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Abstract. Biomechanical testing is a necessity given the 
development of novel implants used in the osteosynthesis of hip 
fractures. The purpose of biomechanical testing is to recreate 
realistic conditions similar to the in vivo conditions. Although 
biomechanical testing of hip arthroplasty has been standardized 
since the 1970s, there is no consensus at present on testing meth‑
odology for osteosynthesis of hip fractures. Most biomechanical 
studies examining the fractures of the proximal femur in order 
to optimize implants opt for loading the bone‑implant ensemble 
directly on the femoral head or using a metallic loading part. 
This loading technique fails to perform a mechanical stress 
distribution similar to in vivo conditions, which could alter the 
outcome. The present study aimed to design loading/unloading 
cups with mechanical properties that resemble those of the carti‑
lage at the hip level. Through the impression and scanning of the 
cast models obtained, a digital 3D model was created in STL 
format and this was processed in order to obtain the computer 
numerical control (CNC) trajectories of the printing head. For 
prototyping using additive manufacturing technology, a ther‑
moplastic polymer with biochemical properties, such as tensile 
strength, that resemble those of the adult hip and a Stratasys 
FORTUS 250 mc CNC machine were used. Loading/unloading 
cups with similar anatomy and biomechanical forces compared 
with those of the adult hip were created, which allowed the 
experimental simulation of the conditions during walking.

Introduction

Despite the development of novel implants based on 
biomechanical principles, the mechanical complications 
of osteosynthesis exhibit high rates of 1‑32% (1‑8). In order 
to optimize the surgical treatment and the implant used, 
biomechanical testing remains the gold standard. There is a 
multitude of biomechanical studies on the osteosynthesis of 
proximal femoral fractures, performed on both cadaveric and 
composite bone, in different loading modes, with heteroge‑
neous results (1‑7,9,10). Although cadaveric bone has long been 
considered a ‘gold standard’ for biomechanical testing (3,11), 
composite bone is an increasingly used alternative (9).

Knowing the area of contact of the hip joint and the 
distribution of pressure during daily activities is important in 
predicting the mechanism of mechanical complications after 
osteosynthesis, providing biomechanical reasons for preop‑
erative planning and postoperative rehabilitation (12). While 
walking, the pressure on the femoral head is not constant 
or evenly distributed. Yoshida et al  (12) stated that during 
walking, the peak pressure is located on the side roof of the 
acetabulum. During standing and sitting and while bending 
the knees, the peak pressures are located at the edge of the 
posterior horn (12). When climbing the stairs, the maximum 
pressure is found on the side roof, and this is higher than 
that when going down the stairs (12). Most studies (2‑6,9,10) 
perform the loading directly on the femoral head or through a 
metal piece that concentrates the force on a limited area of the 
head, thus not respecting the hip joint contact area (2,9,10). The 
present study was performed to generate loading/unloading 
cups similar to the human acetabulum with similar biome‑
chanical properties compared with the hip cartilage using 
additive technology in order to simulate the in vivo conditions 
while walking.

Materials and methods

Materials. After a comparative analysis of the materials 
compatible with the Stratasys FORTUS 250 mc machine, 
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acrylonitrile butadiene styrene M30 (ABS‑M30), a synthetic 
material with similar mechanical properties compared 
with the cartilage at the level of the adult hip (Table I), was 
selected (13). The characteristics of the ABS‑M30 material 
were taken from the datasheet published by Stratasys, Ltd. 
The characteristics of the hip cartilage were taken from data 
reported in the literature (1). Acrylonitrile butadiene styrene 
(ABS) is a thermoplastic polymer of fossil source obtained 
through the polymerization of styrene and butadiene in the 
presence of acrylonitrile, which allows the manufacturing of 
models using additive manufacturing technology (14,15).

To simulate the articular cartilage at the level of the femoral 
head and condyles and to achieve a uniform distribution of 
the compression forces, the loading was carried out using 
two 3D‑printed parts made on a Stratasys FORTUS 250 mc 
computer numerical control (CNC) machine (Stratasys, Ltd.) 
using ABS‑M30 (Stratasys, Ltd.).

Methods. For biomechanical testing, forces between 
208  and 1,400 N with frequencies between 0.2  and 1 Hz 
were used to simulate the normal gait of a 70 kg adult in vivo. 
The contact surface of the femoral head with the loading cup 
was 27.7 cm2. At maximum load (1,400 N), the force to be 
supported was 51.85 N/cm2, which was lower than the tension 
modulus of the ABS‑M30 material (2.4x105 N/cm²), allowing 
its elastic deformation.

The loading/unloading cups were made through the 
impression of a Sawbones® (Pacific Research Laboratories, 
Inc.) femur model in casting gypsum (Figs. 1 and 2), which had 
been vacuum mixed for degasification. After the impression 
was performed and the casts were dried, the casts were painted 
for scanning using 3D Scan Spray (Helling GmbH).

These casts were then scanned using a 3D scanner, Creaform 
HandySCAN3D 300 (Ametek, Inc.) (Fig. 3), with a volumetric 
accuracy of 0.02 mm, obtaining 3D digital models in STL format 
using the Creaform VXelements 1 software (https://www.
creaform3d.com/en/metrology‑solutions/3d‑applications‑soft‑
ware‑platforms/vxmodel‑scan‑cad‑software‑module; Fig. 4).

3D digital models in STL format were processed using 
Insight software (v15.9; Stratasys, Ltd.; Figs. 4 and 5).

Results

Figs. 6‑8 show models obtained after processing, with the CNC 
trajectories of the 3D printing head, in a thermally controlled 
atmosphere. The distance between the printed layers was 
0.127 mm.

Table I. Characteristics of the ABS and ASA material vs. hip cartilage (1,2).

	 Material
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Characteristics	 ABS‑P400 	 ASA	 ABS‑M30	 Hip cartilage

Tensile strength, MPa	 22	 32.8	 36	 80
Tensile modulus, MPa	 1,627	 1,450‑2,800	 2,400	 2,210

ABS‑M30, acrylonitrile butadiene styrene M30, ABS‑P400, acrylonitrile butadiene styrene P400, ASA, acrylonitrile styrene acrylate.

Figure 1. Gypsum cast for the proximal femur.

Figure 2. Gypsum cast for the distal femur.

Figure 3. Creaform HandySCAN 3D laser scanner.
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The loading/unloading cups designed in this manner simu‑
lated the acetabular cavity and the tibial plateaus anatomically 
and could represent a good technical solution in order to opti‑
mize the distribution of the loading/unloading forces in the 
context of biomechanical experiments

Discussion

Most studies have attempted the loading directly on the 
femoral head, thus failing to respect the in vivo model (2,9,10). 
Therefore, these studies  (2‑6,9,10) have opted for loading 
the femoral head using a metallic plate that shows limited 
contact with the femoral head. Other authors have used a 
cadaveric hemipelvis, which was prepared to be tested (7). In 
a biomechanical study on a cadaveric femur (1), the femoral 
head was loaded using a methyl polymethacrylate cup. Unlike 
the aforementioned studies  (2‑6,9,10), which attempted to 
load the femoral head by means of a rigid part with limited 
contact, Kane et al (8) understood the necessity of a uniform 
distribution of the mechanical stress at the level of the 
femoral head and used a urethane polymer (Smooth‑Cast1 
Urethane Series 300; Smooth‑On, Inc.) to manufacture the 
loading cup. Although it ensures a uniform distribution 
of mechanical tension in the femoral head, the urethane 
polymer has properties similar to those of natural rubber 

Figure 8. Femoral condyles support part. View from above.

Figure 4. Digital model of (A) the femoral head and (B) condyles in STL format.

Figure 5. 3D model of (A) the femoral head and (B) condyles ready for 3D printing.

Figure 6. Femoral head support part. View from above.

Figure 7. Femoral head support part. Lateral view.
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and fails to transmit forces naturally (https://us.misumi‑ec.
com/maker/misumi/mech/product/ur/detail/detail.html).

The ABS material was used by Reddy et al (16) to design 
models of human bones using additive manufacturing tech‑
nology. They used CT to scan various models of dry human 
bones and converted the resulting files into the STL format, 
which was used to reconstruct the digital model required for 
the 3D printing (16). Unlike Reddy et al (16), the present study 
used laser scanning to create the 3D model, which is a faster 
and less costly method.

It is well‑known that, at the level of the femoral head, 
the articular cartilage exhibits a phenomenon of progressive 
degeneration following the loss of elasticity of the collagen 
fiber network (17). Research conducted by Kempson (17) and 
confirmed by Silver et al (18) has demonstrated that, at the 
level of the femoral head, the superficial layer of the cartilage 
exhibits a decrease in pressure resistance from 150 MPa at 
the age of 7 years to 80 MPa at the age of 90 years and from 
60 MPa at the age of 7 years to 10 MPa at the age of 85 years. 
In a subsequent study, Silver et al (13) identified an elastic 
module of the articular cartilage at the level of the femoral 
head with values of 7.0 GPa at parallel stress and 2.21 GPa 
at perpendicular stress. In the present study, the ABS‑M30 
material used to design the loading cup exhibited an elasticity 
module of 2.4 GPa, which resembles the mechanical proper‑
ties of adult hip cartilage.

3D printing is currently widely used in orthopedic prac‑
tice, particularly for pre‑surgery planning in arthroplasties 
and traumatology. Tack et al (14), in a systematic literature 
review published in 2016, which analyzed the utility of 3D 
printing in medical practice, identified 227 articles whose 
authors used additive manufacturing technology in the current 
practice. Tack et al (14) identified the advantages of this tech‑
nique: reduction of surgical time, improvement of outcome 
and decrease of intra‑surgery irradiation time. In the field 
of research of orthopedics, notable progress has been made 
regarding the mathematic modelling of the haversian structure 
of the bone in view of designing experimental models using 
additive manufacturing technology  (15). Nevertheless, the 
authors of the present study admit that there are important 
limitations related to the printing material. Biomechanical 
studies simulating human cartilage using additive manufac‑
turing technology were not identified in the literature. The 
selected material exhibits similar tensile strength and tensile 
modulus compared with the cartilage at the level of the adult 
human hip, thus mimicking the mechanical properties of adult 
hip cartilage.

In conclusion, manufacturing the loading cups from the 
ABS‑M30 material using the method proposed in the present 
study allowed the realistic reproduction of the anatomy and 
the distribution of the forces at the level of the hip in in vitro 
biomechanical studies simulating walking.
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