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Abstract 

In the present work sheet forming processes, i.e. Super Plastic Forming and Single Point 

Incremental Forming, have been adopted for the manufacturing of custom prostheses, 

instead of subtractive and additive techniques, which result time and cost consuming for a 

single-piece production. As concerns the material, three different Titanium alloys were 

used: pure Titanium and two grades of the alloy Ti-6Al-4V (the standard one and the Extra 

Low Interstitial one). 

Since no standard protocol exists to assess the mechanical performance of cranial implants, 

an experimental procedure has been designed and used in this work for producing 

polymethylmethacrylate supports on which the cranial prostheses were firmly connected 

and subjected to impact puncture tests (drop tests). An experimental campaign could thus 

be conducted to investigate the effect on the mechanical response of: (i) the titanium alloy, 

(ii) the initial blank thickness and (iii) the manufacturing process. Drop tests, carried out 

according to the proposed procedure, have shown no failure of the prostheses, neither in 

the area of the impact nor in the anchoring region and have revealed that, irrespective of 

the adopted manufacturing process, which does not alter the material, the amount of 

energy absorbed by the implants is always larger than 70%.  
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1. Introduction 

Recent studies in manufacturing and bioengineering have confirmed the increasing 

demand for high-quality biomedical implants able to increase the life expectancy of 

patients and to avoid, at the same time, prolonged hospitalization [1]. Moreover, it is well 

known that custom implants, which are prostheses able to perfectly fit the damaged region 

of a specific patient, provide a mechanical connection good enough to avoid relative micro-

motions with the surrounding bone region and to prevent the occurrence of infection sites 

[2]. In addition, custom implants are the gold standard solution when aesthetic 

compatibility is required, since they ensure very good aesthetic results [3,4]. Cranioplasty, 

for example, whose aim is to reconstruct structural or morphological cranial regions due to 

congenital or accidental causes, is a kind of neuro-reconstructive surgery and currently still 

a challenge for both surgeons and bioengineers. Actually, it is a clinical procedure not only 

for an anatomical reconstruction, but also for the neurological improvement of underlying 

physiology [5]. Matching the best material and the suitable manufacturing process to 

obtain a custom implant with higher biomechanical properties is not a trivial question.  

Literature offers plenty of data regarding the adoption of several biomaterials, ranging 

from metals to bioceramics [6] and biopolymers [7], but titanium (Ti) and its alloys still 

remain the most widely adopted solutions since they possess a low value of the Young’s 

modulus (thus assuring an homogeneous stress distribution between the implant and the 

surrounding bone [8,9]), excellent mechanical properties and moreover, as far as 

biocompatibility is concerned, the capability of promoting osseointegration [10,11].  

Concerning the production process, stereolithography [12] and the CAD/CAM approach 

[13–15] are considered highly effective for manufacturing bioimplants since such 

processes facilitate, speed up and improve the quality of surgical procedures. On the other 

hand, especially when the geometry of the prosthesis is characterised by thin walls and 

extreme complexity (even undercuts), sheet metal forming processes, such as the Super 

Plastic Forming (SPF) and the Single Point Incremental Forming (SPIF) can be valid 

alternatives to the conventional subtractive ones [16]. In the SPF process, the characteristic 

of some fine-grained alloys to exhibit, under certain working conditions, very high ductility, 

resulting in extremely high deformation levels before fracture, is exploited. At its simplest a 

thin sheet is clamped into tools heated to a certain temperature level (typically of the order 

of half the absolute melting temperature) and deformed into the die within a controlled 

strain rate (e.g. range 10−5 to 10−1 s−1) by means of an (inert) gas pressure in the order of 
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few MPa. SPF is characterized by low flow stress and high uniformity of plastic flow [18]; in 

addition, by managing the gas pressure profile, the thickness distribution of the component 

can be controlled [17]. SPIF process is characterised by a clamped sheet formed into a 

desired shape by the action imposed with a controlled movement of a hemispherical punch. 

According to that the deformation mechanism is mainly stretching and the obtained 

thickness is dependent by the complexity of the profile and the imposed manufacturing 

strategy [19]; SPIF is characterised by a flexibility higher than SPF and, at the same time, 

the acquired knowledge on this process have led to a more controlled accuracy [19–21]. 

It has to be pointed out that the overall quality of a prosthetic implant is based not only on 

its fitting and connection characteristics, but also on its structural properties. For this 

reason, it is fundamental to assess the load-bearing capacity of the implant. The structural 

requirements of medical devices can widely vary when the applied load conditions changes 

after the implantation. In some cases the magnitude of such loads can be very high (e.g. in a 

hip prosthesis it can reach five times the value of the body weight while in dental implants 

can reach almost 1kN) being then resolved in a stress state dependent on both the final 

dimension and the geometry of the implant. The high stresses that can arise in an 

implantable device, regardless of the material it is made of, can in turn promote different 

failure mechanisms which lead to replace the device. Among the different failure 

mechanisms related to mechanical issues, wear, static and fatigue failures are the most 

common. Examples can be found in the replacements of knee where wear is the most 

frequent cause of revision, due to very high contact stresses in the polyethylene insert [22]. 

As far as static failures are concerned, due to the high magnitude of contact pressures in 

the hip joint, some examples of collapses of the ceramic components of hip prostheses can 

be found [23], while fatigue failure still mostly affects the metallic stem [24] or neck of such 

a kind of prosthesis [25]. Other examples of failures due to demanding mechanical stimuli 

can be cited for different materials: fatigue failures of Nitinol peripheral stents still affect 

their survivorship [26] and expose the patient to the need for a new surgery. Most medical 

implants require very specific properties: an arterial graft, for instance, needs to offer 

flexibility, anisotropic behaviour and compliance which match that one of the adjacent 

vessel [27]; a balloon angioplasty catheter needs to be tractable over a guide wire and must 

be stiff enough to prevent kinking and flexible enough to navigate the vasculature; sutures 

need to provide high tensile strength and in case of resorbable sutures, this strength must 

decrease over time in a controlled manner; orthodontic wires require high elastic limit and 

low stiffness, because they provide the ability of applying lighter and more constant forces 
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during arch deactivation [28]. Cranial prostheses, instead, require low stiffness and high 

toughness in order to guarantee a good distribution of the stresses and to better absorb 

accidental impact [29]. For such reasons, the structural properties of the biomaterials and 

the way they are manufactured are extremely important for the long-term success of the 

implant. In addition, ad-hoc experimental setup and equipment are required to 

characterize the specific application of biomedical implants. For some of them, approved 

standards are available: for example, for evaluating the static and fatigue behaviour of 

lower limb orthopaedic prostheses [30] and devices for spinal surgery [31], or for 

determining the wear behaviour of components used in total joint prostheses [32], or for 

the measuring the corrosion fatigue of metallic implants [33]. 

On the other hand, when dealing with cranial implants, there is a lack of standards able to 

provide testing procedures for their mechanical characterization; such a lack is probably 

due to the fact that cranial implants do not bear loads during their use, but they can be only 

accidentally overloaded because of fortuitous falls or accidents in normal everyday activity. 

In this context, only few studies report procedures to assess the structural performance of 

cranial prostheses. For example, Tsouknidas et al. investigated the mechanical response of 

implants subjected to an additional load simulating the impact of a tennis ball at a 

reference speed of 30 m/s [34]; Garcia-Gonzalez et al. [35] simulated the impact conditions 

of an accidental fall (for instance from the bed or the bike) on polyether-ether-ketone and 

macro-porous hydroxyapatite implants. 

In this work the mechanical performance of Ti-cranial prostheses manufactured by SPF 

and SPIF has been assessed by means of impact puncture tests carried out using a universal 

INSTRON drop test machine. For this aim, a proper setup has been designed to perform the 

impact experiments and three different Ti-alloys have been investigated: pure Titanium 

and two grades of the alloy Ti-6Al-4V (the standard one and the Extra Low Interstitial one). 

Since no standard actually exists for assessing the mechanical performance of cranial 

implants, a new experimental procedure has been designed and used in this work for 

producing polymethylmethacrylate (PMMA) supports on which the cranial prostheses 

were firmly connected and subjected to drop tests. An experimental campaign was thus 

conducted adopting two different load conditions in order to investigate the effect on the 

mechanical response of: (i) the titanium alloy, (ii) the blank initial thickness and (iii) the 

manufacturing process.  
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2. Material, experimental setup and procedure 

2.1. The investigated case study 

A schematic depiction of the entire process required for the geometrical definition of the 

prosthesis adopted, as case study, in the present work, is shown in Figure 1.   

In particular, starting from a polymer model anatomically identical to the human skull, a 

defect in the apex frontal area was created (Figure 1a). The best prosthesis geometry, able 

to fill the bone defect, was defined by means of the damage acquisition (Figure1b) and the 

subsequent reconstruction using mirroring techniques (Figure 1c). In addition, the 

prosthesis surface was a bit extended in order to ensure the optimal anchoring with the 

polymer model [36]. 

 

Figure 1. Case study. 

Three Ti alloys, largely adopted for biomedical devices, were investigated in the present 

work: the commercial pure Ti (Ti-Gr2), the Ti-6Al-4V (Ti-Gr5) and the Extra Low 

Interstitial Ti-6Al-4V (Ti-Gr23). Table 1 reports the chemical compositions and the Elastic 

moduli of the investigated alloys. 

Table 1. Modulus of Elasticity and chemical composition of the investigated Ti alloys 

Alloy E [GPa]  Al [%] V [%] Fe [%] C [%] N [%] H [%] O [%] Ti [%] 

Ti-Gr2 103  - - 
0.3 

max 

0.10 

max  

0.03 

max 

0.015 

max 

0.3 

max 
Bal. 

Ti-Gr5 113  
5.5 - 

6.5 

3.5 - 

4.5 

0.3 

max 

0.08 

max 

0.05 

max 

0.015 

max 

0.2 

max 
Bal. 

Ti-Gr23 113 
5.5 - 

6.5 

3.5 - 

4.5 

0.25 

max 

0.08 

max 

0.05 

max 

0.015 

max 

0.13 

max 
Bal. 

Both the SPIF and SPF processes were adopted to manufacture prostheses made of Ti-Gr5 

(1 and 1.5mm thick); on the contrary, prostheses made of Ti-Gr2 (1.5mm) and Ti-Gr23 

(1mm) were manufactured only by SPIF and SPF, respectively. This choice is justified by 
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the opportunity of investigating both processes when the material properties change. 

According to that, Ti-Gr2 was adopted for testing the SPIF feasibility also in cold condition, 

whereas Ti-Gr23 was chosen for its superplastic behaviour, suitable for SPF operations.  

A prior investigation of all the adopted materials was made by using flat samples. In 

particular, preliminary tests were performed on Ti-Gr2 and Ti-Gr5 using flat samples 1.0 

and 1.5 mm thick, and on Ti-Gr23, using flat samples 1.0 mm thick. 

 

2.2. Hardness tests 

Since blanks having the same Elastic modulus (two blanks cut from sheets made by the 

same alloy but having different thickness values or two blanks cut from sheets made by 

two different alloys having the same Elastic modulus) were investigated, the mechanical 

properties of the investigated Ti alloys in the as received conditions were assessed by 

Vickers microhardness tests. Tests were performed according to the UNI EN ISO 6507-1 

Standard [37]. The HWMMT-X7 HIGHWOOD micro hardness tester was used and a load of 

1000 g was chosen. Six replications were performed on each sample. 

 

2.3. Experimental setup for prostheses manufacturing 

SPF experiments were conducted using the 2500 kN prototypal electro-hydraulic press 

machine shown in Figure 2a. Forming tools were heated by means of electric cartridges 

managed by a PLC. As shown in Figure 2b, the upper tool was equipped with a metallic 

female insert having the geometry of the case study. 

 

Figure 2. Experimental set-up for SPF. 

Before each test, boron nitride was applied on both blank surfaces in order to simplify the 

extraction of the formed part. Temperatures were monitored during the process using K-

type thermocouples positioned in both the upper and the lower tool. When the forming 
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temperature (850 °C) was reached [38], the blank was introduced between the tools and 

then clamped (a blankholder force of 490 kN was used for preventing any drawing and gas 

leakage). The blank was formed by the gas whose pressure was set according to an 

optimized profile obtained from numerical simulations carried out using a commercial 

finite element code (ABAQUS) and implementing the material superplastic behaviour 

[40,41]. In the present investigation, the numerical model was simply used for defining, for 

each of the adopted alloys (Ti-Gr23 1.0 mm thick, Ti-Gr5 1.0 mm thick and Ti-Gr5 1.5 mm 

thick), the pressure profiles able to keep the strain rate close to the optimal value (10-4 s-1). 

The pressure vs time curves, obtained using the ABAQUS built-in subroutine and in Figure 

3, were used as input parameters for the press machine. 

 

Figure 3. Optimized pressure profile obtained from numerical simulation for the SPFed prostheses. 

SPIF experiments were performed on a 3-axis CNC MAZAK milling machine. The adopted 

equipment is sketched in Figure 4.  

 

Figure 4. Experimental set-up for SPIF. 
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As shown in Figure 4a, the standard SPIF clamping frame was equipped with an additional 

electrical heater which allowed to perform the process in hot-condition. The high 

temperature, in fact, is mandatory for obtaining sound results when processing Ti-Gr5. The 

original clamping frame was thus enriched with a 2kW electrical heater and insulated in 

order to reduce heat losses to the environment and to the working table (Figure 4b). In this 

way, by using the same equipment, the process was performed both at room temperature 

(without any heating source) for manufacturing Ti-Gr2 and in hot conditions for processing 

Ti-Gr5 [41]. To perform the hot SPIF in the proper way, two thermocouples positioned in 

the chamber and on the sheet were utilised to control the temperature. Preliminary 

experiments were conducted using a FLIR thermo-camera to check and properly calibrate 

the PID controller of the electrical heater: a temperature of 650°C was reached during the 

forming phase and properly kept constant during the manufacturing. An hemispherical HSS 

tool with a diameter of 12 mm was adopted. The sheet was deformed according to a tool 

trajectory previously defined by means of numerical simulations [16]. Regardless of the 

adopted temperature, all tests were performed using a constant tool pitch equal to 0.5 mm, 

a tool feed rate of 2.5 m/min and a tool rotational speed of 600 RPM. 

After the manufacturing step, both SPFed and SPIFed parts were cut by means of a 3D laser 

in order to extract the final geometry from the formed blank; using the same fixture, the 

laser drilling of eight holes for the anchoring to the PMMA support was also performed. The 

laser cutting path and the position of the holes (approximately at an angular distance of 45° 

each other) are shown in Figure 5, while in Figure 6 the set up adopted for the laser cutting 

operation is presented. 

Preliminary trial cuts were performed on flat specimens in order to tune the laser 

parameters. Finally, the following ones (able to minimize burrs) were adopted: laser 

power=400 W, nitrogen pressure=12 bar, cutting speed=1 m/min, focal length=4 mm, 

stand-off distance=1.2 mm. 
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Figure 5. Cutting path and position of the 

holes. 

Figure 6. Formed blank positioning for the 3D laser 

cutting of SPFed and SPIFed parts. 

2.4. Drop tests 

2.4.1. Preparation of the support and anchoring of the prosthesis 

Drop tests were performed on SPFed and SPIFed prostheses connected on purposely made 

anchoring supports whose geometry was made identical to the upper portion of the 

defected skull. The procedure to use and the material the supports were made of, were 

chosen with the aim to produce a large number of them and, at the same time, to make the 

process robust and repeatable. The procedure illustrated in Figure 7 shows the supports 

manufacturing using a synthetic resin (PMMA, also known as “bone cement”) which was 

poured into a SPFed formed blank used as mould. 

 

Figure 7. Procedure of support manufacturing. 

The PMMA was chosen as material for the supports realization because this biomaterial is 

commonly used to connect the prosthesis to the host bone since it has mechanical 

characteristics very similar to the human bone. 

In order to mimic the defect inside the support, a proper shaped core, having 

approximately the dimension of the defect, was positioned in the cavity before pouring the 

PMMA. After the resin curing, the support was extracted and four bushes were inserted in 

the bottom surface so that it could be rigidly coupled with the standard clamping system of 

the drop test machine by means of four screws. The anchoring of the SPFed and SPIFed 

prostheses to the supports was made mimicking the surgical technique: as reported in 

Figure 8, four standard self-cutting 2.0 mm titanium cortical screws were used to connect 

the prosthesis to the PMMA support. 
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 a)  b) 

Figure 8. Anchoring of the prosthesis: a) PMMA support, b) anchored prosthesis. 

2.4.2. Drop tests equipment 

Drop tests were performed on the 3D laser cut prostheses using an Instron CEAST 9350 

drop tower, which is able to perform impact experiments applying energies up to 1800 J by 

means of a spring assist. An instrumented striker equipped with a polished 20 ± 0.2 mm 

hemispherical nose impactor (mass: 2.295 kg) was employed in the present work. Due to 

the non-standard shape of the samples, the purposely made supports described in the 

section 2.4.1 were used to firmly connect the prostheses and thus to minimize vibrations 

during the test. In particular, the support on which the prosthesis was anchored, was 

connected to the clamping system shown in Figure 9, made of a plate having four columns 

able to carry an additional upper plate used to avoid vibrations during the impact. 

 

 

Figure 9. Set up for drop tests. 
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All components were properly designed in order to guarantee high stiffness of the whole 

system. After the first impact of the specimen, a break mechanism automatically prevented 

a second strike. During the impact, the resistive force exerted by the specimen was 

measured by a 45 kN strain gauge load cell. Experiments were conducted adopting two 

different drop height (h) for each specimen type: 200 and 600 mm, corresponding to 

nominal impact energies (Emax) and velocities (vi) of 4.5 J - 1.98 m/s and 13.5 J -3.43 m/s, 

respectively. Such values can simulate a possible daily accident. At least three tests were 

performed for each load condition.  

From the basic force–time information, important parameters such as deflection, (t), 

absorbed energy, E(t), and velocity, v(t) were calculated. The velocity versus time was 

evaluated by using Eq. (1) [42]. A positive velocity value indicates a downward motion. 

𝑣(𝑡) = 𝑣𝑖 + 𝑔𝑡 −∫
1

𝑚

𝑡

0

𝐹(𝑡)𝑑𝑡 (1) 

where t is the time; v(t) and vi are the impactor velocities at time t and t=0, respectively; 

F(t) is the measured impactor contact force at time t; m is the mass of impactor. The 

deflection (t) versus time was calculated through Eq. (2) [42]: 

𝛿(𝑡) = 𝛿𝑖 + 𝑣𝑖𝑡 +
𝑔𝑡2

2
− ∫ ∫

1

𝑚

𝑡

0

𝐹(𝑡)𝑑𝑡
𝑡

0

 (2) 

where (t) and i are the impactor displacements from the reference location at time t and 

t=0, respectively. The absorbed energy E(t) versus time was calculated through Eq. (3) 

[42]: 

𝐸(𝑡) =
𝑚(𝑣𝑖

2 − 𝑣(𝑡)2)

2
+ 𝑚𝑔𝛿 (3) 

where E(t) is the absorbed energy at time t. 

 

2.4.3. Output of the drop tests  

Figure 10 shows the typical responses obtained from an instrumented impact test. In 

particular, Figure 10a shows both the force and the energy response according to time, 

while Figure 10b shows the acquired force according to the sample deflection.  
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Figure 10. Responses obtained from instrumented impact test: a) force and energy vs time, b) force vs 

deflection. 

In the figures above, all the investigated parameters are also shown: Fmax (the maximum 

force), Emax (the maximum amount of energy that is absorbed by the specimen), Er (the 

rebound energy, i.e. the energy returned by the sample to the punch), Ea (the total energy 

absorbed by the sample), max (the maximum deflection), res (the residual deflection) and 

rec (the recovered deflection). In order to compare the behaviour of different materials, 

even characterised by a different thickness, the absorbed energy ratio (i.e. the absorbed 

energy over the maximum applied energy, Ea/Emax) was additionally considered in the 

present work.  

3. Results and Discussion 

3.1. Assessment of mechanical characteristics of the as received sheets 

Hardness results concerning samples extracted from the sheets of the investigated Ti-

alloys in the as-received condition are plotted in Figure 11 as mean values. 

 

Figure 11. Micro-hardness average values of the investigated Ti-alloy in the as received condition. 
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The hardness levels revealed that the thickness always affects the mechanical behaviour, 

even in case of the same alloy. For example, Ti-Gr5 1.0 mm thick has a hardness level about 

10% greater than Ti-Gr5 1.5 mm thick. The opposite can be noted when comparing the 

hardness of the two samples in Ti-Gr2: the 1mm thick has a hardness level about 10% 

lower than the 1.5mm. Such differences appear to be a consequence of the production 

process the sheet was subjected to, thus revealing the necessity of assessing the material 

behaviour before the investigation on the formed blanks.  

 

3.2. Drop tests on flat samples 

Preliminary tests, using the drop tower described in the section 2.4.2, were performed on 

flat samples in order to evaluate the impact response of the investigated materials in the as 

received condition. In particular, disk-shaped samples with a diameter of 60 mm were cut 

from the sheets and clamped on a support ring with an internal diameter of 40 ± 2 mm. The 

same testing parameters adopted to analyse the prostheses (see section 2.4) were used. 

Table 2 resumes the obtained results (average data) in terms of: (i) energy, (ii) deflection 

and (iii) maximum force acquired during the tests; furthermore, the absorbed energy ratio 

(Ea/Emax) is also shown.  

Table 2. Resume of results obtained from impact tests on flat samples. 

Specimen 

Falling 

height 

[mm] 

Emax 

[J] 

Er 

[J] 

Ea  

[J] 

Fmax  

[N] 

max 

[mm] 

res 

[mm] 

rec 

[mm] 
Ea/Emax 

Gr2–1mm 
200 4.50 0.50 4.00 3154.79 2.96 2.49 0.47 0.89 

600 13.50 0.80 12.70 6327.48 4.52 4.2 0.32 0.94 

Gr2–1.5mm 
200 4.50 0.60 3.90 3666.86 1.97 1.56 0.41 0.86 

600 13.50 0.95 12.55 6946.98 3.43 3.04 0.39 0.93 

Gr5–1mm 
200 4.50 1.39 3.11 3749.22 2.53 1.42 1.11 0.69 

600 13.50 2.78 10.72 8117.94 3.82 2.65 1.17 0.79 

Gr5–1.5mm 
200 4.50 1.27 3.23 4092.99 1.91 1.07 0.85 0.72 

600 13.50 2.07 11.43 7892.34 3.24 2.20 1.04 0.85 

Gr23–1mm 
200 4.50 1.10 3.40 3720.57 2.66 1.79 0.87 0.75 

600 13.50 2.25 11.25 7856.53 4.06 3.10 0.97 0.83 

 

The graph in Figure 12 show the effect of the thickness on the maximum deflection when 

using samples made of different alloys (Gr2 and Gr5) and setting different load conditions.   
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Figure 13. Effect of the thickness on the maximum 

deflection.  

Figure 14. Effect of hardness on the ratio 

Ea/Emax.  

It is possible to note that when increasing the thickness, irrespective to the material 

strength revealed by hardness measurements (Figure 11), the maximum deflection level 

was reduced (it is simply related to the Young’s modulus and to the thickness) as a 

consequence of the stiffness increase of the sample.  

In Figure 15, on the contrary, the effect of hardness on the ratio Ea/Emax is shown for both 

Gr2 and Gr5 and for the two load conditions: it is worthy of notice that such a parameter 

inversely affects the amount of energy stored by the sample, irrespective of the thickness 

value. In fact, when the value of the strength is higher one could expect a lower capability 

in absorbing energy. However, it is important to observe that ratio Ea/Emax ratio is always 

higher than about 70%. In fact, the smallest value was obtained in the test on the Gr5 1 mm 

thick (69%): it can be interpreted as a consequence of the highest measured hardness 

compared to the other Ti-alloys.   

The graphs in Figure  show the comparison among the three investigated Ti-alloys 

(thickness kept constant to 1.0 mm) in terms of maximum deflection (Figure a) and 

absorbed energy ratio (Figure b).  

 

Figure 16. Comparison between the three investigated Ti-alloys (thickness of 1.0 mm). 
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It is possible to note that: (i) the investigated parameters are directly affected by the load 

condition; (ii) their values increase according to the height of fall. Furthermore, results 

show that Ti-Gr2 exhibits the highest deformation, as highlighted by the maximum 

deflection value reported in Figure a for both the load conditions, but also the highest 

capability in absorbing energy compared to the other alloys (Figure b). Such results are in 

good agreement with the mechanical response assessed by micro-hardness tests (Figure 

11), which revealed that Ti-Gr2 possess the lowest hardness.  

 

3.3. Drop Tests on cranial prostheses  

An extensive experimental campaign was conducted on the prostheses manufactured using 

the investigated sheet forming processes. In particular, each cranial implant was tested 

using the setup and the testing conditions detailed in section 2.4. Three replications for 

each test were performed in order to reduce the sampling error. According to Table 3, six 

different configurations were investigated and a total amount of 36 cranial prostheses 

were tested. 

Table 3. Summary of the performed drop test  

 Process SPF SPIF 

 Height of fall 200mm 600mm 200mm 600mm 

M
at

er
ia

l T
yp

e Ti-Gr2, 1.5mm - - Done Done 

Ti-Gr5, 1mm Done Done Done Done 

Ti-Gr5, 1.5mm Done Done Done Done 

Ti-Gr23, 1mm Done Done - - 

 

A typical response obtained from the impact test is reported in Figure 17: in particular, 

Figure 17a shows the acquired force during the test conducted on the prosthesis made of 

Ti-Gr23 1.0 mm thick subjected to an impact energy of 13.5 J, while in Figure 17b the force 

and the deflection acquired in the same test have been combined; furthermore, in both 

figures analogous results obtained from the test conducted on a flat sample (same alloy and 

thickness) have been plotted. 
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Figure 17. Responses from instrumented impact test performed on Ti-Gr23, 1mm thick: a) force vs time, 

b) force vs deflection. 

Figure 17 highlights that both samples (the flat and the formed one) exhibit a similar 

response (increasing trend) only up to a certain force level; after that, bending instability 

occurred on the prosthesis, due to its specific shape, thus determining an evident change in 

the slope of the curves.  

In Table 4 a summary of the main results obtained from the drop tests, in terms of average 

values, are presented.  

Table 4. Summary of the results obtained from impact tests on cranial prostheses 

Specimen 

Falling 

height 

[mm] 

Emax [J] ER [J] Ea [J] Fmax [N] 
max 

[mm] 

res 

[mm] 

rec 

[mm] 
Ea/Emax 

SPIF_Gr2–1.5mm 
200 4.50 0.60 3.90 3058.10 1.90 1.50 0.39 0.87 

600 13.50 1.15 12.35 4218.32 4.42 3.87 0.55 0.91 

SPIF_Gr5–1mm 
200 4.50 1.16 3.34 2159.29 3.54 2.30 1.24 0.75 

600 13.50 3.00 10.50 3303.40 6.47 4.08 2.39 0.78 

SPIF_Gr5–1.5mm 
200 4.50 1.00 3.50 3552.27 1.98 1.33 0.65 0.78 

600 13.50 2.18 11.32 4712.49 4.13 3.13 1.00 0.84 

SPF_Gr5–1mm 
200 4.50 1.85 2.65 1400.14 4.97 2.17 2.80 0.59 

600 13.50 4.20 9.30 2461.88 9.09 3.98 5.11 0.69 

SPF_Gr5–1.5mm 
200 4.50 1.19 3.31 2503.06 2.85 1.67 1.18 0.74 

600 13.50 3.00 10.50 3484.23 6.13 3.84 2.29 0.78 

SPF_Gr23–1mm 
200 4.50 1.60 2.90 1514.73 4.35 2.00 2.35  0.65 

600 13.50 3.05 10.45  2399.22 9.69 4.93 4.76 0.76 
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It is worthy of notice that all the investigated implants safely absorbed the applied energy 

without any crack insurgence: no fracture occurred neither in the region of the impact nor 

in the anchoring region where titanium cortical screws, connecting the prosthesis to the 

PMMA support, were positioned. 

 

3.3.1. Effect of the Ti-alloy 

The graphs in Figure 18 show a direct comparison of the drop test results in terms of 

maximum deflection, maximum load and ratio Ea/Emax concerning the SPFed prostheses in 

Ti-Gr5 and Ti-Gr23 (both with an initial thickness of 1.0mm) when subjected to the two 

load conditions. 

 

Figure 18. Comparison between SPFed prostheses in Ti-Gr23 and Ti-Gr5 (1.0 mm thick). 

Figure 19 shows the same comparison but concerning the SPIFed prostheses in Ti-Gr5 and 

Ti-Gr2 (both with an initial thickness of 1.5mm). 

 

Figure 19. Comparison between SPIFed prostheses in Ti-Gr5 and Ti-Gr2 (1.5 mm thick). 

Focusing the attention on the highest load conditions, results in Figure 18 and Figure 19 

show that the implants in Ti-Gr5 (manufactured by both SPF and SPIF) exhibited the lowest 

capability to absorb energy and, consequently, the lowest deformation. This result is 
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coherent with the hardness measurements presented in Figure 11, which show that Ti-Gr5 

1.0 mm thick possesses a hardness level higher than Ti-Gr23 1.0 mm thick; in a similar way, 

Ti-Gr5 1.5 mm has a hardness level higher than Ti-Gr2 1.5 mm thick.  

It is also important to note that the preliminary hardness measurements can only be used 

to give an interpretation of the results since they do not to give a comprehensive evaluation 

of the implant mechanical response. In fact, even though the hardness measurements 

revealed a marked difference between Ti-Gr5 1.5 mm thick and Ti-Gr2 1.5 mm thick, quite 

similar results were obtained for Ti-Gr5 1.0 mm thick and Ti-Gr23 1.0 mm thick. Moreover, 

data reported in Figure 18 and Figure 19 reveal, for both falling heights, a difference in 

terms of absorbed energy ratio close to 9.5%.  

 

3.3.2. Effect of the initial blank thickness 

The graphs in Figure 20 show a direct comparison of the drop test results in terms of 

maximum deflection, maximum load and ratios Ea/Emax, concerning the SPFed prostheses 

in Ti-Gr5 with a thickness of 1.0 mm and 1.5 mm subjected to the two load conditions. 

Results in Figure 20 and in Figure 21 reveal that for the prostheses made by alloy TiGr5, as 

observed during the impact tests performed on flat samples, the thicker the blank the 

lower the deflection and the higher the absorbed energy ratio. Such results reveal the 

possibility of assessing the effect of the initial blank thickness on drop test results simply 

using flat samples. However, the exact values of the considered test parameters strongly 

depend on the sample profile and, consequently, on the manufacturing process. 

 

Figure 20. Comparison between prostheses in Ti-Gr5 with thickness 1.0 mm and 1.5 mm produced by 

SPF. 

Figure 21 shows the same comparison but for the SPIFed prostheses in Ti-Gr5. 
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Figure 21. Comparison between prostheses in Ti-Gr5 with thickness 1.0 mm and 1.5 mm produced by 

SPIF. 

 

3.3.3. Effect of the manufacturing process 

In Figure 22 results from drop tests conducted on both SPFed and SPIFed prostheses in Ti-

Gr5 1.5 mm thick have been compared. Figure 22a shows the trend of the maximum force 

and of the maximum deflection after the impact for both load conditions. 

It can be noted that, in both testing cases, the implant produced by SPIF reached a 

maximum force about 40% larger than the one of the SPFed prosthesis (see continuous 

lines connecting full squares and dots respectively); in addition, SPIFed implants showed a 

maximum deflection max smaller than the SPFed prosthesis one (when setting the falling 

height to 200mm, max for the SPIFed prosthesis was about 40% lower than the SPFed one, 

whereas when setting the falling height to 600mm, max for the SPIFed prosthesis was 48% 

lower than the SPFed one). 

 

 

Figure 22. Comparison between prostheses in Ti-Gr5 (1.5 mm thick) produced by SPF and SPIF. 
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These results reveal that the implant created by SPIF can be considered more rigid than the 

one produced by SPF, but it is worthy of notice that, as shown in Figure 22b, the absorbed 

energy ratio exhibited by the SPIFed prosthesis are, for both load conditions, higher than 

the ones reached by the SPFed prosthesis.  

Such results could be related to the material alteration determined by the manufacturing 

processes. To evaluate this effect, the thickness distributions along the longitudinal section 

of the samples manufactured both by SPF and by SPIF have been measured and results 

have been plotted in Figure 21. It is important to point out that the shown thickness 

distributions have been replicated (3 measurements) but also supported by numerical 

simulations [17]. 

 

Figure 23. Thickness distribution along the longitudinal section of the sample manufactured by (a) SPF 

and (b) SPIF (initial sheet thickness 1.5mm). 

It can be noted that the investigated processes generated different thickness distributions 

and, as a consequence, a different mean value of the thickness. In particular, the SPIFed 

prosthesis, which is characterised by a mean thickness greater than the SPFed one, 

presents, in accordance with the results on flat samples, a lower maximum deflection and a 

higher maximum force.  

On the contrary, the central region (where the impact load was applied) of the SPFed 

prostheses appears thinned (from 1.5 to almost1.0 mm). Thus, in accordance with drop test 

data of flat samples, the thickness reduction, due to the manufacturing process, determined 

higher mechanical strength and, as a consequence, a lower level of the energy absorbed by 

the SPFed prosthesis (i.e. its capability to deform).  

Finally, it can be concluded that, irrespective of both the production process and the initial 

thickness, the amount of energy absorbed by the implant when setting the largest height of 

fall (600 mm) was always larger than about 70% (the minimum value is 69% and concerns 

the prosthesis made of Ti-Gr5 1.0 mm thick fabricated by SPF); in addition, no fracture 
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occurred in any implant after the impact. 

4. Conclusions 

The medical device market requests of new and more performing devices for the treatment 

of different pathologies are increasing every day. Consequently, the necessity of 

investigating the mechanical reliability of implantable devices in the preclinical phase is 

becoming a more and more important activity, as to avoid that new devices are put into 

market without having demonstrated their safety. This lead to a continuous development 

and validation of new preclinical protocols that are often missing, especially for new 

devices. 

In this manuscript, an additional brick of knowledge was introduced in the above 

mentioned direction: an innovative procedure was carefully designed for investigating the 

mechanical behaviour of titanium custom-made prostheses, manufactured by two 

innovative but well assessed technologies (Super Plastic Forming and Single Point 

Incremental Forming). 

More deeply, the functional compatibility and the mechanical strength of the cranial 

implants were assessed by means of impact puncture tests. A specific set-up, using a 

purposely made PMMA anchoring support of geometry identical to the upper portion of the 

defected skull, was designed, fabricated and used since actually no standard exists in the 

literature. The tests allowed to effectively determine the mechanical response of the 

implant, since no prosthesis failed in the anchoring region where self-cutting titanium 

cortical screws were used for fixing purposes. The test could thus be used for investigating 

how implants made of different Titanium alloys (Ti-Gr2, Ti-Gr5 and Ti-Gr23) behave when 

subjected to an impact load, even if they are characterized by different thickness values and 

manufactured using different processes.  

Results from drop tests revealed that, irrespective to the material strength (revealed by 

preliminary hardness measurements), the maximum deflection decreased when increasing 

the thickness. On the contrary, irrespective of the thickness value, the hardness inversely 

affected the ratio Ea/Emax (i.e. the amount of energy which is stored by the sample).  

Drop tests also allowed to demonstrate that both the adopted manufacturing process did 

not alter significantly the material characteristics: even if the two forming processes 

produced two implants having different characteristics in terms of thickness distributions, 

the amount of absorbed energy, in the most critical operating condition (i.e. when setting 
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the height of fall to 600 mm), was always greater than about 70% (up to 85% for the 

prosthesis produced by Single Point Incremental Forming).  

The proposed procedure for testing cranial prostheses can be thus considered to play a 

fundamental role for evaluating the implant mechanical response, also having the 

possibility to be extended to any implant geometry or material. In fact, the results from 

drop tests revealed to be in good agreement with the original mechanical behaviour of the 

investigated alloys: but the preliminary hardness measurements can simply give an 

interpretation of drop test results, being the comprehensive evaluation of the implant 

mechanical response demanded to drop tests due to the key role played by the sample 

profile and, most of all, by the thickness distribution. It would be thus interesting to 

investigate, in future works, the possibility to obtain a desired prosthesis performance (for 

example in terms of the parameter max or Ea/Emax) preferably adopting a numerical 

approach. In fact, not only the real shape of the formed component, but also its thickness 

distribution can be imported in a numerical model for the dynamic explicit impact 

simulations. The desired level of the parameter max or Ea/Emax should be thus obtained by 

properly changing the manufacturing parameters and the process conditions in order to 

get the most suitable thickness distribution of the prosthesis to be tested. 
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