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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

In the hip stem prostheses domain, stress shielding represents a major issue due to its potential implant loosening effect. This 
phenomenon occurs when the implant is much stiffer than the bone itself. A way to reduce this stiffness difference is to remove 
material from the implant. In addition, this solution leads to mass reduction of the implant, improving the patient quality of life. 
To insure the implant will withstand the loading, material must be distributed in a specific way. Bones use the same objectives of 
lightness and mechanical efficiency while using a minimal amount of material. In addition, these biological structures are well 
spread and reliable in living beings, especially in mammals and avian species. In this paper, a method bio-inspired by trabecular 
bone structure is proposed to remove material from parts considering their mechanical stress field. In Nature, trabecular bone is 
defined as a graded porous material with bone material locally oriented along the local stresses’ direction. To mimic this natural 
behavior, the proposed method generates local porosities bio-inspired in position, shape, size and orientation. To evaluate the 
proposed method performance, experimental tests were carried out on a hip prosthesis stem. Test results demonstrated that the 
method can be used to reduce the stiffness of the prosthesis while withstanding the applied constrains. 
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1. Introduction 

Prostheses are well known and studied for many years [1] 
and are ones of the most widely implanted prostheses on the 
market. They have been created to restore the continuity of 
the broken structure in order to maintain the quality of living 
of the patient [2]. The most common material used for hip 
implant is titanium [3] due to its biocompatibility. This 
material has high mechanical strength and is lightweight [2]. 
However, it presents a high Young’s modulus (E), so a high 
stiffness which can be damaging. Indeed, implant loosening 
may appear if the difference of stiffness between the bone and 
the implant is too large [4]. In this case, the implant absorbs 

all the loadings while the bone is unloaded. For this reason, 
bone resorption is predominant in the surrounding of the 
implant during the bone turnover process [5]. This lack of 
material formation causes a loss of adherence between the 
implant and the bone: it is the “stress shielding” [6]. It is 
manifested by problems of implant loosening and results in 
failure of the implant. 

For titanium implants, the implants are about nine times 
stiffer than the bone itself (Etitanum ≈ 110GPa while 4GPa < 
Ebone < 30GPa) [7]. To reduce the risks of stress shielding, the 
difference of stiffness between the bone and the implant has 
to be reduced [4]. In this way, a more homogeneous assembly 
{implant; bone} is created and loadings are more evenly 
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distributed. Finally, stresses induced into bone are higher and 
bone formation can occur. To achieve this stiffness reduction 
(while insuring the implant can withstand the loadings of the 
daily life of the user), the geometry of the implant can be 
modified. To fulfill this optimization problem, some classic 
solutions are already proposed in the literature. Topology 
optimization is the most used solution for optimization [6]. It 
consists in finding the best material distribution within a fixed 
domain with precise boundary conditions. Using this method, 
the geometry of the studied part would be oriented along the 
stresses direction. It can be macro-scale or multi-scale 
optimization [8]. To fulfill optimization problems, lattice 
structures are also often used. These structures soften the 
implant and give mechanical properties closer to the bone 
ones in compression [4]. Also, these structures can be graded: 
the thickness of the struts depend on the local stresses. These 
structures are a step toward porous implants which have 
biocompatibility advantages favoring tissue ingrowth [9]. If 
porosities are graded, large pores insure damping functions 
while small pores insure bone tissue ingrowth [9]. Organic 
matter flows into the implant porosities as in bone porosities 
and colonize the implant to create a stronger linkage between 
the two entities [10]. Due to their “material removal” 
definition, all these three solutions provide lighter prosthesis 
that make users’ life easier. 

The proposed method of material removal is stress-driven 
and bio-inspired by trabecular bone structure. This method 
will remove material from a part, thus reduce its mass and so 
decrease its stiffness, ensuring it can withstand the loadings it 
is designed for. The removal process is insured by adding 
holes in the part that are bio-inspired in position, shape, 
orientation and size. In Section 3, this method will be applied 
on a hip stem prosthesis. The stiffness of the initial and bio-
inspired prostheses will be compared. In a second bio-inspired 
prosthesis design, biocompatibility will be more taken into 
account. 

2. Mass reduction method 

This section will focus on the study of bone structure and 
the derived bio-inspired laws used in the method. The end of 
the section will present the method [11, 12]. 

2.1. Bone structure 

The method is based on long bone from mammal’s 
endoskeletons. Indeed, it appears that they undergo loads 
similar to conventional mechanical loads (bending, 
compression, etc.) [13]. More precisely, the method is based 
on epiphysis region of the bone, made of trabecular bone. It is 
described as porous bone that consists in an assembly of 
walls, called trabeculae, separated by void spaces called 
porosities [14]. 

These trabeculae (or trabecular walls), and so the 
surrounding porosities, are arranged in a specific way so that 
they can support high loads using a limited amount of 
material [15]. The trabecular structure follows the commonly 
used and named Wolff’s law. It states that local bone structure 

is adapted from the local mechanical stress field induced by 
the loadings that the bone undergoes [16]. The bigger the 
stresses, the denser the bone and so the thicker the walls (and 
the smaller the porosities) and vice versa [17]. Commonly, the 
thickness of the walls is named “trabecular thickness” (noted 
Tbth) and the size of the porosities is named “trabecular 
separation” (noted Tbsp) (Fig. 1a) [18]. 

In addition, bone presents an anisotropic mechanical 
behavior. This behavior is locally represented by an 
ellipsoidal fabric tensor [19] oriented along the principal local 
mechanical stresses. It means that the trabeculae possess a 
specific orientation, so do the porosities, depending on the 
orientation of the principal mechanical stresses. This 
orientation favors the bone mechanical performances. 

While nature focuses on bone turnover (creation and 
removal), the proposed method focuses on the porosities, so 
on material removal. 

2.2. Bio-inspired laws 

Wolff’s law is the basis of many long bone trabecular 
structure based bio-inspiration. Locally, the bone volume 
fraction vf (also named “bone density”) depends on the stress 
field. To translate this link to a mechanical purpose, a law has 
been proposed to relate the local bone volume fraction vf with 
the local Von Mises stresses σVM normalized by the bone yield 
strength Re [11]. This power law is used to determine the 
necessary local volume fraction vf. 

In addition, Tbth and Tbsp depend on the studied species (in 
the animal rein) [20]. More generally, these parameters are 
linked with the considered specie, the size of the specimen 
and its mass. Thus, a link has been proposed to relate the 
characteristic lengths of trabecular bone (Tbth and Tbsp) with 
the characteristic length of the bone itself, the femoral head 
diameter of the mammal and avian families [11]. 

2.3. Bio-inspiration process 

The previously presented laws are the core of the bio-
inspired method [11]. In this section will be presented the bio-
inspiration process used to locally remove material of a part to 
reduce the amount of used material limiting the decrease of 
mechanical performances. 

First, based on the ellipsoidal shape of the fabric tensor 
(Section 2.1), the used porosities will be ellipses (Fig. 1b). 

The second step is to define the pattern used to discretize 
the part. It mimics the link between {Tbth; Tbsp} and the 
femoral head diameter (Fig. 1b). The chosen pattern is a 
Faced Centered Cubic (FCC) of side length “pattern size” p. It 
is composed of independent elliptic porosities distributed as 
shown in Fig. 1b. While p mimics the Tbth+Tbsp parameter, 
the femoral head diameter is mimicked by the characteristic 
length of the part. As in the bone structure, the ellipses are 
independently aligned along the local principal stresses 
direction. The remaining material will then be aligned with 
the principal stresses similarly to the trabeculae in the bone. 
The ellipses are defined by three groups of parameters: their 
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position (abscissa and ordinate defined by the discretization 
using the pattern size p), their dimensions (semi-major and 
minor axis length, respectively a and b) and their orientation 
(Fig. 1b). 

 

 

Fig. 1. Schema of the femoral structure (a) used to develop the bio-inspired 
discretization applied on a beam (b) 

The third step is to determine the local material volume 
fraction vf. This data can be determined using the law linking 
vf with σVM/Re (Section 2.2) adapted to the part. A threshold is 
set to insure material cohesion in the part. 

The fourth step is the dimensioning of the ellipses. For this 
aim, a link is highlighted between the ratio of the semi-axis 
lengths of the ellipses (a and b), named the “form factor” FF 
(equal to a/b) and the principal stresses ratio (equal to σ1/σ2 in 
2D) [11, 21]. Mixing the parameters p, vf and FF, the semi-
axis lengths of the ellipses can be found. 

3. Application case: hip prosthesis 

This section will focus on the study case: a hip prosthesis 
stem. First, the design of the initial part will be presented; 
second, the material removal process will be detailed; to 
conclude the section, experimental validation will be 
presented. 

3.1. Design of the hip prosthesis 

The material removal process is applied on a hip stem 
prosthesis, called the Initial Prosthesis (IP) in the following. 
Its design is based on implants of the market. The main 
characteristics of a hip prosthesis are integrated in the IP: the 
stem/femoral neck angle of 135° [22] and the angle of the 
application of the forces for testing of 10° [23]. Then, since 
many shapes and sizes are marketed, the design of the IP 

depends on the standards used. Here a 12mm diameter 
prosthesis is designed (Fig. 2a). 

3.2. Hip prosthesis material removing 

Based on Section 2.3, the first step of the material removal 
process is to determine the stress field in the IP using Finite 
Element Analysis (FEA). The proper functioning of the 
process depends on the quality of the FEA and more precisely 
on the quality of the obtained stress field, so on the defined 
boundary conditions. A computational homogenization could 
have been considered [24] but due to the size gradient of the 
porosities (Fig. 2b), a traditional macroscopic FEA is 
preferred. The considered boundary conditions are based on 
ISO7206-3 standard certification fatigue cycles [23] adapted 
to a 2D static problem (presented in Section 3.3.1). 
 

 

Fig. 2. Presentation of the initial hip prosthesis (IP) with the FEA boundary 
conditions and parameters applied during the whole study (a) / First bio-

inspired prosthesis (BIP-1) obtained through the material removal process (b) 

The bio-inspiration process led to the Bio-Inspired 
Prosthesis (BIP-1) presented in Fig. 2b. The chosen pattern 
size p1 had been oversized compared to the pattern size 
computed with the bio-inspired laws. It allows to reduce 
drastically the stiffness of the implant and to get thicker walls 
between porosities. Finally, in the numerical simulation, 29% 
of material has been removed from the initial prosthesis IP. It 
also has been validated that the prosthesis BIP-1 would be 
safe to use according to the set of boundary conditions. 
Indeed, stresses due to the applied forces are smaller than the 
Ti6Al4V yield strength (criterion used in [25]). In addition, 
stresses are smaller than one third of the yield strength, so the 
part should be able to withstand fatigue cycles. 

3.3. Experimental validation 

This section will focus on the experimental validation of 
the material removal process. First, the BIP-1 will be 
numerically compared with the IP. Second, testing will be 
carried out to compare the BIP-1 with the IP. Finally, a 
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2D) [11, 21]. Mixing the parameters p, vf and FF, the semi-
axis lengths of the ellipses can be found. 

3. Application case: hip prosthesis 

This section will focus on the study case: a hip prosthesis 
stem. First, the design of the initial part will be presented; 
second, the material removal process will be detailed; to 
conclude the section, experimental validation will be 
presented. 

3.1. Design of the hip prosthesis 

The material removal process is applied on a hip stem 
prosthesis, called the Initial Prosthesis (IP) in the following. 
Its design is based on implants of the market. The main 
characteristics of a hip prosthesis are integrated in the IP: the 
stem/femoral neck angle of 135° [22] and the angle of the 
application of the forces for testing of 10° [23]. Then, since 
many shapes and sizes are marketed, the design of the IP 

depends on the standards used. Here a 12mm diameter 
prosthesis is designed (Fig. 2a). 

3.2. Hip prosthesis material removing 

Based on Section 2.3, the first step of the material removal 
process is to determine the stress field in the IP using Finite 
Element Analysis (FEA). The proper functioning of the 
process depends on the quality of the FEA and more precisely 
on the quality of the obtained stress field, so on the defined 
boundary conditions. A computational homogenization could 
have been considered [24] but due to the size gradient of the 
porosities (Fig. 2b), a traditional macroscopic FEA is 
preferred. The considered boundary conditions are based on 
ISO7206-3 standard certification fatigue cycles [23] adapted 
to a 2D static problem (presented in Section 3.3.1). 
 

 

Fig. 2. Presentation of the initial hip prosthesis (IP) with the FEA boundary 
conditions and parameters applied during the whole study (a) / First bio-

inspired prosthesis (BIP-1) obtained through the material removal process (b) 

The bio-inspiration process led to the Bio-Inspired 
Prosthesis (BIP-1) presented in Fig. 2b. The chosen pattern 
size p1 had been oversized compared to the pattern size 
computed with the bio-inspired laws. It allows to reduce 
drastically the stiffness of the implant and to get thicker walls 
between porosities. Finally, in the numerical simulation, 29% 
of material has been removed from the initial prosthesis IP. It 
also has been validated that the prosthesis BIP-1 would be 
safe to use according to the set of boundary conditions. 
Indeed, stresses due to the applied forces are smaller than the 
Ti6Al4V yield strength (criterion used in [25]). In addition, 
stresses are smaller than one third of the yield strength, so the 
part should be able to withstand fatigue cycles. 

3.3. Experimental validation 

This section will focus on the experimental validation of 
the material removal process. First, the BIP-1 will be 
numerically compared with the IP. Second, testing will be 
carried out to compare the BIP-1 with the IP. Finally, a 
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second bio-inspired prosthesis BIP-2 will be designed and 
will be compared with the IP and the BIP-1. 

3.3.1. FEA on BIP-1 
In his sub-section, the IP and BIP-1 will be compared 

through FEA simulations. For the simulations, the boundary 
conditions used in Section 3.2 will be imposed on the FEA 
model. These boundary conditions are set to match the 
experimental testing ones (Section 3.3.2). They are 
determined and adapted from the ISO7206-3 standards 
certifications. The lower part of the prosthesis will be fixed 
[26] while a part of the right side will present a sliding 
contact. The top 80mm of the prosthesis is free to move [23] 
and only subjected to a force corresponding to stumbling 
Fstumbling. This force is represented by a compression force 
along the gravitational direction (Fig. 2a) [25]. Fstumbling causes 
a displacement that will be compared for both prosthesis (Fig. 
3). It will give an idea of the relative stiffness of the parts. 

The applied forces correspond to stumbling of a m=90kg 
person. In the standard certifications, the forces are defined as 
percentages of body weight. Averaging data from [27, 28], 
Fstumbling is about 793% of body weight and forces due to 
stumbling are about 7000N (Eq. 1). 

 

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 793 %𝐵𝐵𝐵𝐵 =  𝑚𝑚 ∗ 𝑔𝑔 ∗ 793
100  (1) 

 
For the FEA, the material set is titanium alloy Ti6Al4V 

(one of the most used material for hip prosthesis) and the 
mesh used is a thin shell mesh of 0.3mm linear triangles (Fig. 
2a). 

The FEA results are shown in Fig. 3. It appears that for a 
same applied force, the displacement observed on the BIP-1 
are bigger than the one of the IP. The BIP-1 appears to be 
22% softer than the IP. This comparison has been made 
possible because stresses are smaller than the Yield strength 
of Ti6Al4V and thus the strain and the stress in the material 
are still linearly related. 

 

 

Fig.3. Displacement field induced in the initial prosthesis (IP) compared to 
the displacement field induced in the bio-inspired prosthesis 1 (BIP-1) 

3.3.2. Experimental test 
The two prosthesis have been printed with plastic material 

and then compared onto the same test bench (presented in Fig. 
4). As introduced in previous sub-sections, the experimental 

test consists in compression of the prosthesis following a 
process adapted from ISO7206-3 standards certifications. 

In this study case, the problem had been simplified to a 2D 
static problem: the applied compressive force was purely 
vertical. The prosthesis is placed into a supporting block in a 
locked vertical position. On the top side of the prosthesis, a 
displacement is imposed to generate the reaction force that is 
measured by a multicomponent dynamometer. 

 

 

Fig. 4. Experimental benches 

The prostheses were 3D printed using plastic material: a 
31% mass reduction has been measured from the IP to the 
BIP-1 (similar to the 29% material removed by the process in 
theory). Due to the use of this plastic material, force scaling 
has to be done. Also, the critical force that can cause 
lamination Flamination of the prosthesis has to be calculated. For 
this aim, it is important to recall that in the FEA simulations 
on titanium prostheses, the stresses were much smaller than 
the titanium yield strength. For that reason, the prosthesis 
were loaded in the elastic range of the material. In this range, 
cross multiplications can be used to determine Flamination. 
Knowing the materials yield strength and the stresses 
generated by a force on the titanium prosthesis, Flamination can 
be estimated. In this case, Flamination is estimated to 1200N. 
During the tests, the applied forces were lower than Flamination, 
so no lamination should occur and the prostheses were loaded 
in the elastic range of the material. 

In Fig. 5, the reaction force of the prostheses has been 
plotted as a function of the imposed displacement, for both the 
IP and the BIP-1. It can be observed that the BIP-1 is 25% 
less stiff than the IP. 

It can be conclude that regarding the stiffness, the BIP-1 
allow a reduction of the gap between implant and bone while 
resisting to the stumbling forces Fstumbling (considered as the 
worse loading case).  

As explain in the introduction section, titanium implants 
are around nine times stiffer than the bone itself and this 
difference can cause damages. In the presented test carried out 
with plastic prosthesis, it has been shown that the process 
allow a decrease of about 25% in stiffness, from the IP to the 
BIP-1. Thanks to the force scaling that has been done, these 
conclusions can be generalized to the titanium prostheses. 
Finally, with this shape design, the process can help reducing 
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the stiffness of the implant by 2.25. The implant is now only 
6.75 times stiffer than the bone. 

 

 

Fig. 5. Plot of the reaction force measured on the dynamometer as a function 
of the imposed displacement for the IP (blue) and the BIP-1 (green) 

3.3.3. FEA on BIP-2 
With the two previous sub-section, it has been shown that 

the local material removal process allows a global decrease of 
the stiffness of the part. In this sub-section, a second bio-
inspired prosthesis (BIP-2) will be investigated numerically. 
Here will be investigated the influence of the pattern size on 
the stiffness of the part. For this study, the pattern size p2 used 
to remove material to get BIP-2 is smaller than p1, but also 
closer to the pattern size originated from the bio-inspired 
laws. Here, biocompatibility is more taken into account. 

The material removal follows the same process as the 
previously used one (same original part, boundary conditions, 
material and FEA parameters). For this BIP-2, the pattern size 
p2 has been lowered compared to the pattern size p1. Reducing 
the pattern size, the ellipses are much smaller and thus the 
walls are much thinner (too thin to be plastic 3D-printed but 
thick enough to be metal 3D-printed [11]). For this reason, 
this geometry will be exclusively investigated through FEA. 
Numerically, as for BIP-1, BIP-2 is 29% lighter than IP. 

The FEA results have shown that for a same applied force 
and the same amount of removed material, BIP-2 seems to be 
2% stiffer than BIP-1. Indeed, the displacements observed on 
the BIP-2 are 2% smaller than the one of the BIP-1. This 
difference is due to the difference porosities’ size induced by 
the change of pattern size from p1 to p2. Furthermore, it 
appears that for a same applied force, BIP-2 seems to be 20% 
softer than the IP (Table 1).  

3.4. Discussion 

In the introduction section, the stake of reducing the 
stiffness of the hip prosthesis has been shown. Titanium 
prostheses have a stiffness nine times bigger than the one of 
the bone. This difference causes stress shielding and bone 
delamination issues. Using the material removal process with 
two different pattern size p1 and p2, two parts have been 
obtained: BIP-1 and BIP-2 (both 29% lighter than IP). With 
these two designs, the ratio “prosthesis stiffness / bone 
stiffness” has been reduced from nine to 6.75. This reduction 
allows a reduction of stress shielding issues by increasing the 

stresses in the bone surrounding the implant. Mass reduction 
of the prostheses is also an advantage for the patient that will 
be able to move easier, increasing its quality of life. 

Furthermore, biocompatibility is more considered in the 
design of bio-inspired prostheses. Indeed, bone porosities are 
smaller than the one obtained in BIP-1 and trabeculae are 
thinner. Following this statement, it is shown that 
biocompatibility is increased for a specific range of porosity 
sizes. According to some authors, the biocompatibility of the 
implant is increased when the porosities are bigger than 
0.05mm and smaller than 0.8mm [29]. BIP-2 has been 
designed using a smaller pattern size p2 closer to the one 
originated from the bio-inspired laws. 

This pattern size p2 allows the porosities’ size to get closer 
to the recommended range with thinner trabeculae. However, 
with this smaller pattern size, only 25% of the ellipses have a 
recommended size. The other 75% of the ellipses are bigger 
than this range. Thus, the pattern size should be even smaller 
but it caused issues to compute the CAD model of the bio-
inspired prosthesis. Simultaneously, the thinner the 
trabeculae, the more difficult the manufacturing. Indeed, in 
the case of plastic 3D-printing, the nozzle of the printer set a 
minimal printing size that were outreached in the design of 
BIP-2. However, this geometry may be 3D printed with 
metallic materials. 
 

Prosthesis IP BIP-1 BIP-2 
Amount of material 

(numerical) 
Benchmark 

value -29% -29% 

Amount of material 
(printed) 

Benchmark 
value -31% / 

Displacement 
(numerical) 0.910 mm 1.161 mm 

(+28 %) 
1.139 mm 
(+25%) 

Stiffness (numerical) Benchmark 
value -22% -20% 

Stiffness (experimental) Benchmark 
value -25% / 

Percentage of ellipses 
with a biocompatible size / 0% 25% 

Table 1. Summary of the collected data on the three prostheses 

Table 1 summarizes the data collected during the previous 
experiments (from Section 3.3.1 to Section 3.3.3).  

It can be noticed that for the same loading and amount of 
material, the displacement of the BIP-2 is smaller than the 
BIP-1 one, so that the BIP-2 is stiffer than the BIP-1. Indeed, 
the smaller the porosities, the more precise their shape and 
dimension regarding the local stresses. This rise in accuracy 
entails a smaller decrease of the stiffness of the part. 

To summarize, the tested prostheses showed two 
behaviors: 

 The BIP-1, with its bigger ellipses, presents a greater 
decrease in stiffness (maintaining enough stiffness to resist 
to the loadings) and present a lower bio-compatibility; 

 The BIP-2, with its smaller ellipses, presents a smaller 
decrease in stiffness (maintaining enough stiffness to resist 
to the loadings) and present a higher biocompatibility. 

Finally, a balance has to be found between the trio {bigger 
ellipses / stiffness closer to bone stiffness / low 
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second bio-inspired prosthesis BIP-2 will be designed and 
will be compared with the IP and the BIP-1. 

3.3.1. FEA on BIP-1 
In his sub-section, the IP and BIP-1 will be compared 

through FEA simulations. For the simulations, the boundary 
conditions used in Section 3.2 will be imposed on the FEA 
model. These boundary conditions are set to match the 
experimental testing ones (Section 3.3.2). They are 
determined and adapted from the ISO7206-3 standards 
certifications. The lower part of the prosthesis will be fixed 
[26] while a part of the right side will present a sliding 
contact. The top 80mm of the prosthesis is free to move [23] 
and only subjected to a force corresponding to stumbling 
Fstumbling. This force is represented by a compression force 
along the gravitational direction (Fig. 2a) [25]. Fstumbling causes 
a displacement that will be compared for both prosthesis (Fig. 
3). It will give an idea of the relative stiffness of the parts. 

The applied forces correspond to stumbling of a m=90kg 
person. In the standard certifications, the forces are defined as 
percentages of body weight. Averaging data from [27, 28], 
Fstumbling is about 793% of body weight and forces due to 
stumbling are about 7000N (Eq. 1). 

 

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 793 %𝐵𝐵𝐵𝐵 =  𝑚𝑚 ∗ 𝑔𝑔 ∗ 793
100  (1) 

 
For the FEA, the material set is titanium alloy Ti6Al4V 

(one of the most used material for hip prosthesis) and the 
mesh used is a thin shell mesh of 0.3mm linear triangles (Fig. 
2a). 

The FEA results are shown in Fig. 3. It appears that for a 
same applied force, the displacement observed on the BIP-1 
are bigger than the one of the IP. The BIP-1 appears to be 
22% softer than the IP. This comparison has been made 
possible because stresses are smaller than the Yield strength 
of Ti6Al4V and thus the strain and the stress in the material 
are still linearly related. 

 

 

Fig.3. Displacement field induced in the initial prosthesis (IP) compared to 
the displacement field induced in the bio-inspired prosthesis 1 (BIP-1) 

3.3.2. Experimental test 
The two prosthesis have been printed with plastic material 

and then compared onto the same test bench (presented in Fig. 
4). As introduced in previous sub-sections, the experimental 

test consists in compression of the prosthesis following a 
process adapted from ISO7206-3 standards certifications. 

In this study case, the problem had been simplified to a 2D 
static problem: the applied compressive force was purely 
vertical. The prosthesis is placed into a supporting block in a 
locked vertical position. On the top side of the prosthesis, a 
displacement is imposed to generate the reaction force that is 
measured by a multicomponent dynamometer. 

 

 

Fig. 4. Experimental benches 

The prostheses were 3D printed using plastic material: a 
31% mass reduction has been measured from the IP to the 
BIP-1 (similar to the 29% material removed by the process in 
theory). Due to the use of this plastic material, force scaling 
has to be done. Also, the critical force that can cause 
lamination Flamination of the prosthesis has to be calculated. For 
this aim, it is important to recall that in the FEA simulations 
on titanium prostheses, the stresses were much smaller than 
the titanium yield strength. For that reason, the prosthesis 
were loaded in the elastic range of the material. In this range, 
cross multiplications can be used to determine Flamination. 
Knowing the materials yield strength and the stresses 
generated by a force on the titanium prosthesis, Flamination can 
be estimated. In this case, Flamination is estimated to 1200N. 
During the tests, the applied forces were lower than Flamination, 
so no lamination should occur and the prostheses were loaded 
in the elastic range of the material. 

In Fig. 5, the reaction force of the prostheses has been 
plotted as a function of the imposed displacement, for both the 
IP and the BIP-1. It can be observed that the BIP-1 is 25% 
less stiff than the IP. 

It can be conclude that regarding the stiffness, the BIP-1 
allow a reduction of the gap between implant and bone while 
resisting to the stumbling forces Fstumbling (considered as the 
worse loading case).  

As explain in the introduction section, titanium implants 
are around nine times stiffer than the bone itself and this 
difference can cause damages. In the presented test carried out 
with plastic prosthesis, it has been shown that the process 
allow a decrease of about 25% in stiffness, from the IP to the 
BIP-1. Thanks to the force scaling that has been done, these 
conclusions can be generalized to the titanium prostheses. 
Finally, with this shape design, the process can help reducing 
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the stiffness of the implant by 2.25. The implant is now only 
6.75 times stiffer than the bone. 

 

 

Fig. 5. Plot of the reaction force measured on the dynamometer as a function 
of the imposed displacement for the IP (blue) and the BIP-1 (green) 

3.3.3. FEA on BIP-2 
With the two previous sub-section, it has been shown that 

the local material removal process allows a global decrease of 
the stiffness of the part. In this sub-section, a second bio-
inspired prosthesis (BIP-2) will be investigated numerically. 
Here will be investigated the influence of the pattern size on 
the stiffness of the part. For this study, the pattern size p2 used 
to remove material to get BIP-2 is smaller than p1, but also 
closer to the pattern size originated from the bio-inspired 
laws. Here, biocompatibility is more taken into account. 

The material removal follows the same process as the 
previously used one (same original part, boundary conditions, 
material and FEA parameters). For this BIP-2, the pattern size 
p2 has been lowered compared to the pattern size p1. Reducing 
the pattern size, the ellipses are much smaller and thus the 
walls are much thinner (too thin to be plastic 3D-printed but 
thick enough to be metal 3D-printed [11]). For this reason, 
this geometry will be exclusively investigated through FEA. 
Numerically, as for BIP-1, BIP-2 is 29% lighter than IP. 

The FEA results have shown that for a same applied force 
and the same amount of removed material, BIP-2 seems to be 
2% stiffer than BIP-1. Indeed, the displacements observed on 
the BIP-2 are 2% smaller than the one of the BIP-1. This 
difference is due to the difference porosities’ size induced by 
the change of pattern size from p1 to p2. Furthermore, it 
appears that for a same applied force, BIP-2 seems to be 20% 
softer than the IP (Table 1).  

3.4. Discussion 

In the introduction section, the stake of reducing the 
stiffness of the hip prosthesis has been shown. Titanium 
prostheses have a stiffness nine times bigger than the one of 
the bone. This difference causes stress shielding and bone 
delamination issues. Using the material removal process with 
two different pattern size p1 and p2, two parts have been 
obtained: BIP-1 and BIP-2 (both 29% lighter than IP). With 
these two designs, the ratio “prosthesis stiffness / bone 
stiffness” has been reduced from nine to 6.75. This reduction 
allows a reduction of stress shielding issues by increasing the 

stresses in the bone surrounding the implant. Mass reduction 
of the prostheses is also an advantage for the patient that will 
be able to move easier, increasing its quality of life. 

Furthermore, biocompatibility is more considered in the 
design of bio-inspired prostheses. Indeed, bone porosities are 
smaller than the one obtained in BIP-1 and trabeculae are 
thinner. Following this statement, it is shown that 
biocompatibility is increased for a specific range of porosity 
sizes. According to some authors, the biocompatibility of the 
implant is increased when the porosities are bigger than 
0.05mm and smaller than 0.8mm [29]. BIP-2 has been 
designed using a smaller pattern size p2 closer to the one 
originated from the bio-inspired laws. 

This pattern size p2 allows the porosities’ size to get closer 
to the recommended range with thinner trabeculae. However, 
with this smaller pattern size, only 25% of the ellipses have a 
recommended size. The other 75% of the ellipses are bigger 
than this range. Thus, the pattern size should be even smaller 
but it caused issues to compute the CAD model of the bio-
inspired prosthesis. Simultaneously, the thinner the 
trabeculae, the more difficult the manufacturing. Indeed, in 
the case of plastic 3D-printing, the nozzle of the printer set a 
minimal printing size that were outreached in the design of 
BIP-2. However, this geometry may be 3D printed with 
metallic materials. 
 

Prosthesis IP BIP-1 BIP-2 
Amount of material 

(numerical) 
Benchmark 

value -29% -29% 

Amount of material 
(printed) 

Benchmark 
value -31% / 

Displacement 
(numerical) 0.910 mm 1.161 mm 

(+28 %) 
1.139 mm 
(+25%) 

Stiffness (numerical) Benchmark 
value -22% -20% 

Stiffness (experimental) Benchmark 
value -25% / 

Percentage of ellipses 
with a biocompatible size / 0% 25% 

Table 1. Summary of the collected data on the three prostheses 

Table 1 summarizes the data collected during the previous 
experiments (from Section 3.3.1 to Section 3.3.3).  

It can be noticed that for the same loading and amount of 
material, the displacement of the BIP-2 is smaller than the 
BIP-1 one, so that the BIP-2 is stiffer than the BIP-1. Indeed, 
the smaller the porosities, the more precise their shape and 
dimension regarding the local stresses. This rise in accuracy 
entails a smaller decrease of the stiffness of the part. 

To summarize, the tested prostheses showed two 
behaviors: 

 The BIP-1, with its bigger ellipses, presents a greater 
decrease in stiffness (maintaining enough stiffness to resist 
to the loadings) and present a lower bio-compatibility; 

 The BIP-2, with its smaller ellipses, presents a smaller 
decrease in stiffness (maintaining enough stiffness to resist 
to the loadings) and present a higher biocompatibility. 

Finally, a balance has to be found between the trio {bigger 
ellipses / stiffness closer to bone stiffness / low 
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biocompatibility} and {smaller ellipses / stiffness further to 
bone stiffness / high biocompatibility}. The type of 
manufacturing technology will also have to be considered. 

4. Conclusion 

This paper presents a method of material removal bio-
inspired from long bone trabecular structure. Material is 
removed by holing the mechanical part with bio-inspired 
elliptic holes. Their size and orientation are also bio-inspired 
following laws presented in previous studies and depend on 
the stress field in the part. This material removal process has 
been applied on a hip prosthesis stem. 

Hip prostheses are stiffer than the bone they are implanted 
in (around nine times). This difference of stiffness causes 
damages on bone and results in implant loosening. To reduce 
these risks, the stiffness of the implant must be reduced. 
Using the material removal process, it has been possible to 
reduce the stiffness of the prosthesis by up to 22%. Instead of 
having a prosthesis nine times stiffer than the bone, the 
proposed design obtained using the method is around 6.75 
times stiffer than the bone. Other design shown that a balance 
has to be find by the manufacturer between size of ellipses, 
stiffness, biocompatibility and manufacturability. To finish 
with, the process highlighted a mass reduction of 31% that is 
valuable for patient quality of life. 
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