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1.- INTRODUCTION

Among the different types of delivery, instrumental vaginal delivery is one in which some type of tool is used to aid in the extraction of
the fetus. In Europe, between 2014 and 2018, between 10 and 15% of deliveries were instrumentalized, with vaginal delivery with
forceps (FAVD) being one of the most commonly used options worldwide [1]. This technique applies traction to the fetal head using
generally two cephalic spoons or blades that self-couple thanks to their geometry and allow the fetus to be guided out of the birth canal
during the uterine contraction phase [2,3]. In this way, delivery is facilitated in certain situations, being a recommended alternative to
cesarean delivery (the World Health Organization recommends a cesarean section rate of less than 15% [4]).

Like any delivery procedure, FAVD has possible side effects and contraindications, although fewer than other instrumented processes
such as vacuum systems [5]. In fact, in some medical fields, FAVD is declining due to a series of risks for both the mother and the
fetus. Regarding the mother, it can cause severe vaginal tears that could even require surgery [6], higher rates of analgesia and
perineal trauma [7], among others. As for the neonate, this technique can cause fetal facial injuries [8], deformities in the head or face
of the fetus [9], neonatal complications, or even direct or postpartum fatal outcomes [10]. For those reasons, the use of forceps has
led to a progressive rejection of their use, which is mainly associated with the lack of training and expertise since the technique requires
a set of skills for safe and adequate execution [11]. In fact, the insecurity on the part of obstetricians can condition the use of the
technique even in cases where it is the only resource [12]. The need to alleviate the decline in the use of forceps has promoted the
development of FAVD training methods in recent years.

There are several FAVD training methods with anatomical simulators using phantoms or mannequins, usually made of polymeric
materials, which include a pelvis with a fetus and a perineum with an anal sphincter [13,14]. Different studies have confirmed the need
for this type of training prior to clinical experience in cases of childbirth assistance [15] significantly increasing the confidence of
professionals [16]. Therefore, this type of training has become a crucial stage in the obstetric medical professional development that
is allowing, albeit slowly, the increase in the use of the FAVD technique [17].

Electromagnetic tracking or navigation is a versatile technique in the medical field. It involves generating a low-intensity electromagnetic
field in a designated working space. Microsensors placed in this field can be used to precisely locate the position and orientation of
medical instruments in real-time without direct visual contact [18]. This application has been widely validated as a training method in a
variety of anatomical examples [19]. However, the introduction of ferromagnetic materials in the work area significantly affects the
dimensional precision, producing deviations of the system [19,20]. In the case of vaginal delivery, the electromagnetic tracking system
has been shown to be a viable method for virtual training [22] although the use of stainless-steel commercial forceps is not feasible
due interference issues. The utilization of nylon and aluminum powder through additive manufacturing (AM) technologies has partially
solved this problem. However, deformations in the forceps during training result in dimensional distortions that require improvement
[23], as they can alter the virtual positioning and the perceived rigidity of the instrument by obstetricians.

AM has greatly expanded possibilities in the medical field, with multiple growing areas such as manufacturing with biomaterials,
biotissues, or biomodels for training [24]. AM has enormous potential in relation to surgical instruments [25], such as the improvement
of molar forceps. [26]. Even in relation to anatomical models, some authors claim that more than 87% are made with AM [5], being
used in preoperative plans, training systems, or medical research.

Forceps for vaginal delivery have been the subject of numerous studies, from the interaction of forceps with the fetal head [26] to the
analysis of excessive deformation due to incorrect placement of the blades [27], or their validation through training simulators during
obstetric manipulation as a teaching tool [28].
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Advanced material extrusion (MEX) technologies, such as Mark Two from Markforged, Inc., now enable the integration of continuous
fibers (rather than just short fibers), embedded continuously, layer by layer, in the polymer matrix, significantly improving the continuity
of reinforcement. This capability allows to produce high-strength models without electromagnetic incompatibility, using materials like
nylon reinforced with carbon microfibers (Onyx).

This work presents the development of a non-metallic forceps, designed for vaginal delivery training through electromagnetic
positioning guidance, materialized through additive manufacturing by material extrusion (MEX) using nylon reinforced with both
microfiber and high-rigidity continuous carbon fiber.

2.- MATERIALS AND METHODS

2.1.- MATERIALS AND MANUFACTURING METHODS

For preliminary tests, polylactic acid (PLA) filament from Smartfil was utilized with the Anycubic i3 Mega S printer (Hongkong Anycubic
Technology Co., Ltd.) with a 0.6 mm nozzle, 0.2 mm layer height, 210 °C printing temperature, 60°C bed temperature, 50 mm/s printing
speed, and 100% rectilinear infill.

As the definitive material for obtaining the training forceps, the commercial filament Onyx was used (nylon internally reinforced with
microfibers of carbon -Markforged, Inc., USA-). Additional reinforcement was provided by CF-BA-50 continuous carbon fiber from the
same manufacturer. The combination of both materials generates composite parts henceforth referred to as Onyx CCF. These
materials were used in the Mark Two MEX printer from Markforged, Inc., which has a 1.75 mm filament extruder and a continuous
fiber feeder with a polymer layer embedding system. With the integrated Eiger software, the orientations and layers of continuous
carbon fiber reinforcement were established with a 0.4 mm nozzle, 0.125 mm layer height, maximum printing temperature of 300 °C,
and solid infill were used.

Finally, a two-component epoxy resin, 43249 Resina 3D from Industrias Quimicas Eurotex S.L.U., was used as the adhesive to join
the different parts of the forceps. The flowchart of the manufacturing processes and general methodology is summarized in Figure S1.

2.2.- JOINT MODELING PROCESSES

Due to the dimensions of the commercial forceps model (414 mm in length) (Figure S2), which surpass the printing capacity of the
Mark Two technology (320 mm in length), SolidWorks 2016 software (Dassault Systémes Corporation) was utilized to design the
forceps partition, divided in its intermediate zone, between the handle and the cephalic spoon. Finally, a mechanical union by shape
was selected, using a hollow spigot coupling and dovetail geometry (Figure 1). To enhance bonding, both the spigot and the hollow
were given a longitudinally toothed surface and epoxy adhesive was applied.

b

Figure 1: Forceps partition design using a) tang in handle and b) hollow in cephalic spoon.

On the other hand, to obtain the best mechanical performance of the joints, 4 joint variants were modeled by combining the assembly
clearance (0.25 and 0.35 mm) and the front surfaces of the joint (smooth or toothed front contact) (Figure S3).

2.3.- MECHANICAL BEHAVIOR SIMULATIONS

To analyze the mechanical behavior of the forceps during virtual training, mechanical simulations were carried out using Abaqus CAE
software (Dassault Systémes Simulia Corp). Maximum displacement under operating loads and the displacement of the midpoint of

a
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the forceps handle have been analyzed as a representative measure of perceived handle displacement during use. To establish an
adequate comparative framework, a commercial stainless-steel forceps was initially simulated as an initial reference.

Considering materials for electromagnetic interference-free forceps, a standard aluminum forceps, suitable for casting, or additive
manufacturing, was simulated due to its non-ferrous properties and high elastic limit. Additionally, three materials optimized for additive
manufacturing were explored: polyamide and aluminum powder (called alumide and of comparative interest for having been used in
the manufacture of forceps for virtual training [22]), polyamide reinforced with carbon microfiber (Onyx), and Onyx with an additional
continuous carbon fiber reinforcement (Onyx CCF).

The simulations of the forceps were carried out using a simplified modeling approach, using one of the two instrument blades, since
the mechanical operation of both parts of the forceps is practically symmetrical. As the first boundary condition, a fixed support was
applied to the internal surfaces of the cephalic spoon, reproducing the rigid grip of the fetal head (Figure 2a). Simultaneously, a
transverse direction movement restriction was applied to the forceps (without displacement in the x-axis) on the vertices where the
contact between the blades begins during the forceps closing process. This condition reproduces the pivoting of both forceps’ blades
between them. (Figure 2b). Finally, equivalent loads produced during the FAVD technique were applied, corresponding to a force of
100 N applied to the handle and in the direction of the forceps' closure, and a traction force of 200 N on the upper part of the handle
and in the direction of the fetus' extraction (Figure 2c). These forces were applied according to empirical data obtained by different
authors [27,28].

Figure 2: Boundary conditions: a) embedment in the cephalic spoon, b) movement restriction in x in the forceps pivot area and c)
closing and extraction forces of the forceps.

The mechanical properties for the different materials used are shown in Table 1.

Material Elastic modulus (GPa) Strength strain (MPa) Poisson coefficient
Stainless steel [29] 193.0 215 0.30
Aluminum [30,31] 69.0 95 0.33
Alumide [32] 38 48 0.41
Onyx [33,34] 24 37 0.42
Onyx CCF 13.7° 44312 0.35[35]

"Data obtained from empirical tests according to section 0y 0.2Breaking stress is used due to the fracture without plastic deformation in the tests.

Table 1: Mechanical properties of materials.

2.4.- MECHANICAL CHARACTERIZATION
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The different mechanical joints designed to assemble the two parts of the forceps blade (cephalic spoon and handle) were mechanically
analyzed through tensile tests. 3 replicas of each design were manufactured and tested, made in PLA. For this, an LY-1065 test
machine (Dongguan Liyi Test Equipment Co. Ltd., Dongguan, China) was used, with an average distance between jaws of 55 mm and
a loading speed of 1 mm/min until breakage.

To obtain the mechanical properties of Onyx CCF, 3 specimens were flex tested according to the ISO 178:2019 standard. The
specimens were manufactured as per section 2.1 with dimensions of 10 mm in width, 4 mm in thickness, and 80 mm in length. The
same test equipment described above was used, with a support distance of 64 mm and a loading speed of 10 mm/min until breakage.

2.5.- VALIDATION IN TRAINING SYSTEM THROUGH ELECTROMAGNETIC GUIDANCE

The basic electromagnetic compatibility validation of the forceps with the guidance system was carried out using a virtual childbirth
training system (Figure S4) composed of 2 6DOF sensors for mounting on the end of the forceps, a 3D Guidance trakSTAR
electromagnetic positioning system (Northern Digital Inc.), a PROMPT Flex - Advanced Light Skin Tone birthing training mannequin
(Limbs & Things LTD), and the open-source software 3D Slicer (BWH and 3D Slicer contributors).

3.- RESULTS AND DISCUSSIONS
3.1.- MECHANICAL TESTS

The tensile tests carried out on the different joint configurations that were designed (Figure 3) show average values within a similar
magnitude range and low dispersion of the results (Table 2). All designs far exceed the tensile loads that would be applied during the
use of the forceps, with a material (PLA) of lower performance than the Onyx CCF, confirming the suitability of any of the designed
joint systems. The design with 0.25 mm of clearance and front groove was selected because it had the highest breaking stress, even
if there is no statistical significance.

Configuration Breaking strain (N)
0.25 mm without front slot 819.97 £ 28.24
0.35 mm without front slot 1085.50 + 65.76
0.25 mm with front slot 1098.50 + 78.49
0.35 mm with front slot 984.50 + 79.90

Table 2: Results of the tensile tests of joints.

e £l

Figure 3: a) Sample of joint specimens and b) sample after breakage test.

In relation to the flexural tests carried out on the Onyx CCF specimens (Table 3), the results showed a high flexural breaking stress,
averaging over 450 MPa, with no defined elastic limit due to the high stiffness. The incorporation of continuous carbon fiber significantly
increased the properties of the composite.
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The forceps modeling with Onyx CCF was simplified considering an isotropic behavior based on these results.

Specimens Elastic modulus (GPa) Breaking strain (MPa)
1 15.46 467.89
2 13.33 457.18
3 12.38 433.83
Average and standard deviation 13.72 £ 1.58 45297 £ 17.42

Table 3: Result of flexural tests of Onyx CCF specimens.

3.2.- FORCEPS MECHANICAL SIMULATION

The results obtained in the mechanical simulations of the forceps are summarized in Table 4.

Material Maximum von Mises stress (MPa) Maximum displacement (mm) Mid-handle displacement (mm)
Stainless steel 84.50 0.07 0.04
Aluminum 81.48 0.19 0.09
Alumide 71.22 3.51 1.79
Onyx 69.48 5.54 2.82
Onyx CCF 79.30 0.98 0.50

Table 4: Mechanical simulation results of the forceps according to material.

The maximum stresses (Figure 4) would cause significant plastic deformations and fractures in forceps made of alumide and standard
Onyx. In the case of stainless steel, aluminum, and Onyx CCF, only transient elastic deformations would be produced. It is worth noting
that these stress concentrations also derived from the modeling of the boundary conditions of the pivot, which has been modeled using
points in the contact area between the two blades of the forceps.

S, Mises
(Avg: 75%)

+7.929e+01
+7.269e+01
+6.608e+01
+5.947e+01
+5.286e+01
+4.625e+01
+3.965e+01
+3.304e+01
+2.643e+01
+1.982e+01
+1.322e+01
+6.608e+00
+0.000e+00

Figure 4: Maximum von Mises stresses in the pivot area of the forceps.

The applied forces do not produce significant stresses that would compromise the Onyx CCF model, generating minor stresses in the
external area, located between the cephalic spoon and the handle, and negligible stresses in the partition area of the forceps.

Regarding the maximum displacements, these occur at the end of the handle, where the electromagnetic positioning sensors are
located. The maximum displacement of the stainless-steel commercial model, is only 0.07 mm, indicating a high mechanical stiffness.
The alumide and Onyx models reach considerable maximum displacements, of 3.51 and 5.54 mm respectively, while the incorporation
of continuous carbon fiber in the Onyx matrix allows for a substantial increase in the stiffness, reducing the maximum displacement to
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0.98 mm (82% lower than standard Onyx). The model made using conventional aluminum, however, would achieve maximum
displacements of 0.19 mm, closer to the reference model.

Additionally, the displacements of the midpoint of the forceps handle have been calculated, considering that such displacement might
more accurately represent the displacement perceived during FAVD training. Under this assumption, the displacements decrease to
values close to 50% compared to those at the end of the handle, bringing the displacements of the aluminum model closer to the
commercial model, and reducing the differences between the Onyx CCF and aluminum models to values around 0.4 mm (last column
of Table 4). The displacement values for Onyx CCF, in both cases, of 0.98 mm maximum value and 0.5 mm at the midpoint of the
handle, might be compatible with the proper development of FAVD training, given the difference compared to the simulated commercial
model.

3.3.- RESULTS OF THE ORIENTATION ANALYSIS AND MANUFACTURING OF THE
ONYX CCF FORCEPS

The effective orientation of the continuous deposited carbon fiber fundamentally depends on the orientation angle, the fiber pattern
type, the alignment of the piece with the working axes of the printer, and the tilt of the piece in the vertical printing axis.

Different configurations of both piece orientation and fiber insertion patterns were analyzed. Regarding the horizontal orientation of the
piece, this variable had minor effects since the fiber is largely oriented in the main direction of the piece when considering a combined
pattern of continuous fiber fill, both isotropic and concentric. This configuration allows the fiber to align with the contour of the piece
throughout its variable geometry from concentric continuous fiber rings (concentric pattern) to the edges of the piece (Figure 5 a),
benefiting the bending behavior. Longitudinally, the internal fill with a 0° direction (isotropic pattern) aligns in the main direction of the
forceps (also horizontally oriented at 0°), benefiting the overall tensile behavior (Figure 5 b).

Figure 5: Sections with continuous reinforcement fiber (blue lines) configured in the Eiger software. a) Concentric perimeter of the
cephalic blade and b) 0° isotropic fill at the base of the cephalic blade.

In relation to vertical orientation, different orientation analyses were carried out since it significantly influences the inclination of the
layers that generate the piece and modifies the surfaces available for continuous fiber deposition. Given that this technology requires
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a minimum fiber length of 45 mm for deposition, achieving complete reinforcement across the entire geometry is usually not feasible.
Therefore, it becomes necessary to seek the most effective combination of reinforcements.

After multiple configurations, the best orientation corresponds to the one shown in Figure 6, with a solid fill pattern, concentric fiber of
4 rings, 0° isotropic fiber, and handle alignment with the horizontal printing plane as vertical orientation. This configuration produces
one of the highest ratios of continuous fiber (Table 5), the most fiber introduction in the area of maximum stresses (coupling and
pivoting area of the forceps blades), and the fewest piece sections without continuous fiber (mid-end of the cephalic blade).

Figure 6: Layer segmentation in Eiger software with areas of continuous fiber reinforcement (blue areas) and areas without
continuous fiber reinforcement (gray areas).

Part Onyx (cm?) Carbon fiber (cm3)
Left cephalic blade 69.96 17.39
Left handle 16.99 4.80
Right cephalic blade 61.90 15.09
Right handle 13.86 3.12

Table 5: Estimated material volume with Eiger software in the selected orientation.
3.4.- VALIDATION IN THE FAVD TRAINING SYSTEM

The result of the manufacturing and assembly process of the different parts of the forceps is shown in Figure 7. The total manufacturing
cost amounted to 183.28 USD, corresponding solely to material costs, with the four parts taking a total of 60 hours to complete the
printing.
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Figure 7: Forceps made in Onyx CCF: a) forceps blade on the print bed, b) detail of the cephalic blade's surface finish, and c) fully
assembled forceps with adhesive.

The forceps validation in the virtual navigation system using electromagnetic positioning (Figure 8 b) was entirely satisfactory. The
sensors aligned as expected, and no displacements occurred during use. Regarding the system's electromagnetic field, during the
tests, the values for electromagnetic interference were null, confirming the full compatibility of the forceps, made of Onyx CCF, with
these types of positioning systems.

Figure 8: Validation of the forceps in the virtual training system: a) coupling of the forceps with the fetal mannequin, b) forceps
mounted in the electromagnetic positioning system, and ¢) basic qualitative test of the forceps' positioning and closure.
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The qualitative results from the tests with the training mannequin showed deformations consistent with the results obtained in the
simulations, with a high stiffness of the manufactured model observed and displacements only noticeable with a significant increase
in the forces applied to the forceps. Additionally, a proper grip and positioning with the fetus's head were perceived (Figure 8 a), as
well as a suitable coupling of the blades during the forceps closing process (Figure 8 ¢).

4.- CONCLUSIONS

This research presents the results of the mechanical simulation, manufacturing, and validation of a vaginal birth forceps, specifically
manufactured using 3D printing (MEX) with nylon doubly reinforced with short and continuous carbon fiber (Onyx CCF) for its use in
FAVD training using virtual navigation systems by electromagnetic positioning.

The partition of the forceps blades allows obtaining forceps with mechanical capabilities much higher than those required during FAVD
training practices. These reinforced Onyx forceps, with higher rates of continuous carbon fiber incorporation, exhibit mechanical
stiffness quite close to models made of aluminum or stainless steel, with a deformation difference of less than 0.5 mm in the middle of
the handle. Real-life forceps usage tests showed no deformations in the area of the cephalic blades or in the joints of the different
parts.

Onyx CCF material showed no interference with the electromagnetic field. Therefore, the proposal of Onyx material reinforced with
continuous carbon fiber stands as an alternative solution to other materials and technologies used in the manufacturing of forceps for
FAVD training. For future medical training, conducting additional real tests to analyze deformations and their impact on perception is
desirable. Real-time monitoring trials with the electromagnetic positioning system and additional sensors at critical deformation points
would help in this analysis.

Finally, it is worth noting that the use of additive manufacturing with materials like Onyx CCF allows the production of many other
surgical training instruments, compatible with electromagnetic positioning systems, where high stiffness (or even high dimensional
accuracy) is required without resorting to higher-cost technologies such as the fusion of non-ferromagnetic metallic powder beds.
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