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The reverse engineering method has been beneficial for personalized implant 

designs in the medical field due to its flexible use feature that allows it to be 

applied in many areas. The method of anatomical features (MAF) is commonly 

used for fractures of the bone for the development of plate fixation. To 

improve the geometrical fitting between plate and bone, high-quality image 

data is the most important factor for computer aided design (CAD) modelling. 

This study aims to use MAF for humerus bone plate design that would 

alternate the fracture region and decrease the stress-shielding effect depending 

on bending strength. For this purpose, the personalized plate implant (PPI) was 

designed according to MAF and fabricated using the multi jet fusion (MJF) 

technique, finally the four-point bending finite element analysis was applied 

and tested. The results indicated that the PPI structure has higher bending 

strength than the flat plate design and a much greater surface area. 
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 Tersine mühendislik yöntemi birçok alanda uygulanmasına olanak sağlayan 

esnek kullanım özelliği nedeniyle tıp alanında kişiye özel implant 

tasarımlarında fayda sağlamıştır. Anatomik özellikler yöntemi (MAF), plak 

fiksasyonunun geliştirilmesi için kemik kırıklarında yaygın olarak 

kullanılmaktadır. Plaka ve kemik arasındaki geometrik uyumu iyileştirmek 

için yüksek kaliteli görüntü verileri CAD modellemede en önemli faktördür. 

Bu çalışma; kırık bölgesini değiştirecek ve bükülme mukavemetine bağlı 

olarak stres koruyucu etkiyi azaltacak humerus kemik plakası tasarımı için 

MAF'ın kullanılmasını amaçlamaktadır. Bu amaçla kişiselleştirilmiş plaka 

implant (PPI), MAF'a göre tasarlanıp, multi jet füzyon (MJF) tekniği 

kullanılarak üretilmiştir.  Son olarak dört nokta bükme sonlu elemanlar analizi 

uygulanarak test edilmiştir.  Sonuçlar, PPI yapısının düz plaka tasarımına göre 

daha yüksek bükülme mukavemetine ve çok daha büyük bir yüzey alanına 

sahip olduğunu göstermiştir. 

Anahtar Kelimeler: 
Kemik plakaları 

Anatomik özellikler yöntemi 

Dört nokta eğilme testleri 

Kişiselleştirilmiş kemik plakası 
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1. Introduction 

In recent years, three-dimensional (3D) models produced by additive manufacturing (AM) methods have 

been used in patient-specific implant and prosthesis designs. To creating a 3D physical model begins 

with processing computer tomography (CT) and magnetic resonance imaging (MRI) digital data with 

appropriate methods. These images are used in pre-clinical evaluations to discuss the procedure and 
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make the most appropriate decision (Huatilainen et al., 2014; Malik et al., 2015; Marro et al., 2016). 

Arvier et al., (1994) concluded that maxillofacial 3D models are useful in visualizing the dimensional 

movement of bones for preoperative adaptation at the surgical planning stage. In addition, these models 

with similar accuracy provide efficiency in terms of cost by reducing post-operative complications, 

early-term diagnosis, and decreased operation time (Webb, 2000; Cousley et al., 2017). It becomes 

important to create an anatomical model by obtaining high-quality image data from the maxillofacial 

region. Cone beam computer tomography (CBCT) is among the slicing techniques used in creating 3D 

biomodels, assets in implant planning, predicting maxillofacial growth, and determining bone volume 

in the reconstruction process for orthodontic surgery (Liang et al., 2010a; Liang et al., 2010b). 

Method of anatomical features (MAF) is frequently used in modeling and reverse engineering of human 

bones. The main purpose of the MAF method is to gain close anatomical structure by developing a bone 

3D model with highly geometric precision. In the study that investigated based on the femur and tibia 

bones model, it was stated that the accuracy between the polygonal model and bone geometric 

morphology was adequate for plate design. Additionally, it has been concluded that a 3D geometric 

model can be created even in cases where there is partial data about human bone (Majstonovic et al., 

2013; Vitković et al., 2019). Shoulkha et al., (2011) created a 3D model with the help of geometrically 

simulated shapes (ellipsoid and hyperbolic) similar to the anatomical landmarks on the femoral bone 

surface. A mean fitting error of 0.5-1.2 mm occurred between this 3D model and image data. In a similar 

study, according to geometric measurements, there was a deviation of less than 1 mm in 75% of the 

entire geometry between the 3D model prepared with the MAF method and the input data (Rashid, 

2023). 

The fixation plates are commonly used in the treatment of fractures in the distal-proximal or shaft of 

human bones as a result of injury. The personalized plate implant (PPI) designed for the repair of distal 

femur fractures aims to ensure continuity in blood flow by matching the deformed surfaces to each other 

after deformation. Chen, (2018) examined the stress distribution on the personalized fixation plate 

according to the surface geometry created by restoring the broken femur bone. For complex geometries 

such as bone structure, feature-based definition reduces the time for editing and ensures optimal plate 

design. To overcome stress shielding of femoral shaft fracture and enhanced wrap of bone-plate couple, 

stress and deformation are significantly reduced by preparing a customized plate design (Soni and Sing, 

2020). To improve the PPI for tibial bone fracture, stress distribution, and stress shielding rate are 

reduced with the groove design on the plate (Liao et al., 2021). However, loss of movement function 

and pain that occurs after the healing process of tibial plateau fractures restricts the activities of patients. 

Due to the posterolateral region being complex, the plate should be placed on the bone contour to wrap 

the fracture fragments correctly. To perform the process such as bending the flat plates to settle in the 

plateau region causes longer surgery time, increases blood loss, and weakness the mechanical properties 

of the plate (Jian et al., 2018; Ren et al., 2018). Proximal humerus, humeral shaft, and distal humerus 

fractures are frequently observed in adult and elderly people. Meanwhile, due to fractures of the 
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proximal humerus and displacement of fragments, satisfactory results were not obtained in the treatment 

with traditional plates and screws  (Kumar et al., 2013; Nowak et al., 2018). The compatibility of the 

screw and the plate used as screws should be sufficient for the fracture region to be covered by the plate. 

In this case, the increase in the distance between the bone and the plate in the application of an 

extraperiosteal locking plate has a significant impact on the stability of the construction (Ahmed et al., 

2007). As a result of parametric optimization for the proximal humerus plate, Jabran et al., (2019) 

determined that the plate bending strength depends on the screws close to the proximal region. Tilton et 

al., (2020) emphasized the importance of medial support with plate fixation applied to proximal humerus 

fractures. Moreover, it has been found that new medial support leads to a significant reduction in 

humeral head migration under increasing repetitive loads. The plates used in extra-articular humerus 

fractures provide stability in terms of fixation and resistance to torsion forces (Scalaro et al., 2014). It 

has been reported that mid-distal humeral shaft fractures can be successfully treated with a minimally 

invasive plate (MIPA). Moreover, with this technique, there is less soft tissue dissection which 

eliminates the need to expose the radial nerve (An et al., 2010). The main benefit of the MAF technique 

is the use of personalized specific features. By applying the parametric design method of the fixing plate, 

a structure compatible with the humeral shaft topology is prepared (Rashid et al., 2017; Rashid et al., 

2021). 

In this study, MAF was applied for left humeral shaft bone fracture. For this purpose, input data 

transferred from medical imaging techniques was used at the base of the investigation. A fixation plate 

was designed accordingly by defining a new surface geometry that was compatible with the humeral 

shaft bone and coverage of the fracture area. Additionally, flat and PPI bone plates were produced by 

3D printing MJF method and their bending strength was investigated by four-point bending tests. 

 

 

2.  Material and Method 

 

2.1. CAD model of left humeral bone 

 
In the proposed methodology of this section, the humerus bone structure scanned with the CT is 

converted into computer-aided design (CAD) data and the plate design is prepared based on the bone 

model. First, to investigate the humeral bone design, the general platform of GrabCAD was used for the 

medical image recognition and segmentation of CT data. Then, the Geomagic (Morrisville, North 

Carolina, USA) software was used for optimizing the left humeral model, to create mesh geometry. 

Finally, the mesh model of the left humeral bone was imported to the converter surface modulus in 

Solidworks (Solidworks, Waltham, MA, USA). The surface model capability for shape adaptation of 

plate design is improved by selecting a region of interest (ROI), the area of the fracture gap expressed 

by the red line as seen in Figure 1a. The design of the personalized bone plates with coverage surface 

was as follows: the plate internal surface should be fitted with the outer surface of the humeral shaft. 

For this purpose, the planes that were suitable for the cross-sectional morphology were placed by slicing 
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along the axis of the bone as illustrated in Figure 1b. Here, the distance between the slicing planes was 

taken as 5 mm from the reference plane, and 22 planes were acquired on the shaft and 3 planes were 

prepared in the part of the distal humerus close to the shaft. 

 

 

 

 
 

Figure 1. The solid model create from surface for bone plate design, a) Surface model, b) Slicing, c) Defining 

curves, d) Surface creating for ROI. 

 
As seen in Figure 1c, the surface model was created through curves defined on the bone CAD model. 

Here, the surface geometry was achieved by drafting the curves which are created by a slicer for a close 

fit of the bone surface as given in Figure 1d. To compare the topology of the mentioned surface and 

mesh, deviation analysis was performed. In previous studies about geometric measurements, there was 

a deviation of less than 1.2 mm in whole bone geometry between the 3D model created with the MAF 

method (Shoulkha et al., 2011; Rashid, 2023). It is noted that by using the MAF method, wider coverage 

of the distal humerus part ensures that the anatomical and geometric deviation is more personalized, 

with an average value of 0.1-0.2 mm (Vitković et al., 2023). Eijnatten et al. (2018) determined that for 

the medical AM model, there was a change of 0.3-0.46 mm within the volumetric limits from CT to 3D 

model creation. 

The volumetric model results indicated that the maximum deviation between the humerus shafts ROI 

and the created surface model was measured as 0.256 mm, as shown in Figure 2a. However, deviation 

values between ROI and the bone surface can be reduced by determining the curves of the points with 

maximum deviation on the humerus model. 
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The splines prepared on two planes with a distance of 10 and 30 mm from the reference plane were 

redrawn as given in Figure 2b. Then, the surface was remodeled with the new spline points and the 

maximum deviation value was reduced to 0.005 mm. When the deviation was controlled for the whole 

model including bone and humerus shafts ROI points according to the precise measurement range, the 

deviation values for the ROI were adjusted between 0-0.005 mm, as seen in the Figure 2c. 

 

 
 

Figure 2. Improving the deviation value of the surface created on the humerus bone, a) Initial deviation, b) 

Determination of high deviation area, c) Homogeneous distribution of deviation value. 

 
2.2. Preparing of fixation plate for humeral shaft 

The humeral shaft plate design is classified according to humeral shaft fractures. Using the traditional 

plating technique, the fixation process is performed through a posterior approach. The traditional 

compression plate includes a radius to be compatible with the bone, as seen in Figure 3a. In the presented 

study, as a first approach, the humeral shaft surface where the plate is placed on the body was modeled 

in the previous section. In the following, a dynamic compression plate (DCP) for the left humeral shaft 

was generated on the bone model with adequate deviation values, as shown in Figure 3b It is noted that 
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the surface model prepared for the new parametric model is a useful method in terms of making it 

possible to create a 3D plate model (Chen, 2018; Vitković et al., 2018; Vitković et al., 2023). 

 

 
 

Figure 3. a) Determination of plate boundaries according to ROI region, b) Wrapping the surface according to 

plate dimensions. 

 
The compression plate dimensions were 100 mm in length, 12 mm in width, and 4 mm in thickness. The 

screw holes were drilled on the PPI plate using a tangent plane for the 4.5 mm cortical screws. It is 

intended to fix the fracture area using compression plate dimensions designed for the humerus and tibia. 

For this purpose, a draft was used by the commands of the Solidworks software tools, and the geometry 

of the plate was covered on the shaft surface.  

 

 
 

Figure 4. a) Conventional flat plate, b) PPI plate, c) FE model for four-point bending analysis. 
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As seen in Figure 4a and 4b the traditional flat plate and the PPI were designed with the MAF method. 

A scaffold covering the bone surface was obtained according to the humerus shaft topology. To ensure 

the compatible morphology, the Solidworks wrap command was used on the top of the plane. Then, the 

wrap was converted surface with 4 mm thickness. PPI design is different from the plate produced by 

traditional methods and fixed to the bone by the bending process during the surgical operation. 

 
2.3. Four-point bending FE analysis of plates 

To investigate the PPI and the flat plate bending stiffness, the finite element model (FEM)  by 

Abaqus/Explicit was set up as shown in Figure 4c The bending test standards for metallic plates ASTM 

F382 (2018) were used in simulations to compare the bending performances of the mentioned plates. 

According to the ASTM F382 standard, the recommended parameters are given as follows: support 

roller radius of 5 mm, the distance of loading roller is 35 mm and horizontal distance between loading 

rollers is 22.5 mm. The plates, support, and loading roller were both meshed by hexahedral reduced 

integrated element (C3D8R). The loading roller was controlled by given radial displacement. The 

support roller was restricted rotational and axial movement for all directions. The interaction between 

the rollers and the outer and inner surfaces of the plates was assumed as a friction coefficient of 0.3 with 

tangential behavior. Focusing on rapid prototyping, the mechanical properties of carbon fiber-reinforced 

polyamide (PA12) were used to produce the plates from polymer-based material by the MJF method. 

 

3. Experimental Analysis 

3.1. Rapid prototyping of PPI and flat plates 

To compare the four-point bending performance of the mentioned PPI and flat plates were fabricated 

four samples with MJF method for the smooth model as shown in Figure 5. The material was PA12, 

infill %100, and layer thickness 0.08 mm. A model for testing purposes was obtained using this 3D 

production method. The material selection is suitable for rapid prototyping but is not biocompatible for 

implant structure. 
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Figure 5. Flat and PPI plates produced with MJF printing method. 

 
To evaluate the MAF design method, while adapting to the humeral bone surface, the mass of the PPI 

plate was greater with equal thickness, length, and width. 

 

3.2. Tensile test of material 

The material selected for the tensile test was PA12. To determine the mechanical properties of this 

material, four test specimens were designed according to ASTM D638-14 standard. The tensile tests 

were performed at a speed of 5 mm/min using a Zwick/Roell Z250 machine and 100 kN load frame. As 

shown in Figure 6a, the PA12 samples were assumed as isotropic and homogeneous (Erdogus, 2024). 

 

 
 

Figure 6. a) PA12 stress-strain relationship, b) Tensile tests of specimens. 
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3.3. Four-point bending tests 

The four-point bending test of flat plates was applied as standard ASTM F382-14. To obtain the load-

deformation graph, the distance between the loading rollers was set as 35 mm and the distance between 

the supports was set as 80 mm to prevent the plate ends from contacting the rollers during bending. As 

can be seen from Figure 7, tests were conducted on the flat plates using the Zwick/Roell Z250 machine, 

with a displacement rate of 5 mm/min. 

 

 

 

 

 

 

 

 

 

 

 
Figure 7. Four-point bending tests of flat humeral bone plate. 

 
The load-deformation curve is plotted automatically, according to this, the bending stiffness (K) was 

calculated from the maximum slope of this curve (ASTM F382-14). The bone plate bending structural 

stiffness and bending strength were calculated using the formula Eq. (1) and Eq. (2) for ASTM F382-

14. Here, the proof load (P) was drawn on a line parallel to the load-deformation curve at 0.2% offset.  

EI =
(2h + 3a)Kh2

12
 

(1) 

Bending Strength =
Ph

2
 

(2) 

 
Where; h- the loading span distance, a-the center span distance, K-the bending stiffness.  Le et al. (2023) 

designed a bone plate-like 3D-printed solid model test piece and performed a four-point bending test. 

Additionally, the research has been conducted on predicting mechanical behavior using machine 

learning.  

 

4. Results and Discussion 
The bending performances of flat and PPI plates were compared in this study. First, as given in Figure 

8a, experimental results were compared according to mesh size to verify the FEM. The bone plate model 

was discretized by C3D8R element with mesh size 0.7 mm. To evaluate the grid size on simulation was 

analysed and the model was verified: the flat plate was meshed with seven layers of grids through the 

thickness (Figure 8b). As seen in Figure 8c, the force-deformation behavior of flat plate with 

experimental and numerical analysis under a four-point bending load. The tests of four flat plate 

samples, as given in Figure 8d, for a single cycle to determine bending stiffness, structural stiffness, and 
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bending strength. The bending test results indicated that the maximum loads revealed no significant 

differences were found between test samples. 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. a) Mesh convergence according to seed size, b) Grid distribution across plate thickness, c) Comparison 

of force-deformation curves of flat plate, d) Experimental study. 

 

To investigate the maximum load correlated with bending strength, the mean bending strength of the 

flat plate was calculated at 1148.41 ±87 N.mm, and 1188.73 N.mm was presented according to the FEA 

value for the force-deformation curve. In addition, the bending strength is calculated for Eq.(2) to be 

2095.69 N.mm for the PPI plate for 13.36 mm radial deformation. It was observed that the same radial 

deformation value was 56.62% lower for a flat plate. As seen in Figure 9, the PPI plate has more 

resistance to bending than the flat plate. A morphology of a plate compatible with the humerus bone is 

advantageous in terms of bending strength compared to a flat plate by buckling inward to surround the 

bone. A significant difference was exhibited in the bending strength and the deformation of the plate 

from 0 to 15 mm between PPI and flat plate. Although it has equal length and thickness with the flat 

plate, its bending resistance has increased due to the increase in width according to bone morphology. 
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Figure 9. Comparison of different bone plate design types for force-deformation curves according to FE analysis. 

 
An FE analysis was performed to model the bending performances of PA12 plates at an 80 mm roller 

span with different designs. To understand the bending resistance merits of bone plates, the construction 

is affected by the compatibility of the bone body. The stress shielding effect that may occur after 

implantation of the bone plate produced as a prototype from the same material under the same conditions 

was interpreted through numerical and experimental analysis. Focusing on the material selection and 

geometrical improvements, the stress shielding could be reduced in these results of study. In both bone 

plates, the stress increased on the outside of the part during bending. Here, although the two designed 

plates were of equal thickness, length, and width, the stress contour occurring in the PPI was less along 

the thickness section than in the flat plate (Figure 10).  

 
Figure 10. Stress distributions of flat and PPI plates four-point bending simulation. 
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The PPI plate is more resistant than flat plate because it has a variable cross-sectional area. In under 

bending loading, the PPI plate has an advantage due to the cross-sectional variability. It has been 

observed that it is more resistant to bending deformation that may occur in the fracture area of the bone. 

However, another important advantage of the PPI design is its adaptation to bone morphology. In 

addition, it is thought that the deviation between the left humerus bone and the compatible plate PPI is 

quite low, which provides a solution for unforeseen situations in the bone shape during the surgical 

operation. Since the PPI plate has a morphology compatible with humerus bone geometry, the total 

reaction force increased during roller displacement. 

 

5. Conclusion 

The conventional flat plates are implanted after pre-bending depending on the patient's bone tissue. In 

this way, an attempt is made to adapt to the individual bone geometry. In addition, bone plates with a 

low modulus of elasticity demonstrate higher healing performance. When preparing personalized bone 

plate modeling, reverse engineering and 3D printing techniques are used from a wide range of materials. 

In this paper, the bone plate design for a personalized approach has been presented and determined 

together with bending behavior. MAF was proposed in an attempt to enhance the contact surface 

between the plate and bone. The PPI model was created using MAF which was a reference to the left 

humerus bone. The results showed that the bending strength increased despite having the same 

geometric boundaries. Also, the results of the present study confirmed that the plate design compatible 

with bone morphology was stiffer in terms of bending than the flat plate. It can be expected that plate 

designs that are geometrically compatible with bone morphology can become more useful with 

mechanical tests by placing them on the bone. 
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