. https://doi.org/10.1109/CSNDSP.2018.8471866

13 12. Hassan EGMI, Takruri-Rizk H and Zaki AI. Realization and Experimental Assessment of
15 Baseball-Bat Microwave Antenna for Low Power Cancer Ablation. /EEE J Electromag. RF

17 Microw Med Biol 2020; 4(2): 133-139. https://doi.org/10.1109/JERM.2019.2955709

19 13. Mohtashami Y, Luyen H, Hagness SC and Behdad H. Non-coaxial-based microwave ablation
antennas for creating symmetric and asymmetric coagulation zones. J Appl Phys 2018; 123(21):

214903. https://doi.org/10.1063/1.5019267

24 14. Hessinger née Reimann C, Bazrafshan B, Schiiller M, Schmidt S, Schuster C. Hiibner F, Vogl

26 TJ and Jakoby R. A Dual-Mode Coaxial Slot Applicator for Microwave Ablation Treatment.
28 IEEE Trans  Microwave Theory Tech 2019; 67(3): 1255-1264.

30 https://doi.org/10.1109/TMTT.2018.2880440

32 15. Sawicki JF, Shea JD, Behdad N and Hagness SC. The impact of frequency on the performance
34 of  microwave ablation. Int J  Hyperthermia 2017; 33(1): 61-68.

36 https://doi.org/10.1080/02656736.2016.1207254

38 16. Kuang M, Lu MD, Xie XY, Xu HX, Mo LQ. Liu GJ, Xu ZF, Zheng YL and Liang JY. Liver
40 cancer: increased microwave delivery to ablation zone with cooled shaft antenna - Experimental
42 and clinical studies. Radiology 2007, 242(3): 914-924.

https://doi.org/10.1148/radiol.2423052028

17. Wang Y, Sun YY, Feng L, Gao Y, Ni X and Liang P. Internally cooled antenna for microwave
ablation: Results in ex vivo and in vivo porcine livers. Eur J Radiol 2008; 67(2): 357-361.

49 https://doi.org/10.1016/j.ejrad.2007.07.015

59 http://mc.manuscriptcentral.com/JOEM 30


https://doi.org/10.1109/CSNDSP.2018.8471866
https://doi.org/10.1109/JERM.2019.2955709
https://doi.org/10.1063/1.5019267
https://doi.org/10.1109/TMTT.2018.2880440
https://doi.org/10.1080/02656736.2016.1207254
https://doi.org/10.1148/radiol.2423052028
https://doi.org/10.1016/j.ejrad.2007.07.015

oNOYTULT D WN =

18.

19.

20.

21.

22.

23.

Journal of Engineering Manufacture

Zhou Q, Jin X, Jiao DC, Zhang L, Han XW, Duan GF, Han JJ and Li CX. Microwave ablation:
results in ex vivo and in vivo porcine livers with 2450-MHz cooled-shaft antenna. Chin Med J

2011; 124(20): 3386-3393. https://doi.org/10.3760/cma.].issn.0366-6999.2011.20.032

Leapman M, Jayadevan R, Phillips C, Kim E, Nowakowski FS, Lookstein RA and Fichman AM.
Percutaneous gas-cooled microwave ablation for small renal masses: the Mount Sinai experience.

J Urol 2014; 191(4): E620. https://doi.org/10.1016/j.jvir.2016.12.674

Horn JC, Patel RS, Kim E, Nowakowski FS, Lookstein RA and Fichman AM. Percutaneous
microwave ablation of renal tumors using a gas-cooled 2.4-GHz probe: technique and initial

results. J Vasc Interv Radiol 2014; 25(3): 448—453. https://doi.org/10.1016/j.jvir.2013.10.029

Ziemlewicz TJ, Hinshaw JL, Lubner MG, Brace LC, Alexander ML, Agarwal P and Lee Jr. FT.
Percutaneous microwave ablation of hepatocellular carcinoma with a gas-cooled system: initial
clinical results with tumors. J Vasc Interv  Radiol 2015; 26(1): 62-68.

https://doi.org/10.1016/1.jvir.2014.09.012

Fallahi H, Clausing D, Shahzad A, O’Halloran M, Dennedy MCa and Prakash P. Microwave
antennas for thermal ablation of benign adrenal adenomas. Biomed Phys Eng Express 2019; 5(2):

025044. https://doi.org/10.1088/2057-1976/ab068b

Portosi V, Loconsole AM, Valori M, Marrocco V, Bonelli F, Pascazio G, Lampignano V, Fasano
A, Lorusso R and Prudenzano F. Feasibility investigation of low-cost microwave needle
applicator for thermal ablation cancer therapy. In 2020 IEEE International Symposium on
Medical Measurements and Applications (MeMeA), virtual, 1 June-1 July 2020. pp. 1-6. IEEE.

https://doi.org/10.1109/MeMeA49120.2020.9137354

http://mc.manuscriptcentral.com/JOEM 31

Page 32 of 46


https://doi.org/10.3760/cma.j.issn.0366-6999.2011.20.032
https://doi.org/10.1016/j.jvir.2016.12.674
https://doi.org/10.1016/j.jvir.2013.10.029
https://doi.org/10.1016/j.jvir.2014.09.012
https://doi.org/10.1088/2057-1976/ab068b
https://doi.org/10.1109/MeMeA49120.2020.9137354

Page 33 of 46

oNOYTULT D WN =

24.

25.

26.

27.

28.

29.

30.

Journal of Engineering Manufacture

Portosi V, Loconsole AM, Valori M, Marrocco V, Fassi I, Bonelli F, Pascazio G, Fasano A,
Lampignano V and Prudenzano F. Low-cost Mini-invasive Microwave Needle Applicator for
Cancer Thermal Ablation: Feasibility Investigation. /[EEE Sens J 2021; 21(13): 14027-14034.

https://doi.org/10.1109/JSEN.2021.3060499

Ciurana J. Designing, prototyping and manufacturing medical devices: an overview. Int J Comput
Integr Manuf2014; 27(10): 901-918. DOI: 10.1080/0951192X.2014.934292.

Baumers M, Wildman R, Wallace M, Yoo J, Blackwell B, Farr P, Roberts CJ. Using total specific
cost indices to compare the cost performance of additive manufacturing for the medical devices
domain. Proc Inst Mech Eng, Part B: J Eng Manuf 2018; 233 (4): 1235-1249.

https://doi.org/10.1177/0954405418774591.

Culmone C, Smit G, and Breedveld P. Additive manufacturing of medical instruments: A state-

of-the-art review. Addit Manuf2019; 27: 461-473. https://doi.org/10.1016/j.addma.2019.03.015

Li C, Pisignano D, Zhao Y, and Xue, J. Advances in medical applications of additive
manufacturing. Engineering (Beijing) 2020; 6(11): 1222-1231.

https://doi.org/10.1016/j.eng.2020.02.018

Kam M, Iperkci A. Optimization of 3D Printing Process Parameters on Mechanical Behaviors
and Printing Time of ABS, PLA, PET-G Products using Taguchi Method. J Chin Soc Mech Eng
2021; 42(4): 393-401.

Kam M, Iperkci A, Sengul O. Investigation of the effect of FDM process parameters on
mechanical properties of 3D printed PA12 samples using Taguchi method. J Thermoplast

Compos Mater 2021. doi:10.1177/08927057211006459

http://mc.manuscriptcentral.com/JOEM 32


https://doi.org/10.1109/JSEN.2021.3060499
http://dx.doi.org/10.1080/0951192X.2014.934292
https://doi.org/10.1177%2F0954405418774591
https://doi.org/10.1016/j.addma.2019.03.015
https://doi.org/10.1016/j.eng.2020.02.018
https://doi.org/10.1177/08927057211006459

oNOYTULT D WN =

31.

32.

33.

34.

35.

36.

37.

Journal of Engineering Manufacture

Griffiths CA, Dimov SS, Fischer S, Spitzbart M, Lacan F. Micro-stereolithography tools for

small-batch manufacture of polymer micro-parts. Proc Inst Mech Eng, Part B: J Eng Manuf

2011; 226 (4): 708-721. https://doi.org/10.1177/0954405411429242

Rebaioli L, Fassi I. Experimental Investigation of Microfluidic Feature Manufacturing by Digital
Light Processing Stereolithography. ASME Int Des Eng Tech Conf Comput Inf Eng Conf2020.
https://doi.org/10.1115/DETC2020-22415

Vaezi M, Seitz H and Yang S. A review on 3D micro-additive manufacturing technologies. /nt J

Adv Manuf Technol 2013; 67(5-8): 1721-1754. https://doi.org/10.1007/s00170-012-4605-2

Mao M, He J, Li X, Zhang B, Lei Q, Liu Y and Li D. The emerging frontiers and applications of
high-resolution 3D  printing.  Micromachines  (Basel)  2017;  8(4):  113-133.

https://doi.org/10.3390/mi8040113

Zheng X, Deotte J, Alonso MP, Farquar GR, Weisgraber TH, Gemberling S, Lee H, Fang N and
Spadaccini CM. Design and optimization of a light-emitting diode projection micro-
stereolithography three-dimensional manufacturing system. Rev Sci Instrum 2012; 83(12):

125001. https://doi.org/10.1063/1.4769050

Menikou G, Yiallouras C, Yiannakou M, Damianou C. MRI-guided focused ultrasound robotic
system for the treatment of bone cancer. Int J Med Robot 2017, 13(1).

https://doi.org/10.1002/rcs.1753

Mylonas N, Damianou C. MR compatible positioning device for guiding a focused ultrasound
system for the treatment of brain diseases. Int J Med Rob Comput Assisted Surg 2014; 10:1-10.

https://doi.org/10.1002/rcs.1501

http://mc.manuscriptcentral.com/JOEM 33

Page 34 of 46


https://doi.org/10.1177%2F0954405411429242
https://doi.org/10.1115/DETC2020-22415
https://doi.org/10.1007/s00170-012-4605-2
https://doi.org/10.3390/mi8040113
https://doi.org/10.1063/1.4769050
https://doi.org/10.1002/rcs.1753
https://doi.org/10.1002/rcs.1501

Page 35 of 46 Journal of Engineering Manufacture

oNOYTULT D WN =

9 38. Epaminonda E, Drakos T, Kalogirou C, Theodoulou M, Yiallouras C, Damianou C. MRI guided
11 focused ultrasound robotic system for the treatment of gynaecological tumors. Int J Med Robot
13 2016;12(1):46-52. https://doi.org/10.1002/rcs.1653

15 39. Yiallouras C, Mylonas N, Damianou C. MRI-compatible positioning device for guiding a focused
17 ultrasound system for transrectal treatment of prostate cancer. Int J CARS 2014; 9:745-753.

https://doi.org/10.1007/s11548-013-0964-x

40. Groenhuis V, Siepel FJ, Stramigioli S. Sunram 5: A Magnetic Resonance-Safe Robotic System
for Breast Biopsy, Driven by Pneumatic Stepper Motors. Handbook of Robotic and Image-

Guided Surgery, Elsevier 2020; 375-396. https://doi.org/10.1016/B978-0-12-814245-5.00022-0

59 http://mc.manuscriptcentral.com/JOEM 34


https://doi.org/10.1007/s11548-013-0964-x
https://doi.org/10.1016/B978-0-12-814245-5.00022-0

oNOYTULT D WN =

Journal of Engineering Manufacture Page 36 of 46

Caption list

Fig. 1 Schematic of a MW ablation probe. a; and aj represent the longitudinal and radial axis of the

ablation volume, respectively.
Fig. 2 Schematic of the multidisciplinary approach for the prototype development.

Fig. 3 14G MWA probe design. In the transversal section, proportions are specially changed (in

particular, vertical dimensions are doubled) in order to highlight all the components.
Fig. 4 Architecture of the cooling system inside the probe.

Fig. 5 Computational domain of the fluid dynamics simulations.

Fig. 6 Computational mesh at the inlet of the capillary tubes.

Fig. 7 a) Heating boundary conditions, b) Temperature contour on the shaft and c) in the tissue with a

coolant flowrate of 3.5 ml/min
Fig. 8 Measures of the insulating component.
Fig. 9 Component placement for DLP manufacturing.

Fig. 10 Handling subsystem design. a) General arrangement of inputs and outputs, b) detail of the
assembly at interface (3), ¢) detail of the assembly at interface (1), d) FDM slicing of the two parts of the
handling case (software: Simplify3D) and e) detail of the interior of the prototype.

Fig. 11 a) Ex-vivo experimental setup and b) bovine liver tissue dissected after MW ablation.
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27 Fig. 5 Computational domain of the fluid dynamics simulations.
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Fig. 6 Computational mesh at the inlet of the capillary tubes.
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a) Tip temperature Thermal flux coaxial external surface [W/m?]
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Fig. 7 a) Heating boundary conditions, b) Temperature contour on the shaft and c) in the tissue with a
coolant flowrate of 3.5 ml/min
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D= 1.74 mm Dep= 2.20mm
D= 1.19 mm D= 1.77 mm
Linsy= 18 mm Linsys= 8 mm L= 7 mm

Fig. 8 Measures of the insulating component.
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33 Fig. 9 Component placement for DLP manufacturing.
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Fig. 10 Handling subsystem design. a) General arrangement of inputs and outputs, b) detail of the
assembly at interface (3), c) detail of the assembly at interface (1), d) FDM slicing of the two parts of the
handling case (software: Simplify3D) and e) detail of the interior of the prototype.
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Fig. 11 a) Ex-vivo experimental setup and b) bovine liver tissue dissected after MW ablation.
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