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Combination Parameter Strategy to Mitigate Geometric Deviation on 
SPIF UHMW-PE for Cranial Implants 

By 

Alejandra Pacheco Monsalve 

Abstract 

Single Point Incremental Sheet Forming is a promising technology to manufacture 
cranial prosthesis. It allows the possibility to produce complex geometries at lower 
cost and time than traditional forming or rapid prototyping techniques. However, this 
process is not commonly considered on the medical industry due to its lack of 
fulfillment of geometric accuracy and surface quality that are not able to reach the 
ASME or ISO tolerance standards stablished for medical devices. This study aims to 
evaluate the combinate effect of certain parameters process and conditions such as: 
depth step, dimensional geometric compensation, lubrication and external heat 
application to improve the geometric accuracy and surface quality on the final parts.  
External heat represented a key factor on geometric deviation and surface quality 
improvement, along with depth step 1mm and mineral oil lubricant, these parameters 
and conditions built the samples with best results. The lowest deviation achieved with 
the parameters and conditions, it was 0.1958 mm, in contrast with 0.8945 mm from 
the same sample manufactured in with the same values and conditions without 
external heat application. This reduction demonstrates the crucial role of heat 
application in geometric accuracy during ISF processes. So, it was possible to 
manufacture parts that met the tolerance of ± 0.2 mm for prostheses.  
Likewise, the surface quality was improved by the used of heat application combined 
with lubrication presence and depth step of 1mm generated the best results. The 
roughness reduction goes from 21.089 µm without heat, against 9.938 µm with 
external heat application, confirming the significance of heat presence in surface 
roughness mitigation.  
The results indicate that geometric inaccuracy and surface roughness quality can be 
controlled and mitigated to the point of accomplishing the tolerance and surface 
finishes stablished, by selecting the proper values of process parameters combined 
with external heat application and lubrication.   
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1 Chapter 1: Introduction 

1.1 Motivation 

The Incremental Sheet Forming process adequately fulfills the requirements of accuracy 
and tolerance for industrial use pieces, although it is still lacking fulfillment in such areas 
for medical products. For the elaboration of cranial prosthesis, this process may represent 
a major area of opportunity in terms of manufacturing due to its advantages, such as the 
possibility of elaborating complex geometrical figures at low cost and in less time than 
other Rapid Prototyping processes. 

Satisfaction of the industrial standards of accuracy and tolerance in pieces for medical 
use allows for the enablement of Incremental Sheet Forming as a manufacturing 
alternative for cranial prosthesis, rendering a suitable option for the demanding 
population. 

1.2 Problem Statement 

Medical devices are classified by ASME and ISO as high accuracy products, which 
according to the B4.2-1978 and DIN 2768 specifications must present a bilateral tolerance 
zone of ± 0.2 mm. However, polymer pieces fabricated through the Incremental Sheet 
Forming process can only reach accuracy limits up to ± 1 mm. For this, such process is 
not the most used technique for cranial prosthesis manufacture.  

Nowadays, cranial prosthesis are produced by the following methods: 

Manual elaboration in PMMA, casted in plaster mold from a wax representation of the 
patient's injury. According to Conacyt (2015), this technique has been practiced by 
Hospital General de Mexico since 1987. Its fabrication ranges between 12-15 weeks 
depending on material availability and has an approximate cost of 200000 MXN. 

Elaboration by Additive Manufacturing does not require cast, a computerized drawing of 
the injury is made from the tomography using a CAD software that provides both a 3D 
modelling of the piece and its subsequent printing. Ruiz (2015) state that the most used 
materials for this process are PMMA, titanium alloys and PEEK. The cost of a customized 
implant made of such materials is 600, 5000, and 7000 USD respectively, with an 
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estimated fabrication time between 15 hours and 2 weeks according to the complexity of 
the piece’s geometry. 
 
The improvement of geometric accuracy to reach the limits established by ASME and ISO 
in the Incremental Sheet Forming process of polymers will allow for the elaboration of 
cranial prosthesis benefiting from the advantages presented by a CNC machining center 
and its universal use, which considerably minimizes implementation costs because it 
does not need to design or provide tooling, casts or specialized equipment for the 
customized production of implants. Additionally, production times of complex geometries 
in CNC are less regarding manual elaboration and elaboration by Additive Manufacturing, 
previously described. 
 
Reduction of expected times and costs of implant fabrication through Incremental Sheet 
Forming will facilitate the access to a greater number of patients who require a solution 
that adjusts to their limited economic resources. 
 

1.3 Unsolved Problems  

 
In the Incremental Sheet Forming process of polymeric materials, two manifested effects 
are the main causes of geometric error on the manufactured pieces. These are: 
Springback, is the geometric change observed in direction of the piece’s walls produced 
by the release of imposed load through the sheet forming tool (Autoform, 2006). Figure 
1-1 displays a graphic representation of the most common errors present in ISF, where 
springback can be noticed. 

 

 

 

 

 

 
 
 
 
 

Variability of sheet thickness present in nonsymmetrical or irregularly outlined geometries, 
as the generality of cranial implants. It is produced by the applied force of the tool which 

Figure 1-1: Most common geometric errors in ISF (Lu et 
al., 2016). 
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performs differentially depending on the outline, thus creating a varied thickness 
distribution of the material in distinct regions of the piece; such phenomenon is illustrated 
in figure 1-2. 

To reduce the springback effect on polymers, Edwards et al (2017) tested a strategy by 
applying extreme heat to the material during the forming process, achieving a change in 
the standard deviation of the original piece with respect of the manufactured piece, from 
1.145 mm to 0.654 mm once the heat was applied. 

In terms of thickness variation to achieve a more homogeneous profile, Bayram et al 
(2017) experimented by combining incremental change of step strategies with changes 
in tool trajectory, obtaining the results shown in table 1-1. 

Figure 1-2: Deviations generated by the variable distribution of the 
piece’s thickness in a square based pyramid geometry (Najafabady et 

al, 2016) 
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Experimentation was carried out in 8 specimens, testing 2 trajectory strategies: trajectory 
1 corresponds to a spiral strategy in which the new outline starts at a step coordinate 
upon completion of each incremental step, whereas trajectory 2 is parallel and starts at 
the same coordinate of the x-y plane in each incremental step. A test for each trajectory 
was carried out with incremental steps of 0.2 and 0.5 mm; results are shown in figure 1-
3. 
 

 

 

 

 

 

 

 

Table 1-1: Measure in mm of thickness in 
inclined area of a piece (Bayram et al, 2017). 

Figure 1-3: Behavior of measurements of thickness 
in inclined area of a piece in mm graph (Bayram et 

al, 2017). 
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Emphasizing that the lowest thickness variation occurs at the highest incremental step of 
0.5 mm, combined with the spiral trajectory which allows the tool to stay connected to the 
material permanently. 
 
As described up to this point, the strategy of extreme heat application as well as the tool 
trajectory in incremental steps individually contribute to a reduction in the geometric error 
of devices produced through Incremental Sheet Forming process. However, accuracy 
limits established by ASME B4.2-1978 e ISO DIN 2768 have yet to be achieved. 
 
The present research project experiments with the combination of the previous strategies 
in polymers for the manufacture of cranial prosthesis, pursuing a reduction of geometric 
error as close as possible to the minimum limits established by the previously cited 
specifications.  
 

1.4 Justification  

 
Prosthesis elaboration on polymers through Incremental Sheet Forming presents an 
important geometric imprecision in connection with current international norms for the 
manufacture of medical devices. 
 
While positive results of developed strategies for mitigation of geometric imprecision are 
known, studies have been primarily carried out in metallic sheets so its effectiveness in 
polymeric materials has not been tested yet. 
 
Some of the most effective strategies, such as: application of external heat and 
generation of tool trajectory considering the size of the incremental step have been tested 
individually, but the combined effect presented by their application is still not known. 
 
Polymers offer appealing characteristics for implant elaboration, such as: high 
biocompatibility and reabsorption capacity, formability limits that allow for the generation 
of highly complex geometries, and superior lightness to metallic materials. Now, 
polymeric prosthesis are elaborated through Additive Manufacturing processes. 
However, its exploration in Incremental Sheet Forming has been slightly researched.  
  

1.5 Hypothesis  

 
The expectancy of reducing geometric imprecision in Incremental Sheet Forming 
processes on high density polyethylene for cranial prosthesis manufacture is based on 
the following hypothesis:  
 

1. Application of external heat during Incremental Sheet Forming process on high 
density polyethylene cranial prosthesis helps reduce geometric deviation and 
springback of the manufactured pieces. 
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2. Generation of a spiral trajectory for the manufacture of high-density polyethylene 

cranial prosthesis through Incremental Sheet Forming helps reduce thickness 
variation and fosters attainment of homogeneous profiles in the pieces. 
 
  

3. The use of a differentiated incremental step according to the depth and geometry 
of the implant allows mitigation of residual efforts in pieces manufactured through 
Incremental Sheet Forming, thus resulting in springback decrease. 

 

1.6 Objectives  

 
Improve geometric accuracy in Incremental Sheet Forming process of high-density 
polyethylene for the manufacture of cranial prosthesis, through the combined application 
of external heat, trajectory selection and differentiated incremental step strategies. 
 

1.6.1 Specific objectives 
 
1. Generate G-Code of the implant geometry in CAM software for each tool 
trajectory strategy selected, with each of the incremental steps values to be 
evaluated. 
 
2. Define the convenient temperature to apply during the manufacturing process 
of specimens.  
 

4. Manufacture prototypes for evaluation of the strategies combined for accuracy 
improvement in pieces. 
 

5. Obtain digitization of the prototypes’ surfaces, manufactured through a 3D scan of 
the prototypes. 
 
 

6. Compare the dimensions of the digitized surfaces with respect of the 3D modelling 
of the implant geometry. 
 

7. Analyze the obtained results and formulate the corresponding conclusions. 
 

1.7 Work Methodology  
 
To conduct this research project a series of necessary activities for the design, testing, 
analysis and evaluation of the previously mentioned strategies was defined. Such were 



7 
 

raised considering the Reverse Engineering methodology, which provides a systematic 
approach to product design analysis (Otto et al, 1998). Below, a brief description of the 
executed activities. 
 

1. Investigation and literature review 
 

A state-of-the-art review was carried out considering study cases, technological 
development, geometric accuracy improvement strategies and polymer use in Single 
Point Incremental Forming process. 

2. Selection of geometric accuracy improvement strategies and definition of 
experimental values to analyze through evaluation of the produced specimens. 
 

From the studied literature, the most suitable strategies considered for polymers in 
geometric imprecision mitigation of Incremental Sheet Forming process were selected. 
Subsequently, experimental values to be analyzed are calculated and established. 
 

3. Generation of the implant geometry G-Code through different tool trajectory 
strategies available for CAM post processing. 
 

From 3D CAD modelling of the implant, G-Code corresponding to the piece in each of the 
tool trajectory strategies provided by the software was generated. This way, it is possible 
to study the behavior of geometric accuracy with the different alternatives. 
 

4. Definition of experimental design 
 

The number of specimens needed according to the combination of values for the different 
variables to be analyzed where defined, thus allowing to find the composition with the 
best result to mitigate geometric imprecision in the studied piece. 
 

5. Prototype production 
 

Prototype manufacture was carried out using ultra high-density polyethylene (UHMWPE) 
in a 2 mm thickness sheet through the Single Point Incremental Forming process. 
 

6. Measurement of prototypes generated through 3D scan technique 
 

The prototypes manufactured with the help of the 3D scanner where scanned and are 
digitized in surfaces compatible with Geomagic reverse engineering software, which 
allows the analysis of geometric accuracy with respect of the designed geometry. 
 

7. Data collection and analysis of test results 
 

Analysis of the prototypes’ surfaces obtained through 3D scanning technique with respect 
of the original geometry modelling was conducted, with the purpose of evaluating the 
previously stated hypothesis, thus determining their veracity. 
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8. Documentation and demonstration of the obtained results 
 

Knowledge acquired through the research project was documented and is consigned in 
the present work. Subsequently these results must be shown and defended in front of a 
professional council suited for the topic, which will reaffirm its validity. 
 
1.1 Background 

 
The research team of Nanotechnology for Device Design from Instituto Tecnológico y de 
Estudios Superiores de Monterrey has a line of research that studies the development of 
devices using Incremental Sheet Forming, among other manufacturing processes. 
Research projects on this line point primarily to experimentation on the effect of the 
parameters on Incremental Sheet Forming Process in the manufacture of medical devices 
for different purposes. 
 
Mason (1978) conducted the first studies about Incremental Sheet Forming process in 
order to generate an alternative to the traditional Sheet Forming Process, which requires 
a tooling system specially designed for the manufacture of each geometry. This constraint 
makes its application only considerable to produce large batches of pieces, whereas 
Incremental Sheet Forming opens up the possibility of producing customized parts 
through low cost forming. 
 
His investigation became popular as of the 2000 decade with the boom of Rapid 
Prototyping methods, where it came up as an interesting candidate. From there, his study 
spread mainly focused on metallic materials to produce high complexity geometric pieces. 
However, ISF technology is still under development and pending to achieve competitively 
and accuracy levels demanded by the industry (Guerrero, 2014). 
 
In the medical industry studies have been advanced to determine which biocompatible 
materials are suitable for the manufacture of medical implants through this type of 
forming, since the prosthesis that have been produced under this method have until now 
made use of metallic sheet, mainly titanium for the manufacture of maxillofacial prosthesis 
(Araujo et al, 2013). 
 
The present research project focuses in contributing knowledge regarding the behavior 
of high-density polyethylene behavior in the manufacture of cranial implants through 
Incremental Sheet Forming, which is up to this moment a reduced and less studied 
application field. 
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2 Chapter 2: Single Point Incremental Forming (SPIF) 
In 2012 Behera et al. described Single Point Incremental Sheet Forming as a process for 
the creation of metallic sheet prototypes, with the capacity of producing pieces without 
the need of specific tooling design for each geometry, differentiating it from traditional 
forming methods which require a unique matrix design for each type of piece. According 
to Garg et al. (2016), plastic deformation is local and progressive on sheet metal; it is 
manufactured by a tool with hemispherical head that moves regarding a CNC controller, 
allowing for greater flexibility in the forming limits at a reasonable cost to produce small 
batches. SPIF presents other advantages, such as: less formation strength and more 
flexibility during the process, although it presents some important setbacks to be 
considered, such as: geometric inaccuracy, high processing times and energy 
consumption, which have limited its application and commercialization throughout the 
years (Jeswit et al, 2015). 
 
These restrictions are strongly influenced by the technological parameters intrinsic to 
SPIF process (figure 2-1); wall angle (α), incremental step depth (∆z), tool diameter (D), 
spindle speed (s), Feed rate (F), and sheet thickness (t) are the independent variables 
capable of controlling the quality of the resulting prototype (Yao et al., 2017). The research 
regarding such process is currently focused on developing strategies to achieve a greater 
accuracy for the resulting pieces. 
 
 

 

 

 

 

 

2.1 Geometric Accuracy in SPIF  

Lu et al. (2015) stated that geometric accuracy of the final parts is one of the most 
significant aspects of the forming industries; therefore, low geometric accuracy in SPIF is 
one of its main constraints and it can be classified into three types: sheet bending effect, 
pillow effect, and elastic recovery or springback. 

Figure 2-1: ISF Input-Process-Output diagram 
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The most common inaccuracy error is produced in the deformed sheet, which slightly 
moves backwards with regard to the wall angle (α) and the bottom area after the tool is 
released; such phenomenon is called elastic recovery and is caused by the reduction of 
stress produced when the deformation charge is eliminated. The second most recurrent 
error is the pillow effect, which can be observed in the background area where a bulge 
on the previously deformed sheet is generated. Finally, the sheet bending effect is in the 
attached borders of the prototype and is created by eliminating the stress when the 
piece’s blank support is withdrawn. Graphic depiction of such errors are presented in 
figure 2-2. 
 

 

 

 

 

 

 

 

 

2.2 Study Optimization of Geometric Accuracy in SPIF 

Several research studies have been carried out to achieve reduction of geometric 
inaccuracy generated during Incremental Sheet Forming Process, with the following as 
the main approaches: modification of process parameters, tool design strategies and 
trajectory compensation, among others. 
 
Modification of process parameters, being the most studied approach, has the purpose 
of identifying and creating the best configuration of parameter values that affect geometric 
accuracy during the process. In 2017, Edwards et al. analyzed the influence of SPIF 
process parameters in the springback for a polycarbonate sheet; the investigation 
determined that the parameters with greater influence for such polymer were: incremental 
step depth, forward speed, spindle speed, and contained heat. The last parameter is not 
usually included among the process variables because it is not as relevant to metallic 
sheets. Experimentation consisted of the generation of 18 samples with a spindle speed 
variation of (S) = 600-800 rpm, feed rate of F = 2540-5080 mm / mm, and step depth of 
0.389-0.889 mm without heat presence or heat application, heating the sheet to 55° C. 
Results determined that for this polymer the parameter with a high influence in accuracy 
and which can generate a considerable improvement is contained heat. Standard 

Figure 2-2: Geometric errors during SPIF process (Lu et 
al., 2016). 
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deviation between the geometry of the original design and the geometry obtained from 
samples without external heat presence had an average of 1.145 mm and was drastically 
reduced to 0.654 mm in samples with external heat application. Besides, the variation of 
incremental step depth has a positive effect on the reduction of elastic recovery: samples 
with a higher step depth present better formability and lower elasticity in the resulting 
piece. On the other hand, elastic recovery does not respond to the changes in spindle 
speed or feed rate. 
 
As part of the experimental process, the construction of a larger tool was carried out to 
allow the heat generated by the frictional forces to stay at the tip of the tool and not be 
absorbed by the tool holder; additionally, external heat was applied with an air gun to 
achieve a desired temperature of 55° C. To measure the effect of elastic recovery, the 
surfaces of the resulting prototypes were generated to compare the geometry of the 
original design with the one obtained after the forming process. 
 
Bayram et al. (2017) contemplated the problem from a different perspective, where 
dimensional accuracy was obtained by the 3D scanner method. Experimentation 
consisted of 8 aluminum 2024 T3 samples with truncated cone shape and 2 different tool 
trajectories created with Siemens NX CAM software. The first trajectory covers the depth 
of incremental step following a spiral, which is why the tool stays permanently connected 
to the metallic sheet; trajectory number 2 always starts incremental step depth with the 
same reference point after completing the whole circuit. Both trajectories were generated 
with an unlined carbide tool of 10 mm diameter at a constant feed rate of F = 1000 mm / 
min and a spindle speed of 𝑆𝑆 = 500 𝑚𝑚𝑚𝑚−1𝑖𝑖𝑖𝑖 in for all the samples. Other variations were 
executed with respect to incremental step depth, alternating between 2- and 5-mm. 
Geometric accuracy and sheet thickness distribution were analyzed by measuring the 
resulting prototypes with the 3D scanner and comparing the generated surface with 
respect to the 3D model of the original design afterwards. Results show that the trajectory 
that is permanently connected to the material is more successful than the trajectory of the 
tool that works in parallel, presents less geometric errors with respect to the original CAD 
design and more homogeneous sheet thickness than the specimens built using the 
parallel tool trajectory. Incremental step depth also affects geometric accuracy, given that 
the step of 0.5 mm for both trajectories showed the best accuracy and the most 
homogeneous sheet thickness distribution. 
 
The mathematical model is also presented as an alternative regarding this purpose; in 
2016 Lu et al. analyzed the possibility of using the Model Predictive Control algorithm or 
MPC, to improve accuracy in Incremental Sheet Forming Process. The study consisted 
of the optimization of the incremental step depth z while the horizontal increase of 
incremental step h will remain as the one initially provided by the CAM software. MPC 
algorithm is based on the progressive feedback for the control of each outline generated 
by the tool. Control actions are implemented by solving an optimal control problem of 
finite horizon in each deformation step that holds a unique outline; with each step the 
algorithm optimizes the step depth on a horizon of setback for each formation step, while 
horizontal increase h remains unchanged since the initial trajectory. The step depth is 
defined as ∆𝑢𝑢  indicated in the model and the objective of the controller is to take the state 
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of the formed geometry as close as possible to the one designed. In this sense, the 
predictive controller is presented as the optimization problem shown in equation (1). 
 

min 𝐽𝐽 = �𝑌𝑌� −𝑊𝑊�2 + 𝜆𝜆Δ𝑈𝑈𝑇𝑇Δ𝑈𝑈 

𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑡𝑡 Δ𝑈𝑈(𝑘𝑘) = �Δ𝑢𝑢𝑘𝑘+1,Δ𝑢𝑢𝑘𝑘+2,,Δ𝑢𝑢𝑘𝑘+3 … …Δ𝑢𝑢𝑘𝑘+𝑁𝑁𝑝𝑝�
𝑇𝑇
 

𝑘𝑘 = 1,2, … … . ,𝑁𝑁,Δ𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 ≤ ,Δ𝑢𝑢𝑘𝑘+𝑚𝑚 ≤,Δ𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚 , 𝑖𝑖 = 1,2, … … . .𝑁𝑁𝑃𝑃 

 

(1). Optimization problem for ISF incremental step (Lu et al., 2016). 

“Where J is the cost function; N is the number of steps; Np is the prediction horizon; ΔU 
is the input; Y is the state of geometry prediction; W is the state of the objective geometry. 
The second element of the cost function J is to realize penalties within the great oscillation 
of control inputs; λ is the weight coefficient and is a nonnegative scalar. For this work, an 
optimal λ value of 0.2 after tuning is adopted” (Lu et al., 2016). 
 
According to the prediction strategy for the MPC trajectory, the flowchart to provide 
geometric feedback regarding accuracy is presented in figure 2.-3. 
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2.3  Study of Incremental Sheet Forming on Polymers 

In 2008, Frazen et al. carried out the first approach to analyze the behavior of polymers 
in Incremental Sheet Forming process through an experimental study where it is shown 
that SPIF can be used for the customized production of pieces on Polyvinyl Chloride 
(PVC). The most important contribution of this study points to the identification of the most 
relevant parameters of the process, the characterization of formability limits on the 
material, and the failure modes of the studied material.  
Frazen et al. (2008) also contributed majorly by determining the 3 failure mechanisms 
present on polymeric pieces formed through SPIF, which were defined as follows: 

a) Failure mode 1: circumferential crack along the transition zone between the 
inclined wall and the piece’s corner radio, (figure 2-4a). 
 

b) Failure mode 2: twisting, bending development along the inclined wall of the 
piece (figure 2-4b). 

Figure 2-3: Flowchart for MPC application 
to ISF (Lu et al., 2016). 
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c) Failure mode 3: oblique crack along the bisector direction of the inclined surface 
and the piece´s wall (figure 2-4c). 
 

 

 
 
 
 
 
 
 
 
 
 
 
In the same year (2008), Le et al. published experimental results on the behavior of 
polypropylene (PP) and the influence of the incremental step size parameters, tool size 
parameters, forward speed, and spindle speed in sheets of this material. As part of the 
analysis, failure mode determination was also included, with 2 of them matching the ones 
found by Frazen in the previously mentioned study. Figure 2-5 shows the failures 
presented on the specimens. 
 

 

 

 

 

 
 
 
 
Regarding the influence of the studied parameters on the material there was a major 
discovery: their effect on the pieces formed in PP was similar to the behavior of metallic 
materials subjected to the same SPIF process. It was determined that the step size is 
significant to formability and positive as it increases. It was also discovered that formability 
decreases considerably with respect to the diameter of the tool: the smaller the diameter, 
less material formability. Last, spindle speed contributed to increase the formability of 
worked thermoplastic sheets, so the variation of these 3 parameters can determine the 
finishing and quality of the obtained piece. 

Figure 2-4 . Failure mechanisms experimentally observed in rotational 
symmetrical SPIF of polymers. (a) Failure mode 1, (b) Failure mode 2, (c) 

Failure mode 3 (Silva et al., 2010). 

Figure 2-5 .Mechanical failures in formed parts (Le et al., 
2008). 
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Subsequently, Martins et al. (2009) carried out a study on the formability of 5 polymers: 
polyoxymethylene (POM), polyethylene (PE), Polyamide (PA), Polyvinyl Chloride (PVC), 
and Polycarbonate (PC). The study showed that PE and PA present a high ductility, 
making them suitable for the fabrication of pieces with large wall angles. However, PA is 
the polymer with the greatest elastic recovery among the studied group, presenting an 
important constraint for its manipulation through Incremental Sheet Forming Process 
since high elastic recovery falls to geometric inaccuracy. 
 
Regarding PVC, it presents the least elastic recovery, being suitable for pieces that 
require high geometric accuracy. Meanwhile, PC displays color changes after SPIF 
process; nonetheless it is possible to obtain pieces with high superficial finishing. The 
least suitable material for SPIF manufacturing is POM due to its limited ductility. 
 
2.3 Polymeric Materials used for the clinical area 

Over the last few years, polymers have become the most researched and used materials 
in medicine due to their properties, such as: biocompatibility, biodegradability, adjustable 
mechanical properties, and reproduction ease which make them very valuable for the 
manufacture of products within this area (Ozdil et al., 2014). Biomedical polymers can be 
classified into two groups: 
 

a) Natural polymers: coming directly from the plant or animal kingdom, in medicine 
they are generally used within the tissue engineering area or as a tissue union 
serving as stitches. This is possible thanks to their high degradation capacity, anti-
inflammatory and bactericide properties. Some of the most used natural polymers 
correspond to proteins such as: silk, collagen, and fibrin, or polysaccharides like 
hyaluronic acid (Luna et al., 2018). 

b) Synthetic polymers: these are natural polymers transformed by the human being 
to obtain the mechanical properties needed for a specific function required within 
the industry. Orthopedic implant manufacturing comprises its most important 
application since the use of polymeric resins such as: Polyetheretherketone 
(PEEK), Polyethylene (PE), and Polymethyl methacrylate (PMMA), has achieved 
a gradual replacement of ceramic or titanium prosthesis thanks to their mechanical 
properties with the capacity of enduring great loads (Guerrero, 2014). 
 

However, the manufacture of sterile containers, devices, and medical equipment is also 
an important application given that unlike metals, polymers have the capacity to resist 
contact with chemicals for their sterilization without experiencing discoloration, oxidation 
or major physical changes. In the case of disposable products, they are the most 
recommended option thanks to their low cost and exceptional barrier properties (Aristegui 
Maquinaria, 2013). 
 
Regarding tissue engineering, there are many subgroups of synthetic polymers that can 
be used on certain tissues. Elastomers show capacity of enduring major deformations 
and subsequently going back to their initial dimensions, resulting suitable for 
cardiovascular applications where tissue elasticity is the primary characteristic. In a 
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similar way, hydrogels and their liquid absorption capacity can be used for a wide variety 
of applications related to soft tissues (Guerrero, 2014). 
 

2.3.1 Biomaterials 
 
Generally, biomaterials are used for the construction of artificial organs, osseous implants 
or for natural tissue implants from the human body. They are the suitable materials to be 
in direct physical contact with the human body and therefore need to meet certain 
characteristics for a satisfactory application. Guerrero (2014) groups the requirements 
that a biomaterial must meet in 4 categories: 
 

a) Biocompatibility: the material must not alter or induce a bad response from the 
patient, rather guarantee a successful integration of the implant to the body. 
 

b) Sterilization: it must be capable of undergoing sterilization. 
 

c) Functionality: the material must be formed inexpensively using engineering 
manufacturing processes. 
 

d) Manufacturability: this last requisite is the most constraining for real production of 
medical devices. In this sense, it is the one to which engineering must contribute 
significantly.  

 

2.3.1.1 Biomaterial classification 
 
Teoh (2004) classified biomaterials according to their application into soft or hard tissues. 
Within the same classification polymeric, metallic, and ceramic materials suitable 
according to the corresponding tissue are gathered; table 2-1 demonstrates such 
classification. 
 
 

Table 2-1. Biomaterial classification according to tissues (Teoh, 2004). 

Biological materials Synthetic materials 
1. Soft tissue 
Skin, tendon, pericardium, and 
cornea. 

1. Polymeric 
Ultra-High Molecular Weight 
Polyethylene (UHMWPE), 
Polymethyl methacrylate (PMMA), 
Polyether ether ketone (PEEK), 
silicone, Polyurethane (PU), 
Polytetrafluoroethylene (PTFE) 

2. Hard tissue 
Bone, dentin, cuticle. 

2. Metallic 
Stainless Steel, Cobalt Alloys (Co-
Cr-Mo), Titanium Alloys (Ti-Al-V), 
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2.3.1.2 Polymers as biomaterials 
Polymer use for manufacturing biomedical devices must consider aspects such as their 
tendency to water absorption and/or biomolecules around which could alter the chemical 
composition of the surface. It is also important to consider that they are soft materials 
compared to ceramic or metallic ones, and so they can be spoiled by mechanical use. 
Consequently, their processing needs the use of stabilizers. However, the use of such 
must be as low as possible and only contain additives that comply with the medical 
requirements to maintain their degree of biocompatibility (Guerrero, 2014). 
 
Sterilization represents another challenge for polymers, considering that many of them 
do not have the necessary thermal stability to resist autoclave [1] or degrade by gamma 
ray [2]. Thus, the appropriate choice of polymer according to its application is crucial for 
a satisfactory device implantation, for which Shastri (2003) developed a table where is 
summarized the physical structure, important mechanical properties, and most common 
applications of non-degradable polymers that are widely used in the manufacture of 
medical devices (table 2-2). 
 
 
 

 
[1] Sterilization method consisting in a material being heated to a specific temperature in 
an environment where humidity and pressure are present. 
[2] Sterilization method consisting in previously passing the product through gamma rays 
during periods of less than 2 hours. It is a highly used process for medical devices  
 

 
 

Gold, Platinum. 

3. Ceramic 
Aluminum oxide (Al2O3), 
Zirconium (ZrO2), Carbon, 
Hydroxyapatite, Tricalcium 
phosphate, Bioactive glasses, 
Calcium aluminate. 
4. Compounds 
Carbon fiber (CF)/PEEK, 
CF/UHMWPE, CF/PMMA; 
Zirconium/Silicon dioxide/BIS-GMA 
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Table 2-2. Chemical structure, properties and applications for non-degradable polymers 
in medical applications (Shastri, 2003). 
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2.3.2 Applications 
On his article about biocompatible and non-degradable polymers in Medicine, Shastri 
(2003) makes a list of the specter of applications of polymers within the medical area. 
However, he states that their use is not limited to the applications listed since research 
and development of material engineering makes it possible to extend throughout time. 
The following applications make up Shastri´s list: 
 

● Device coating (e.g. to improve their compatibility with blood) 
● Devices (e.g. implantable medicine administration systems, artificial heart) 
● Implants (e.g. pieces and screws for bones, articulated surfaces for artificial joints) 
● Catheters and sample tubes 
● Vascular graft 
● Membranes for oxygenation and detoxification 
● Injectable drugs administration and imaging systems 
● Membranes and porous scaffolds for regenerative tissue 

 
 
 

2.3.2.1 Polyethylene applications (PE) 
 
Polyethylene is a polymer that belongs to the thermoplastics family and is composed of 
a repetitive chain of ethylene  (𝐶𝐶𝐶𝐶2)𝑖𝑖 . It is considered as highly pure because the 
molecule that forms its chain is only made up of carbon atoms and hydrogen, meaning 
outstanding chemical and mechanical properties. Among such are lubricity, impact 
resistance, and abrasion, along with being chemically inert (Cardona et al, 2010). 
 
As Shastri (2003) mentions on Table 2, its key properties of lubricity and mechanical 
resistance contributed to its traditional application being for orthopedic implants and 
catheters. The use of Ultra High Molecular Weight Polyethylene (UHMWPE) in 
orthopedics starts during the decade of 1950; the first prosthesis made completely of this 
material was implanted in 1962 and since then it constitutes the preferred material for 
joint surfaces and joint replacement surgeries, mainly for knees and hips. 
 

2.3.2.1.1 Polyethylene requirements for its application on orthopedic components 
 
Differences in physical-chemical properties within the various types of polyethylene affect 
the clinical performance of implants. The most determinant property regarding such 
aspect is molecular weight; Ultra High Molecular Weight Polyethylene has an average of  
3𝑥𝑥106 𝑔𝑔 𝑚𝑚𝑡𝑡𝑚𝑚�  , and in orthopedics polyethylene weights range among 3 − 6 𝑥𝑥106 𝑔𝑔 𝑚𝑚𝑡𝑡𝑚𝑚� . 
The heavier the molecular weight, the higher will the degree of polyethylene branching 
be, hence presenting a greater crosslinking degree of the molecules exposed to radiation, 
altering the mechanical properties of the material (Lavernia et al., 2010). Described below 
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is the crystallization percentage effect on the mechanical properties of polyethylene 
(Table 2-3). 
 
Table 2-3. Crystallinity effect percentage on physical properties of UHMWPE (Lavernia 

et al., 2010). 

 

The third property which determines the clinical behavior of polyethylene is its 
microstructure. Ultra-High Molecular Weight Polyethylene (UHMWPE) is a double faced 
viscoelastic solid, which means it contains domains organized in the shape of imbued 
crystals in an amorphous or disordered matrix. This generates larger carbon chains that 
do not allow molecules to spontaneously arrange in crystalline chains. According to this, 
UHMWPE is not available in a 100% pure crystal state, rather it generally ranges among 
a 58-75% of crystallization. This is important because a greater crystallization degree 
means an increase of polyethylene fragility, specifically contributing to a decrease in 
ductility, strength, and impact resistance. 
 
F648-14 Standard for Ultra High Molecular Weight Polyethylene and the manufacture of 
surgical implants is articulated by the American Society for Testing and Material (ASTM), 
and determines the physical properties a material must possess for the manufacture of 
orthopedic components. Table 2-4 presents the properties proposed by the ASTM for 
polyethylene and its application in orthopedic components. 
 

Property 415 
GUR 

Hylamer 
M 

Hylamer Biomet 
Arcom 

Depuy 
Marathon 

Stryker 
Crossfire 

Zimmer 
Longevity 

Crystallinity 
% 

50 57 68 64 ±8.9 43 ±1.9 58 5.2 44 1.3 

Density g/cc 0.934 0.946 0.955         

Melting 
temperature 

°C 

135 147 149 142 136 141 140 

Tensile 
strength 

33.8 37.9 40.7         

Elongation 
at break % 

339 369 334         

Module 
(GPa) 

1.39 2.01 2.52         

Creep % 2.3 1.2 0.9         
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Table 2-4. F648-48 for Ultra High Molecular Weight Polyethylene and surgical implant 
manufacture (ASTM F648-14, 2014). 

Property Minimum value allowed 
Ultimate Tensile Strength 

(UTS) 
27 MPa 

Ultimate Yield Strength 19 MPa 

Elongation at break 200% 

Deformation under load 2% (90 min) 

Hardness 60 

Density 0.930-0.945 g/cc 

Melting point 125-145º c 

 
 

2.3.2.1.2 Sterilization 
 
After the manufacture process, implants must be sterilized and packed before being 
delivered to the medical center of destination. Sterilization process is determined by the 
implant manufacturer, and the most used techniques are the following: 
 

a) Application of gas plasma sterilizers 
b) Application of ethylene oxide sterilizers 
c) Autoclave  
d) Gamma ray sterilization of air to eliminate microorganisms 

 
Until 1995 the most common sterilization method was gamma ray radiation of air; 
however, the study on polyethylene wear after the sterilization process lead to the 
discovery of implants sterilized under this method presenting a higher wear than those 
sterilized within an oxygen free atmosphere (Lavernia et al., 2010). 
 
Sterilization methods that use ethylene oxide and gas plasma only prevent the protective 
effect of crosslinking induced by radiation, thus they have been consequently replaced by 
combined methods which include steam and heating, such as Autoclave (figure 2-6). 
Thermal heating for this purpose is created through a melting-annealing thermal 
treatment which consists in heating the material close to its melting temperature and later 
allowing its slow cooling within a conditioned environment for temperature to decrease 
gradually. 
 
Lavernia et al. (2010) mention that sterilization under this method has proven an increase 
in UHMWPE wear strength but has been simultaneously questioned for the persistence 
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of its mechanical properties due to the modification of the crystalline structure that occurs 
after its application. 
 

 
 

 
 

 
According the Guideline for Disinfection and Sterilization of Prion-Contaminated Medical 
Instruments of Cambridge University, 2015, polyethylene cannot be autoclaved it doesn´t 
withstand a sustained 121° C temperature for a short period of time >30 minutes, because 
it can melt and ruin the autoclave chamber.  Also, gamma sterilization in an air 
environment induces oxidation in the material and can lead to polyethylene embrittlement, 
compromising mechanical integrity and clinical performance of polyethylene bearings. 
Therefore 2 alternative approaches are used, sterilization by non-radiation methods and 
sterilization by gamma irradiation in inert environments (Bargmann,1999). 

 
 

 
 
 
 
 
 

 
 

Figure 2-6. Illustration of the Autoclave Sterilization 
Process (Tortora et al., 2004). 
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3 Chapter 3: Methodology 
 

3.1  Introduction 

 
The following chapter describes the proposed methodology under which this research 
project will be carried out. According to its previously outlined objectives, this project is 
an experimental study with the purpose of observing the incidence of the variables 
selected for evaluation in the geometric accuracy of pieces corresponding to cranial 
implants manufactured via Single Point Incrementing Forming process. Furthermore, this 
chapter specifies the formulation and design of the necessary experiments for an 
objective verification of the proposed hypothesis. 
 

3.2 Experimental Setup 

 
The experimental design for this study consists in the iterative manufacture of a cranial 
prosthesis geometry through Incremental Sheet Forming process taking three 
independent variables: external heat presence, tool path and incremental step (∆𝑧𝑧) , as 
well as a dependent response variable: geometric accuracy. 
 
The response variable is evaluated in millimeters (𝑚𝑚𝑚𝑚) and its measurement 
corresponds to the distance between a specific point of the manufactured piece’s 
geometry and its equivalent in the original CAD implant design. This value indicates the 
dimensional deviation that exists in the different areas of the final piece, so the smaller 
the value the greater accuracy degree achieved. 
 
On the other hand, the independent variables chosen have shown a positive effect on the 
geometric accuracy of the pieces created through the Incremental Sheet Forming 
process, thus the study intends to test different values of these variables to find the most 
suitable to increase the degree of geometric accuracy for this particular geometry and 
material. Special attention is given to the analysis of critical areas in which geometric error 
is present, such as the lateral walls of the geometry where elastic recovery or springback 
generates. 
 
Eight test tubes of the same generatrix geometry with different values of each of the 
previously established variables are prepared for the study. Regarding external heat 
presence, it is applied to half of the samples during the manufacturing process with a heat 
gun while the other half is carried out under normal conditions, where the only heat source 
received is produced by the friction generated from the contact between the material and 
the rotating tool. This heat appliance method is taken from Edwards, 2017 who carries 
out the same process in polycarbonate tubes, obtaining a greater formability degree and 
reducing the elastic recovery effect on the material at the same time. 
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Finally, each of the toolpath designed with 2 different incremental steps: 0.5-1 mm, such 
incremental steps show positive outcomes in a piece of similar dimensions to the ones 
from the geometry to be manufactured in the present study: 160x160x50 mm (Tibury, 
2007). Table 3-1 represents the experiment design that determines the number of 
relevant specimens to carry out. 

 
Table 3-1. Experimental design and sample size. 

 

After fulfilling the first batch of experiments that correspond to the evaluation of geometric 
deviation in the generatrix, the second batch of the experimentation process belongs to 
the evaluation of the best parameter combination found in the first batch of experiments 
with an actual cranial implant geometry. In addition, in this stage lubrication of the sample 
plays an important role in order to understand the effect on the surface roughness in 
conjunction with heat presence.  
 
Three measurements of each of the tubes in different conditions corresponding to the 
Incremental Sheet Forming process and the manufacture of biomedical devices are 
carried out: 
 
First Batch experiments  

# samples 
(generatrix) 

Temperature  Geometry Incremental 
Step 

1 External Heat Exact CAD 0.5 

2 1 

3 Compensated 0.5 

4 1 

5 Without External Heat  Exact CAD 0.5 

6 1 

7 Compensated 0.5 

8 1 
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a) Before and after taking out the base frame that holds the material during the 
Incremental Sheet Forming process. 

Second Batch experiments  
a) Before and after taking out the base frame that holds the material during the 

Incremental Sheet Forming process. 
b) After cutting the spare material from the sample 
c) After sterilization process  

 
Measurements are carried out under these conditions to know the incidence degree of 
such in the geometric accuracy of the manufactured pieces. 

3.3 Methodology to be followed 

For the experiment analysis, Reverse Engineering (RE) methodology must be used to 
carry out a digital representation of each of the experiments under the previously 
mentioned conditions, with a 3D manual scanner. By doing so it is possible to reconstruct 
the data presented by the scan (a point cloud belonging to the geometry) on three-
dimensional surfaces with the capacity to be contrasted with the original CAD implant 
design. Such contrast allows for dimensional and geometrical quality feedback of the 
resulting piece. 
 
This methodology offers an accuracy error detection outside of the machine (post-
production) and is represented by the following flow chart (figure 3-1). 
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Figure 3-1. Reverse Engineering methodology flow chart (He et al., 2015). 

 
The contrast of the measured surfaces regarding the consigned geometry in the original 
CAD is created by a Reverse Engineering software: Geomagic from 3D Systems, whose 
Control X function allows the smart inspection of pieces, their dimensioning and GD&T 
[1] regarding the original design. From the dimensioning, it also provides a trend report of 
the dimensional deviation of each of the analyzed points which facilitates the analysis and 
comparison with the rest of the tubes.  
 
 

3.4 Experimenting conditions 

 
There are certain conditions characterizing the Single Point Incremental Forming process 
and the manufacturing process of medical devices which have proven to impact the 
geometric accuracy of the pieces. Although such characteristics do not constitute any of 
the independent variables proposed for this experiment, their consideration is necessary 
to determine their effect on the created tubes. Measurements of each specimen are taken 
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before and after applying each of these conditions, and figure 3-2 graphically represents 
them and states their origin.1 

 

 
  
 
As observed in figure 3-2, such conditions correspond to post-processes necessary to 
deliver the final product under innocuous conditions for its implementation on the patient.  
 

3.5  Material to be used 

 
The tubes are made of Ultra High Molecular Weight Polyethylene (UHMWPE), on a sheet 
with 2 mm of thickness. In table 3-2, 3-3, and 3-4 the physical, mechanical and thermal 
properties of the material are consigned, all of which exceed the values established by 
the ASTM F648-14 norm that states the minimum conditions of Ultra High Molecular 
Weight Polyethylene for medical applications. Therefore, the chosen material is 
considered suitable for the manufacture of the specimens, considering their final use. 
 

 
 

                                                
1 Acronym for Geometric Dimensioning and Tolerancing. 
 

Figure 3-2. Experimental conditions that impact geometric accuracy. 
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Table 3-2. Physical properties of Ultra High Molecular Weight Polyethylene 
(Plastiductos México, n.d.). 

 

 
 

Table 3-3. Mechanical properties of Ultra High Molecular Weight Polyethylene 
(Plastiductos México, n.d.). 

 

 

Table 3-4. Thermal properties of Ultra High Molecular Weight Polyethylene 
(Plastiductos México, n.d.). 

 

Physical properties of Ultra High Molecular Weight Polyethylene 

Water absorption in 24 h (%) < 0,01 
Density  �𝑔𝑔 𝑠𝑠𝑚𝑚3� � 0,94-0,97 
Refractive index  1.54 

Radiation resistance  Acceptable 
Ultraviolet resistance Bad 

Coefficient of linear thermal expansion 
(𝐾𝐾−1) 

2 × 10−4 

Crystallinity degree (%) 60-80 

Mechanical properties of Ultra High Molecular Weight Polyethylene 

Elastic modulus E �𝑁𝑁 𝑚𝑚𝑚𝑚2� � 1000 

Friction coefficient 0,29 
Traction modulus _(𝐺𝐺𝐺𝐺𝐺𝐺)_____ 0,5-1,2 

Poisson’s ratio 0,46 
Tensile strength (𝑀𝑀𝐺𝐺𝐺𝐺) 15-40 

Ultimate tensile strength �𝑁𝑁 𝑚𝑚𝑚𝑚2� � 20-30 

Ultimate elongation (%) 12 

Thermal properties of Ultra High Molecular Weight Polyethylene 

Specific heat (𝐽𝐽𝐾𝐾−1𝐾𝐾𝑔𝑔−1) 1900 
Coefficient of expansion (× 106𝐾𝐾−1) 100-200 

Thermal conductivity at 23°C �𝑊𝑊 𝑚𝑚𝐾𝐾� � 0,45- 0,52 
Maximum operating temperature (°C) 55-120 

Softening temperature (°C) 140 
Crystallization temperature (°C) 130-135 
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3.5.1 Additional resources to be used 
 
The following physical and technological resources are necessary to carry out the 
experiments: 
 

1. Equipment and tools 
a) Kryle 3 axis CNC machine  
b) Base frame to hold the piece with an effective workspace of 300x300 mm 
c) Tool with a 10 mm diameter hemispherical tip 
d) Manual Hot air gun ExTech Instruments with mini IR thermometer  
e) Portable 3D Scanner 

 
2. Software 
a) CAD software: Solidworks from 3D Systems 
b) CAM software: NX from Siemens 
c) RE software: Geomagic from 3D Systems 

 

3.6  Geometry to be studied 

 
There are two geometries to be studied in the present research; the first one is a pyramid 
generatrix with constant wall of 200 mm major diameter and 42 mm height (Figure 3-3). 
This shape is adequate to evaluate extreme conditions of width and length that can be 
present on an actual implant geometry were the material can suffer damage after the 
incremental forming process. The analysis of process parameters to evaluate is 
conducted on the samples with this shape.  
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The second geometry to evaluate is an implant geometry sample which is a cranial 
implant shape with an upper truncated pyramid section (Figure 3.-4). This section is 
necessary to isolate the implant geometry from the irregularities that occur due to the over 
bending of the sheet after the blank holder is released when the conformation process is 
finished.  The purpose of this geometry samples is to corroborate that the parameters 
and variables selected on the first batch of experiments also have positive results on 
mitigating geometric deviation in this sample type.   

.  

 

 

 

 

 

 

Figure 3-3. Generatrix Geometry Specifications in mm. 

Figure 3-4. Implant Geometry Specifications in mm. 
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3.7 Parameters to be evaluated 

Lack of geometric accuracy (response variable) manifests in different ways on the final 
piece manufactured through Incremental Sheet Forming process. Such undesired effects 
on ISF pieces are named inaccuracy errors, and are described below: 
 

1. Springback or elastic recovery: phenomenon that occurs when the effort produced 
by the tool is withdrawn from the piece and is not enough to plastically deform the 
material. As a result, it attempts to recover its original form when the manufacturing 
process finishes, and manifests as a change of form on the lateral walls of the 
piece.  
 

2. Sheet bending effect: the elastic recovery of the material when withdrawing the 
effort provided by the frame that holds the material during the process. 
 

3. Pillow effect: the creation of a concave bend on the lower base of the piece. 
 

4. Variable thickness: progressive stretch effect produced along the process, which 
generates a reduction of thickness on the piece’s walls depending on the angle of 
the wall α. Hirt et al. (2003) show that this effect can be anticipated by making use 
of the law of sines as is shown in Equation (2). 
 
 

𝑠𝑠1 = 𝑠𝑠0 ∗ sin(90°−∝) 
Where: 𝑠𝑠1is the final piece thickness 

𝑠𝑠0initial sheet thickness 
∝  drawing angle 

 
(2). Application of the law of sines to anticipate variable thickness (Hirt, 2003). 

 
The most frequent geometric inaccuracy errors on polymers are elastic recovery or 
springback and variable thickness (Martins, 2009); thus they are thoroughly analyzed in 
the results obtained from the response variable experiments, selecting the process 
parameters that have a greater impact on these 2 errors and studying a variation range 
of them to understand their effect on geometric forming. 
 

3.8 Experiment analysis 
 
The Geomagic Reverse Engineering software and its applicative Control X are used to 
analyze the data derived from the experiment, which allows to convert the point cloud 
generated by the 3D Scan on surfaces that are later compared to the design from the 
CAD modelling of the original design. 
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Figure 3-6. Surface Depth Detection 
tool (3D Systems, n.d). 

The section analysis tool is used to make sectional cuts of the piece and compare the 
existing deviation and the same cut of the geometry of reference which in this case is the 
CAD design of the implant; this way it is possible to know the effect of elastic recovery on 
the geometry obtained. The software uses a color scale system to identify the deviation 
degree present in the different areas of the analyzed section and shows the measurement 
of the deviation in the different directions (x, y, z) of the selected points as is shown in 
figure 3.-5. 
 

 

 

 

 

 

 

 

 

 
 
The nondestructive testing tool is used to identify areas where a deformation or any 
manufacturing problem in the piece was produced. It allows the recognition of areas 
where thickness variation is produced and through the color scale system is possible to 
acknowledge which areas present a higher thinning (figure 3-6). Prior to the experiment, 
a thickness prediction is made through the expression formulated by Hirt et al. in 2003 
and it is subsequently contrasted with the measurements obtained to establish its 
deviation regarding the real variation obtained in the pieces. 
 

 

 

 

 

- 

Figure 3-5. Geomagic Section Analysis tool (3D 
Systems, n.d.). 



33 
 

An analysis report on the measurement trends obtained after the use of the previously 
mentioned tools is subsequently made, which presents a detailed statistical analysis 
(figure 3-7) of the piece and sections studied. Such analysis includes: 
 

A) The arithmetic mean of the deviations corresponding to the analyzed points. 
 
B) The root mean square (RMS) of the deviations corresponding to the analyzed 

points. 
 

 
C) The standard deviation of the analyzed points regarding the geometry of 

reference. 
 

D) The maximum deviation present on the piece. 
 

E) The minimum deviation present on the piece. 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-7. Geomagic Trend Report tool (3D Systems, 
2018). 
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4 Chapter 4: Single Point Incremental Forming strategies 

 

4.1 Introduction 

 
This chapter describes different existing strategies to mitigate geometric accuracy in 
Single Point Incremental Forming process, as well as the selection of the ones considered 
suitable for the successful manufacture on Ultra High Molecular Weight Polyethylene 
(UHMWPE) of the tubes of cranial prosthesis specified in the experimental design 
registered in chapter 3 of the present document. 
 

4.2 CAM Software: Tool path strategy 

 
Siemens NX presents within its tool path settings different cut parameter alternatives that 
determine the way it travels along the outlines belonging to the geometry (figure 4-1). 
Currently there are 7 tool path strategies available for this CAM software (Ming et al., 
2008): 
 

a) Follow Part: it is considered the optimal strategy since the tool path is determined 
by its geometry. It considers the presence of cores or cavities to automatically 
choose the most suitable strategy. 
 

b) Follow Periphery: it chooses the path only considering the periphery geometry; for 
example, if the piece outline is rectangular it chooses the path that cuts the material 
from the outside in. This option is suitable for geometries without cavities. 
 
 

c) Profile: it only takes the cut along the profile and is suitable for semi-finishing and 
finishing operations.  
 

d) Trochoidal: this strategy gradually presents a high removal rate of the material with 
trochoidal movements [1]. The depth of the cut must be great to carry out this type 
of cut. 

e) Zig: it takes a lineal path in just one flow direction. 
 

f) Zigzag: it takes a zigzag path in each depth level. It spares cutting time by reducing 
the amount of cutting time in the air. The rise and conventional cuts are alternated. 
 
 

g) Zig with contour: It takes the path in a direction, either rise or conventional. 
However, it does not move in a nonlinear form along the outline. 
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Figure 4-1. NX 10 path settings (Ming et al., n.d.). 

The suitable strategies for Incremental Forming operations are only zig, which 
corresponds to a one-way linear path (parallel), or zigzag, which allows a linear path 
without lifting the tool between outlines (spiral). The other strategies were ruled out 
because they were suitable for other operations that do not consider cavities or require 
aggressive cutting or roughing operations external to the Incremental Sheet Forming 
process, which aims for plastic deformation instead of material removal, thus its use can 
lead to a failure of it on the manufactured piece. 
 

4.3 Lubricant 

 
Diabb et al. (2017), studied the effect of lubrication and wear in SPIF using vegetable oil 
nanolubricants. According (Hussain el al.) the type of lubricant and lubrication regime 
affect the product surface quality. In order to analyze this effect Diabb et al. reinforced 
vegetable oil lubricants with Sio2 nanoparticles at different concentrations: 
0.0125,0.025,0.05,0.1 wt. to enhance lubricant properties mentioned in table 4.-1.  
 

Table 4-1. Lubricant Properties and percentage of total fatty acids (Diabb et al.) 
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The reinforcement with nano particles reports reduction of friction and tool wear related 
to nanoparticle characteristics (size, shape and concentration). The samples to conduct 
this experiment were pyramid variating angle wall geometry shaped with a major diameter 
of 10 mm, as shown in Figure 4-2. 
 

 

Figure 4-2. Lubricant Experimentation Sample Geometry. a) Formed Metallic Part, b) 
Pyramid Geometry Shape (Diabb et al.) 

 
The samples were made with constant process parameters such as F=3000 mm/min, 
𝜃𝜃𝑡𝑡 = 10 𝑚𝑚𝑚𝑚, ∆𝑧𝑧 = 0.5 𝑚𝑚𝑚𝑚 and using Aluminum 6061 with 1.5 mm initial sheet thickness.  
 
The SiO2 10-20-nm size nanoparticles were introduced in sunflower and corn oil with the 
purpose to analyze the friction effect between the tool and metal sheet vegetable 
lubricants with different properties. The results regarding surface roughness distribution 
concluded that the surface roughness deformation of the samples before the SPIF 
process were lower. However, the sample surfaces lubricated with 0.025 wt. % SiO2 
nanoparticles show the lowest roughness values by using both vegetable oil reinforced 
lubricants (Figure 4-3).  
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Figure 4-3. Roughness (Ra) Chart of Original Sheet at different Concentrations (wt%) 
of SiO2 Nanoparticles (Diabb et al.) 

4.4 Spindle speed 

Spindle speed is determined as a parameter with a key impact on superficial and 
geometric finishing of the pieces. Specifically, for polymers its impact lies in the 
temperature variation generated during the process: a faster spindle speed (S) increases 
the heat derived from the friction between the tool and the sheet (figure 4-4). For Ultra 
High Molecular Weight Polyethylene (UHMWPE) this temperature variation is around 35-
40°C, considering extreme values of S ≥ 2000 rpm (Bagudanch et al. 2017).  
 

 

 

 

 

 

 

 

 
 
In cranial implant geometries manufactured with UHMWPE, Centeno et al. (2017) 
determine that when using a variable spindle speed < 2000 rpm and a fixed speed of 
2000 rpm, for both cases the geometric deviation varies between -4.5 to 4.5 mm, being 
an unacceptable tolerance for ISF process since the average deviation for metallic pieces 

Figure 4-4. Temperature evolution during UHMWPE 
experimental process using different S values 

(Bagudanch et al., 2017). 
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is ± 2 mm. While using S > 2000 rpm turns out for regions with less extreme variations2, 
which means that the implant is closer to the implant geometry and the springback effect 
produced by withdrawing the clamping system can be slightly reduced. This way it is 
possible to improve the global accuracy of the implant ± 4.5 mm to ± 1.5 mm (figure 4-5). 
 
 

 

 

 

 

 

Considering the reference of the previously described experimental results, the 
experiments for the present study are carried out at a spindle s peed higher than 
2000 rpm to contribute to the decease of geometric inaccuracy and the springback effect 
of the tubes. 
 

4.5 SPIF process parameters 

 

4.5.1 Feed rate   
 
In experimental tests previous to the manufacture of cranial implants via SPIF using 
polycarbonate (PC), different feed rate were tested: 5, 50, and 500 mm/min. Centeno et 
al. (2017) determined that when the feed rate increased, the yield strength (Sy) and yield 
stress (ey) increased while the Young’s modulus of the material (E) decreased and 
consequently so did the springback, representing a characteristic behavior in 
thermoplastic materials as is shown in figure 4-6. 
 
 

                                                
2 Negative values indicate that the manufactured piece has not reached the designed depth, while positive values 
indicate that the real piece has exceeded the desired profile. 

Figure 4-5. a) Geometric deviation in mm of a cranial implant when 
S<2000 rpm b) when S= 2000 rpm and c) when S> 2000 rpm (Centeno et 

al., 2017). 



39 
 

 

Figure 4-6. Stress tests at different feed rate (Centeno et al., 2017). 

 
Subsequently the tubes were carried out taking an extreme feed rate of F=1000 mm/min, 
obtaining consistent results in the implants to the previously described. Thus, to 
manufacture cranial implant tubes of UHMWPE, values exceeding 500 mm/min are taken 
to mitigate the springback on the obtained pieces. 
 

4.5.2 Tool diameter 
 
The tool diameter has an impact on the temperature of the piece during the process; in 
UHMWPE tests it can be observed that a temperature increase occurs along with the 
increase of the tool’s diameter. This happens because there is an increase in the contact 
zone between the sheet and the tool, making it harder to dissipate the heat generated by 
friction (figure 4.-7). 
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Figure 4-7. Temperature evolution during UHMWPE experimental process using 
different tool diameters Dt (Bagudanch et al. 2017). 

By using the tool with the highest diameter Dt= 14 mm, the maximum temperature 
reached in the center of the piece was 71.92°C. As previously mentioned on other 
chapters of the present research project, temperature increase is a desired factor in SPIF 
process of thermoplastic materials because it increases the plastic/permanent 
deformation degree of the material, easing the springback on the pieces produced by it. 
Thus, it is appropriate to use a tool with a diameter ≥ than 10 mm to get as close as 
possible to the maximum temperature reached and this way boost the benefits of the 
temperature increase during the tube manufacturing process. 
 

4.6 Experiment analysis chart 

 
The analysis of the results obtained from the experiments is made with the ANOVA 
method or Analysis of variance to examine the impact of each of the independent 
variables studied on the geometric deviation in mm of the tubes, which is the continuous 
dependent variable of the present study (table 4-2).  
 
 

Table 4-2. Experiment analysis chart proposed under the ANOVA method. 

Variance source SS Df MS F Sig. 

Variable A: 
Temperature 

          

Variable B: 
Toolpath 
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Variable C: incremental 
step ∆z 

          

Temperature*Toolpath           

Temperature*Increment
al step 

          

Toolpath*Incremental 
step 

          

Temperature*Toolpath*I
ncremental step 

          

Error           

Total           

Revised total           
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5 Chapter 5: Experimentation 
 

5.1 Incremental Sheet Forming of Test Samples  

The test samples were manufactured on a Kryle VMC 700 F, 3 axis milling machine using 
a semi spherical head tool to deform the sheet with a 𝜃𝜃𝑡𝑡 = 10 𝑚𝑚𝑚𝑚. All the samples were 
made with the same process parameters such as: F= 1000 mm/ min, S=2000 rpm. In the 
first batch of experiments (Figure 5-1), the ones regarding the pyramid generatrix shape, 
half of the samples were made in the presence of heat. In order to provide heat in an 
even way under the working space, a 100x100 mm electric grill with a heating resistance 
was placed under the 300x300 mm blank holder that carried the UHDWPE sheet. 

 

 
The procedure to manufacture specimens in SPIF process with external heat application 
present some variations regarding the setting of the heating system in order to achieve 
successfully the desired temperature of 40°C. The SPIF process carried out has also 
some particular steps typical for the Kryle machine used in this research. The SPIF all the 
considerations required to fabricate all 12 samples are described in Figure 5-2.  
 
 
 
 
 
 
 
 
 

Figure 5-1 .First batch of Eight Test Samples SPIF Process. 
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SPIF PROCESS: KRYLE 
VMC 

SET UP PART ZERO IN X 
AND Y AXIS

PLACE SHEET AND 
ADJUST TO FIXTURE 

FRAME

SET UP PART ZERO IN Z 
AXIS USING PAPER 

THINKNESS METHOD

VERIFY PART ZERO IN 
WORKCOORDINATES 

CHOSEN

DOWNLOAD G CODE TO 
PC AND SET MACHINE 

IN AUTO

RUN CODE IN TEST 
MODE LEAVING 

ADDECUATE HEIGHT IN 
Z TO AVOID COLLISION 

HEAT REQUIRED NO HEAT REQUIRED

RUN PROGRAM

PRESS EMERGENCY 
BRAKE WHEN THE 

PROGRAM IS DONE

3D SCAN PART INSIDE 
MACHINE

TAKE RESULTANT PART 
OUT OF THE FRAME

24 HOURS LATER 3D 
SCAN

SET THE HEATING 
ENVIRONMENT 

ACCORDING 
CONDITIONS AND TIME 

SET IN TABLE 5-1.

MEASURE 
TEMPERATURE WITH 
THERMOCOUPLES TO 

ASSURE 40°C

INSIDE 
WORKING 

SPACE

ON TOP OF 
THE SHEET

IF

 

Figure 5-2. SPIF Diagram for Heat and no Heat Samples. 

 
 
To control the temperature of the resistance, a current transformer was connected to the 
resistance grill to have the possibility to graduate the electric power needed to heat the 
space between the resistance and the sheet at ± 40° C, the temperature was measured 
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with the aid of a multimeter with a thermocouple.  Every time a sample that required heat 
was conducted the temperature had to be measured in order to assure the sheet was not 
going to exceed its melting point temperature. Finally, in order to contain the heat in that 
area, a fiber glass mesh was meticulously placed in all the four sides of the space 
between the grill and the holder leaving no space where the heat could filtrate to the 
outside environment, as evidenced in Figure 5-3.  
 
 

 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
For the second batch of experiments an improvement on the external heat system was 
made, in order to obtain an even distribution of the heat and prevent dissipation outside 
the working area, a case from refractory brick was installed to the frame (Figure 5-4); 
inside the frame the resistance grill was placed and sealed leaving an only output for the 
energy plug (Figure 5-5).  
 

 

Figure 5-4. Refractory Brick Heating System. 

Figure 5-3. Test Sample Set 
up for Specimens with Heat 

Presence. 
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Figure 5-5. Heating Grill Installation in Heating System. 

 The same equipment was implemented to control amount of heat, a current transformer 
and a multimeter with two thermocouples to measure temperature on the inside of the 
heating system and on top of the sheet. as demonstrated in Figure 5-6.  
 

 

Figure 5-6. Temperature Control in Heating System. 

As mention on the experimentation process of the first batch of test samples, the 
temperature of the sheet can´t exceed the 40°C because it could result in major 
deformation of the part. To accomplish that objective, before running the experiment of 
the cranial implant test samples, a trial phase to understand in which time and electric 
current value the temperature of the sheet will settle in 40° C.  The values presented on 
Table 5.1, are the ones found that meet the conditions for this specific heating system. 
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Table 5-1. Temperature stabilization values for Brick Heating System. 

Electric Current 

(mA) 

Working Space 

Temperature (°C) 

Sheet 

Temperature (°C) 

Stabilization Time 

at ±40°C (min) 

60 63.1 39.3 24 min 

 
For the manufacture of both geometries was mandatory several G-Code generations 
based on the CAD model of the respective shape. For the pyramid generatrix, 4 G-Codes 
were designed depending the step depth (Δz) used and if the dimensions were exact as 
the CAD model or had compensation. As mentioned in Chapter 3, two step depth were 
meant for evaluation: 0.5 mm and 1 mm, for each one of them two G-Codes were 
generated: the first one with the exact CAD dimensions and the second one with 
compensated dimensions. All the codes were designed manually due de simplicity of the 
geometry and afterwards had to be tested on NC Plot software to avoid any collisions and 
tool damage while conformation process was taking place.  
 
Meanwhile, only one G-Code was generated for the cranial implant geometry, this code 
was designed in Siemens NX Manufacturing Software with the contour area feature, this 
feature allows the creation of smooth flowing cutting patterns from irregular or 
complicated surfaces following a drive curve. The trajectory generated followed a helical/ 
spiral toolpath with 1 mm step depth that is suitable for the SPIF procedure (Figure 5-7,5-
8,5-9) and taking advantage from the step depth that generated the less geometric 
deviation and surface roughness in the generatrix test samples. The simulation was made 
with a 10 mm ball head tool with the same diameter and characteristics from the actual 
tool used. Although the software generates the toolpath is important to make final 
modifications manually to assure all the commands and lines can be interpreted by the 
machine were the samples will be manufactured.  
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Figure 5-7. Toolpath simulation Upper Cranial implant Section Simulation. 

Figure 5-8. Cranial Implant Mid-Section Toolpath Simulation. 
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To measure the geometric accuracy of the test samples a 3D portable scanner was used 
to generate a cloud of points file of the sample that allowed the comparison between the 
resultant geometry and the CAD designed geometry. The reverse engineering software 
Geomagic Control X creates a mesh of the cloud points file and locates it over the original 
CAD file, afterwards it gives a color reading of the geometric deviation between both 
surfaces, the code color goes from green that represents in tolerance to red that 
represents tolerance exceeding over 1 mm and blue that represents tolerance exceeding 
under 1 mm.   
 
The color reading is accompanied with an analytics chart that contains the following 
statistics data: minimum deviation point, maximum deviation point, deviation point 
average, RMS, standard deviation from deviation points, deviation point variance, 
percentage of the geometry in tolerance range, percentage of the geometry out of 
tolerance range, percentage of geometry under tolerance range and percentage over 
tolerance range.  
 
Two deviation measurements were made for each sample, the first one before removing 
the fixture frame after SPIF process was completed and another measurement after 
removing the fixture frame. For the cranial implant samples, two extra measurements 
were done: after cutting the spare material from the fixture frame section and another one 
after sterilization.  

5.1.1 Before removing the fixture frame 
 
In order to measure a test sample before removing the fixture frame, it had to be scanned 
inside the machine after the SPIF process was completed, as demonstrated on Figure 5-
10, for the scanning process inside the machine is important to pay special attention on 
putting enough powder and indicator stickers to avoid that the reflection of metallic parts 

Figure 5-9. Cranial Implant Section Toolpath Simulation. 
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inside the machine and on the surface of the deformed sheet limit the acquisition of proper 
scanning points.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
All the measurements and 3D compare color readings submitted by Geomagic Control X 
display lower deviation on the upper section (more area on the green region) compared 
to same measurements without frame, where the sheet is attached to the frame, the 
behavior of the over bending is held by the force applied by the fixture to the sheet and is 
not presented until this element is removed. Both, pyramid generatrix ( Figure 5-13 and 
5-14) and cranial implant geometry (Figure 5-15) presented the same behavior regarding 
the fixture removal after SPIF process. Even though, on pyramid generatrix samples 
deviation after fixture removal is positive, over tolerance, towards cranial implant samples 
that present under tolerance deviation in the upper section. 
 
 Results of these measurements are reflected on Table 5-2 for pyramid Generatrix and 
Table 5-3 for cranial implant samples. Regarding pyramid generatrix samples the highest 
minimum deviation identified was -1.5958 mm on the 0.5 mm depth step, heat and 
compensated sample and on the opposite end the lowest minimum deviation found was 
-0.2411 mm also in the heat compensated sample but with depth step 1mm. The 
maximum deviation was also calculated and oscillated between 0.3217mm and 0.6482 
mm, both of these extreme values belong to samples with depth step 1mm in different 
conditions; on the lower end the heat compensated sample and on the upper end only 
heat sample.  
 
The average geometric deviation for frame measurements of generatrix samples (Table 
5-2) goes from 0.1524mm (depth step 1mm with heat) to 0.8894mm (no heat, and no 
compensation 1 mm depth step). The samples described before also represent the 
highest and lowest % of the geometry in tolerance, heat sample of 1 mm that presents 

Figure 5-10. 3D Scanning before 
Removing Fixture of Pyramid 

Generatrix. 



50 
 

the lowest average has de highest in tolerance percentage of 98.9459% vs. 17.1322% 
that from the depth step 1mm no heat and no compensation that has the highest 
geometric deviation average and therefore presents the lowest in tolerance percentage.  
 

Table 5-2. Frame Pyramid Generatrix Samples Measurements 3D Compare. 

ΔZ 

(mm) 

Sampl

e 

Min. 

(mm) 

Max. 

(mm) 

Avg. 

(mm) 

RMS. 

(mm) 

Std. 

Dev. 

(mm) 

Var. 

(mm) 

+ 

Avg. 

(mm) 

- 

Avg.  

(mm) 

In. 

Tol. 

(%) 

Out. 

Tol. 

(%) 

Over  

Tol. 

(%) 

Under 

Tol. (%) 

1 Heat -0.8874 

 

0.6482 

 

0.1524 

 

0.3459 

 

0.2199 

 

0.2548 

 

0.1607 

 

-0.3925 

 

98.4859 

 

1.5151 

 

16.9956 

 

83.0044 

 

Comp -0.7625 0.4661 0.2697 0.6834 0.4199 0.3375 0.1607 -0.3924 73.2262 26.7738 87.4538 12.5462 

Heat 

Comp 

-0.2411 0.3217 0.2929 0.212 0.15822 0.0421 0.2588 -0.3089 23.1052 76.8948 92.1364 7.8636 

None  -0.8634 0.5021 0.8894 0.5574 0.7541 0.6669 0.2636 -0.4384 17.1322 82.8678 48.8954 46.9724 

0.5 Heat -0.2231 0.3318 0.1812 2.0906 0.1001 0.1479 0.0954 -0.0197 83.3972 17.6028 68.7251 31.2749 

Comp -0.4981 0.3652 0.1923 0.3124 0.1437 0.1665 0.1913 -0.3526 76.5497 23.4503 36.2463 63.7537 

Heat 

Comp 

-1.5958 0.4041 0.6865 0.6148 0.5986 0.5542 0.336 -0.9902 65.8665 34.1335 41.7428 54.1236 

None  -0.4393 0.4726 0.1758 0.365 0.1148 0.193 0.1012 -0.2011 69.8826 30.1174 62.1237 37.8763 

 

Frame cranial implant deviation measurements present results with more areas under 
tolerance (negative deviation) that over tolerance (positive deviation) different for 
generatrix samples (Table 5-3). According to this, minimum deviation values are higher 
and oscillate from -1.0742 mm, on the heat sample, to -1.4451 mm on the no heat no 
lubricant sample. As a recall, all cranial implant samples were fabricated with the same 
depth step of 1mm. In these samples there were few areas found with positive deviation, 
the values of maximum deviation are way lower than in generatrix samples; they go from 
0.2135 mm that belongs to the heat sample to 0.4595 mm on the sample with no heat 
and lo lubricant. It could also be observed that in tolerance % improved with 
correspondence to heat samples, the lowest geometry inside tolerance percentage is 
80.4086 % from heat and no lubricant specimen vs. the highest percentage of 98. 601% 
from the heat sample.  
 

Table 5-3. Frame Cranial Implant Samples Measurements 3D Compare. 

Sample Min. 

(mm) 

Max. 

(mm) 

Avg. 

(mm) 

RMS. 

(mm) 

Std. 

Dev. 

(mm) 

Var. 

(mm) 

+ 

Avg. 

(mm) 

- 

Avg.  

(mm) 

In. 

Tol. 

(%) 

Out. 

Tol. 

(%) 

Over  

Tol. 

(%) 

Under 

Tol. (%) 
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Heat  

Lub 

-1.0742 0.2135 0.1787 0.1395 0.5391 0.4882 0.1985 -0.9123 98.601 1.3999 73.3062 25.2948 

Lub -1.3459 0.4113 0.2051 0.7003 0.5923 0.5318 0.1699 -0.9346 97.9378 2.0622 50.1192 48.8186 

None -1.4451 0.4595 0.3783 0.5416 6.6278 0.7276 0.2734 -1.0003 89.2244 10.7776 34.5081 64.7163 

Heat no 

Lub 

-1.1179 0.3552 0.2071 0.4496 0.5827 0.7276 0.3326 -0.9548 80.4086 19.5914 30.2179 68.5806 

 

Another important acknowledgment related to these measurements is that the rest of the 
geometry, walls and base also tend to change within time because at the moment of the 
on fixture scanning the samples had not recovered their environmental temperature 
because they were still under the influence of friction heat or external heat that promoted 
the plastic behavior of the part.  
 
For Cranial Implant samples, a 2D compare profile from the x-y plane of the implant was 
made (Figure 5-11). In these profiles, the 3 type of deviations are present: overbending, 
springback and pillow effect. The most common is overbending on the under-tolerance 
zone that is present on a minor to a major extend in all samples, this phenomena is 
followed by springback that is more pronounced in samples without external heat 
application on the over tolerance zone (Figure 5-11 b and Figure 5-11 c). The pillow effect 
was found to be mild on all of the samples and can be slightly observed on Figure 5-11 
C that corresponds to the no heat lubricant sample.  
 

 
Figure 5-11. Springback Profiles Frame in 2D Compare. a) Heat Lubricant , b) No Heat, 

no Lubricant, c) No Heat Lubricant, d) Heat, no Lubricant.  

 

5.1.2 After removing the fixture frame  
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The 3D scanning measurements made without the fixture were developed 24 hours after 
removing the frame with the same measurement device and data acquisition procedure 
with Geomagic Control X. After removing the fixture, the elastic recovery starts taking 
place on the test’s samples, before scanning the specimens it was possible to evidence 
the irregularities of the surface on the upper part of the sheet due to over bending. This 
area got highly affected on tests samples that didn´t include external heat in their 
conformation process (Figure 5-14 and 5-16).  
 
Other areas of geometric deviation such as pillow effect in the minor base or springback 
in the walls of the test part were also more evident on the 3D scanning without the fixture, 
once the sample cools down the elastic recovery of the material started producing these 
geometric variations.  Even though this conduct can be generalized, the samples with 
external heat presence and no compensation had a minor effect of the mentioned 
phenomena. The measurements regarding the 3D readings mentioned above are 
displayed in Table 5-4 for pyramid generatrix samples and Table 5-5 for cranial implants.  
 
Geometric deviation in generatrix samples without frame presented a raise on deviation 
indicators due to the elastic recovery suffer by the material when the fixture is removed 
(Table 5-4), and the initial temperature is recovered. Minimum deviation values range 
goes from -1.89911 mm to -0.2586 mm on the same samples that presented the extreme 
values in depth step 0.5 mm heat compensated sample and 0.5 depth step samples, 
respectively. With respect to maximum deviation, values oscillate between 0.7378 mm on 
heat depth step 1 mm sample to 1.0050 mm on heat compensated sample with 0.5 mm 
depth step. Regarding geometric deviation average, the sample with least deviation 
continues to be the heat 1 mm depth step sample, even though the deviation increased 
to 0.1950 mm and on the other end, the sample with the highest deviation continues to e 
the heat compensated 0.5 mm depth step sample with also increased average deviation 
of 1.0050 mm.  In tolerance percentage goes from 13.8826 % to 85.6346%, both of this 
values belong to depth step 1 mm samples, the lower value is from no heat no 
compensation sample and the highest value is from heat sample.  
 

Table 5-4. No Frame Pyramid Generatrix Samples Measurements 3D Compare. 

ΔZ 

(mm) 

Sample Min. 

(mm) 

Max. 

(mm) 

Avg. 

(mm) 

RMS. 

(mm) 

Std. 

Dev. 

(mm) 

Var. 

(mm) 

+ 

Avg. 

(mm) 

- 

Avg.  

(mm) 

In. 

Tol. 

(%) 

Out. 

Tol. 

(%) 

Over  

Tol. 

(%) 

Under 

Tol. (%) 

1 Heat -0.8911 0.7378 0.1958 0.2856 0.3925 0.3150 0.1245 -0.3576 85.6346 14.6346 81.0674 -0.7911 

Comp -0.7324 0.4129 0.1977 0.3459 0.3354 0.403 0.2672 -0.3389 62.0137 37.9863 89.9529 -0.7324 

Heat 

Comp 

-0.6376 0.5201 0.3524 0.2854 0.6349 0.513 0.22133 -0.3427 28.5811 71.4189 42.3287 -0.6376 

None  -0.4393 0.4726 0.2758 0.3652 0.1148 0.193 0.1012 -0.2011 13.8826 86.1174 62.1237 -0.4393 
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0.5 Heat -0.6814 0.7245 0.3946 3.1469 0.5057 0.3987 0.4509 -0.3094 67.4522 32.5478 57.1557 40.2966 

Comp -0.5278 0.5783 0.2688 0.4651 0.3765 0.4982 0.3127 -0.1976 56.4238 43.5762 92.2136 7.2136 

Heat 

Comp 

-1.8268 1.5294 1.0005 0.5978 0.7725 0.7198 0.5346 -0.5172 39.2493 60.7507 53.2247 46.7753 

None  -0.2586 0.08348 0.1327 0.3823 0.4569 0.182 0.0769 -0.1981 74.2134 25.7866 2.0572 97.9428 

 
Geometric deviation measurements on cranial implants (Table 5-5) after frame removal, 
presented the same behavior as in the generatrix samples. Springback effect increased 
after fixture removal so indicators tend to increase. Regarding minimum deviation values 
the range goes from -1.2456 mm, from the heat lubricant sample, to -1.7453 mm on the 
heat lubricant samples. On the other hand, maximum deviation extreme values also 
suffered some changes and they increased from 0.2627 mm (heat no lubricant) to 0.5532 
mm (no heat and no lubricant). The geometric deviation average exceeded the 0.2 mm 
objective target, on the lowest value it displayed 0.2564 mm on the heat lubricant sample 
and it raises up to 0.4662 on the no heat no lubricant specimen. The in-tolerance 
percentage decreased, and the values changed to 79.2646 % on the lower end ( no heat 
and no lubricant sample) to 89.1166% on the upper end (heat and lubricant sample).  
 

Table 5-5.No Frame Cranial Implant Samples Measurements 3D Compare. 

Sample Min. 

(mm) 

Max. 

(mm) 

Avg. 

(mm) 

RMS. 

(mm) 

Std. 

Dev. 

(mm) 

Var. 

(mm) 

+ 

Avg. 

(mm) 

- 

Avg.  

(mm) 

In. 

Tol. 

(%) 

Out. 

Tol. 

(%) 

Over  

Tol. 

(%) 

Under 

Tol. (%) 

Heat  

Lub 

-1.7453 0.2872 0.2564 0.7183 0.6573 0,.7902 0.1307 -1.1708 89.1166 10.8834 33.6171 66.03829 

Lub -1.3736 0.3421 0.4796 0.4258 0.7447 0.7577 0.2532 -0.9007 79.2643 20.7357 30.1299 69.8701 

None -1.4613 0.5532 0.4662 0.7995 0.8012 0.6272 0.2181 -1.0551 79.3666 10.6334 67.5376 31.8294 

Heat no 

Lub 

-1.2456 0.2627 0.2968 0.7042 0.6514 0.7351 0.1897 -1.0164 88.2019 11.7981 13.0633 85.1386 

 
 
For cranial implant geometry specimens, 2 measurements after frame removal had to be 
made. Before cutting the spare material from the overall deformed sheet and after cutting 
the actual implant from the sample before the sterilization process. The measurements 
previously mention are important to understand the grade of incidence of the cutting 
process on geometric deviation of the parts.  
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The 2D compare results for cranial implant samples after fixture removal without cutting 
the cranial geometry, displayed in Figure 5-12, accentuate the overbending and 
springback present in the same samples with the frame. Therefore, the under-tolerance 
values increase, more accentuated in sample without heat and lubricant presence 
represented on Figure 5-12 C. Over tolerance areas maintain and new ones appear in 
samples without heat application, this is the case of Figure 5-12 B that belongs to no heat 
and lo lubricant sample. Pillow effect continues to be mild but with slight growth in 
deviation positive values, this effect can be slightly displayed on Figure 5-12 A on the 
heat lubricant sample.  

 
Figure 5-12. Springback Profile, no Frame in 2D Compare. a) Heat Lubricant , b) No 

Heat, no Lubricant, c) No Heat Lubricant, d) Heat, no Lubricant. 

5.1.3 After cutting the spare material from fixture frame 
 
The cut of the actual implant geometry from the deformed sheet was made with a bench 
jigsaw, following the profile of the toolpath at the beginning of the lower section of the 
whole geometry that delimit the beginning of the implant. The result of the cutting process 
is evidenced in Figure 5-13. All the samples after cut, Figure 5-17,  present under 
tolerance regions on common areas from the contour where the wall thickness was wider, 
more force had to be applied to effectuate the cut. Nevertheless, cutting didn´t cause 
major deformation of the parts. Geometric Deviation for cut cranial samples can be 
observed on Table 5-6.  
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Figure 5-13. After Cutting Cranial Implant Samples Result. 

 
 
A significant reduction on geometric deviation was evidenced after the cut of the spare 
material due to the concentration of major deviation areas on the upper and mid-section 
of the design that actually don’t belong to the net implant geometry. Minimum deviation 
values drifted from -0.4891 mm to -0.2950 mm, the sample with the largest minimum 
deviation is the heat sampled and the one with the least minimum value belongs to the 
heat no lubricant sample. The maximum value of geometric inaccuracy achieved is 
registered on the Heat Lubricant sample with a value of 0.7463 mm. Even tough, this 
sample is the one that presented the best geometric deviation value from only 0.1586 mm 
followed by 0.2169 mm from the sample with lubrication without heat. The sample with 
the most inaccuracy according deviation average is the sample without heat or lubrication 
with a value of 0.2718 mm. Regarding in tolerance percentage, all the samples have over 
85% geometry in tolerance achieving the best percentage on the heat lubricant sample 
with 98.8970% (Table 5-6).  
 

Table 5-6. Cut Cranial Implant Samples Measurements 3D Compare. 

Sample Min. 

(mm) 

Max. 

(mm) 

Avg. 

(mm) 

RMS. 

(mm) 

Std. 

Dev. 

(mm) 

Var. 

(mm) 

+ 

Avg. 

(mm) 

- 

Avg.  

(mm) 

In. 

Tol. 

(%) 

Out. 

Tol. 

(%) 

Over  

Tol. 

(%) 

Under 

Tol. (%) 

Heat  

Lub 

-0.4891 0.7463 0.1586 0.518 0.3962 0.3217 0.2322 -0.0056 96.8970 3.1030 99.2543 0.7457 

Lub -0.3803 0.5195 0.2169 0.6203 0.5902 0.601 0.1046 -0.091 93.0739 6.9279 93.2543 6.7457 

None -0.3325 0.5912 0.2718 0.5913 0.4467 0.4591 0.1958 -0.071 97.1405 2.8595 66.4795 33.5205 
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Heat no 

Lub 

-0.295 0.43013 0.21034 0.3011 0.3604 0.3201 0.1058 -0.0194 85.7013 14.7013 99.9561 0.0439 

 

5.2 Geometric Deviation of all stages  

 
The contrast between 3D Compare color readings among samples with the same depth 
step suggest that deviation occurs in a minor or major extent in the generatrix pyramid 
samples.  
 
The most common pattern for geometric deviation constitutes splines that travel from the 
outer region in contact with the frame to the center of the part where it meets the minor 
base, or it goes around the upper region of the sample. On samples with heat and frame 
condition is where this pattern has the least effect, in samples with heat and without frame 
this spline accentuates and tends to get wider. This can be evidenced in yellow dash lines 
marked in Figure 5-13 and 5-14. 
 
The second characteristic deviation behavior is an over-tolerance area, identified with 
orange and red tones, this are can be seen around the upper region of the sample where 
the part meets the frame and it extend until the beginning of the walls. This behavior was 
fairly common in heat compensated samples or samples without heat or compensation 
and frame.  
 
The last region affected by geometric deviation corresponds to the minor base that on 
heat compensated samples or only with one of these conditions’ present over tolerance 
(blue regions), meaning the samples has bigger dimensions on that area. This type of 
deviation can be observed marked with red solid lines on Figure 5-15. 
 
These deviation patterns previously mentioned, on parts with presence of external heat, 
can be highly influenced by lack of proper heat distribution on the working space while 
the sample was being manufactured. The analysis and evaluation of the deviation values 
regarding this experiment can be found on Chapter 6 of the present document.  
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Figure 5-14. Geometric Deviation from all stages Δz=1 mm. 
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Figure 5-15. Geometric Deviation from all stages Δz=0.5 mm. 
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On cranial implant geometry tests, all made with same depth of Δz=1 mm, the deviation 
is mostly concentrated in the upper region and in cases of samples without heat 
application it can extend to the midsection. The under-tolerance regions described 
previously, increase when the frame when the frame is removed in minor or major extent.  
There are also some deviation found in splines or spots that travel across the midsection 
with combined tolerance ( under and over tolerance type). This geometric inaccuracy is 
present in no heat samples and have a minor effect on samples with heat application with 
no distinction in lubricant or no lubricant application.  
Non-important geometric errors were found in the lower section of the deformed sheets, 
as evidenced in Figure 5-15. The under-tolerance areas are marked in yellow or green 
dash lines and splines/ spots found in the midsection are marked in red lines.  
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Figure 5-16. Geometric Deviation of all Stages Cranial Implants. 

 
On cropped samples, the areas of deviation correspond to over tolerance areas on the 
contour near by the areas where the cutting process took place. The most affected areas 
are placed on the area with least depth of the implant part and is more pronounced on 
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the tips or valleys of the arches that belong to that region. As graphically described in 
Figure 5-16, marked with red lines.  
 
 

 
Figure 5-17. Geometric Deviation all Stages after Cut Cranial Implants. 

 

5.3 Surface roughness Analysis  

 
The Surface roughness of the samples was made with an Alicona Infinite Focus SL optical 
3D measurement system, as evidenced in Figure 5-17. The samples were placed on the 
machine in order to obtain a reading from de conformed section of the specimen, the test 
sample must be precisely located under the vertical and lateral lens to obtain an accurate 
reading from the section of interest. The measurements were made with a 0.63 µm 
vertical resolution and a 7.08 µm lateral resolution. Due the angle of the wall and material 
of the samples, the images were obtained from an Image Field 3D and processed as a 
Profile Form Measurement Report that allowed to observe the actual  
 
 
 
surface quality and the effect of the step depth on the specimen. Measurements of surface 
roughness on Pyramid Samples is displayed on Table 5-7.  Best case scenario was found 
on Heat Compensated, 1 mm depth step sample (Figure 5-19) and the worst-case 
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scenario was found on 0.5 depth step sample without heat or compensation (Figure 5-
18).  
 
 

 

Figure 5-18. Alicona Focus SL measuring Pyramid Generatrix Sample. 

 
The Profile form measurement tool creates a graphic that plots each point subtracted from 
the scanned section permitting to analyze the highest and lowest coordinates from the 
studied profile and understanding by comparison in which conditions and under which 
parameters the surface reached better quality. The measurements were made using a 
lateral wall section in both cases, the walls of the samples were chosen because visually 
they are the areas that presented more surface texture from the conformation process 
and were the depth steps were more evident. These sections are displayed on Figure 5-
19.  
 
 
 
 

 

 
 

 

 
 Figure 5-19. Measurement Section. a) Pyramid Generatrix, b) 

Cranial Implant. 
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Surface roughness on pyramid generatrix samples presented a 9.938 µm to30.218 µm 
𝑅𝑅𝑧𝑧. All measurement values can be displayed on Table 5-7.  

Table 5-7. Surface Roughness Pyramid Generatrix Samples. 

ΔZ 

(mm) 

Sample 𝑹𝑹𝒛𝒛 

(µm) 

1 Heat 14.290 

Comp 21.084 

Heat 

Comp 

9.938 

None  18.491 

0.5 Heat 22.314 

Comp 24.512 

Heat 

Comp 

15.374 

None  30.218 

 
 
As pyramid samples presented roughness improvement with heat presence, on cranial 
implants the experimentation included the evaluation of the grade of incidence of heat 
regarding surface quality, therefore only half of the samples have oil mineral lubricant 
application, vs. 100% of generatrix pyramid samples that contain lubricant application. As 
results shown in Table 5-8.  
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Table 5-8. Surface Roughness in Cut Cranial Implants. 

Sample 𝑹𝑹𝒂𝒂 

(µm) 

Heat 

Lub 

0.877 
 

Lub 0.999 

Heat 

no Lub 

1.643 

None 1.684 

 
 
Samples with best surface quality are samples with depth step of 1 mm and heat 
application. Heat compensated sample presented the best value of 9.938 µm and is 
followed by 14.290 µm from the sample with only heat.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5-20.Profile Form Measurement z 0.5. 
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On the other hand, samples with the poorest surface quality are samples with depth step 
0.5 mm, the sample without heat or compensation with that depth step had a 𝑅𝑅𝑧𝑧from 
30.218 µm (Figure 5-20) followed by only compensated sample with a roughness value 
of 24.512 µm as evidenced in Table 5-7. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

 
Surface roughness in pyramid samples presented 𝑅𝑅𝑚𝑚, surface roughness average values 
from 0.877 µm to 1.684 µm. The best surface quality achieved in these samples belongs 
to the sample with heat and lubricant (Figure 5-22), this value is followed by the sample 
with only lubricant of 0.999 µm that indicates that heat incidence on surface roughness 
has no major impact individually but in combination with a lubrication regime.  
 

Figure 5-21. z1 Compensated with Heat Profile Form 
Measurement. 
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Figure 5-22. Cranial Implant Surface Roughness Profile Measurement Heat Lubricant. 

 
The poorest surface quality is from the sample without heat and lubricant that presents 
an average roughness of 1.684 µm (Figure 5-23) confirming the importance of lubricant 
and additional benefit generated by heat on surface roughness mitigation.  
 
 

 
Figure 5-23. Cranial Implant Surface Roughness Profile Measurement no Heat no 

Lubricant. 
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6 Chapter 6: Results 
 

6.1 First Stage Experimentation results: Pyramid Generatrix Test Samples  

 
As explained in the previous chapter, the experimentation was divided in two batches of 
samples. The first batch, corresponding to the pyramid generatrix geometry specimens 
with the purpose of analyzing the three independent variables chosen to study and their 
incidence in the response variable: geometric deviation in SPIF process. The best value 
combination of each one of the variables found, lead to geometric deviation mitigation 
and will constitute the core variable values implemented in the second stage experiment 
with a cranial implant geometry. In addition, external heat and incremental step have been 
evaluated in previous studies regarding surface quality of the samples. 
 

6.1.1 Geometric Deviation  
 

6.1.1.1 Incidence of frame removal in geometric deviation  
 
The geometric deviation between samples before removing the frame when the 
incremental forming process was completed vs. the samples after the frame is removed 
have different response towards geometric deviation. The average difference of deviation 
values from the samples previously described is the following: on samples manufactured 
with an incremental step of Δz=1 mm the difference between the geometric deviation 
values found by the 3D comparison analysis of the designed CAD geometry and the 
resultant geometry after SPIF is from 0.09058 mm (Figure 6-1) in contrast with the same 
measurement with an incremental step of Δz= 0.5 mm where the value corresponds to 
0.06228 mm (Figure6- 2). According to this it is evident that samples manufactured with 
an incremental step Δz= 0.5 mm present a more stable geometric deviation response 
reducing the elastic recovery impact on the part by 0.033 mm from specimens 
manufactured with an incremental step Δz= 1 mm. 
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Figure 6-1.Geometric Deviation Average Δz= 1 mm frame vs. no frame. 

 

 

Figure 6-2.Geometric Deviation Average Δz= 0.5 mm frame vs. no frame. 

On the other hand, Figure 6-1 and Figure 6-2 also indicate in a general manner that 
geometric deviation increases on specimens evaluated without frame, independent of the 
depth step used to fabricate them or other variable conditions, this phenomenon can be 
explained due to elastic recovery that takes place when the force applied by the 
hemispherical punch and the frame are removed from the sheet. In the second event 
when the frame is removed the geometric deviation, also called sheet bending effect and 
is concentrated on the upper section of the geometry between the non-conformed area 
that is clamped with the frame and the beginning of the wall. 
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Besides depth step (Δz) other variables studied such as compensation and heat have an 
effect towards increase on deviation after the frame is removed.  Δz= 1 mm and Δz= 0.5 
mm samples with compensation present the highest gap between geometric deviation 
average frame vs. no frame values and on the opposite end samples of both depth step 
with external heat application present the tightest gap between the same values.  
 

6.1.1.2 Compensation incidence in geometric deviation  
In both step size, samples compensated without external heat application presented more 
than 0.5 mm higher geometric deviation values than samples based on the exact CAD 
geometry in the same conditions (Figure 6-3).  
 

 

Figure 6-3. Geometric Deviation vs. Step size Δz 1-0.5 mm no frame samples. 

Regarding compensation combined with external heat application, in figure # is evident 
that the samples that obtained better results where the Δz=0.5 mm step size where the 
geometric deviation average found on the part is 0.3688 mm. Meanwhile deviation found 
in the same sample with Δz=1 mm presented a similar geometric average value from 
0.3927 mm. 
 

6.1.1.3 External heat application incidence in geometric deviation  
 
The lowest geometric deviation average on sample tests without frame was accomplished 
on samples with external heat application of both step sizes, the lowest belongs to no 
compensation Δz=1 mm with a deviation average of 0.1958 mm and for Δz= 0.5 no 
compensation with a deviation average of 0.2946 mm.  Samples without external heat 
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application in the same condition have a deviation superior from the previous ones 
mentioned from ± 0.1 mm (Figure 6-4 and 6-5).  
 
The samples with external heat application and the highest deviation are compensated 
samples from both step sizes, deviation in this case is between 0.3688 mm (Δz=0.5) and 
0.3827 (Δz=1 mm).  On compensated samples, there is a high gap between geometric 
deviation of samples with external heat or without heat application. In samples with 
Δz=0.5 mm, the deviation of the heat compensated sample goes up to 1.005 mm and on 
Δz=1 mm sample this value is slightly lower: 0.8945 mm. These values represent the 
highest deviation averages obtained in this batch of experiments.  
 

 

Figure 6-4. Heat vs. Geometric Deviation average Δz=1 mm no frame generatrix 
samples. 
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Figure 6-5. Heat vs. Geometric Deviation average Δz=0.5 mm no frame generatrix 
samples. 

An important acknowledgment of heat application in this stage is that in Geomagic Control 
X color readings is possible to observe a pattern in the heat distribution of the samples. 
Even though deviation decreased it didn´t happen on an equal manner in all the regions 
of the geometry. On samples with the same condition to a greater to lesser extent is 
evident that the minor base presented lower deviation than the walls and upper region 
where the deformed part meets the frame (Figure 6-6). This effect can be originated due 
to heat dissipation and lacking heat concentration in the working area to provide heat 
property in all sheet areas meaning that heating system used needs modification in order 
to obtain better results regarding heat distribution.   
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Figure 6-6. a) Δz=0.5 mm heat without frame b) Δz=1 mm heat compensated without frame c) 
Δz=0.5 heat compensated without frame d) Δz=1mm heat without frame. 
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6.1.2 Surface quality   
 
6.1.2.1 Incremental step incidence in surface quality  
 
The profile measurements with highest roughness due to the height of the steps from the 
surface profile belong to the test samples with Δz= 0.5 mm incremental step, the height 
step average is from 15.375 to 30.218 µm (Figure #). This value goes in accordance 
Surface Roughness in Incremental Forming Research where Ajay Kumar et al. (2018), 
explains that as the step size increased the roughness of the surface of the samples 
increased for all tool diameters used on their study. The same values for test samples 
with Δz= 1 mm are considerably lower from 9.938 to 18.491 µm (Figure 6-7).  
 

 

Figure 6-7.Profile Form Measurement Profile Height Step in µm all Test Samples. 

 
6.1.2.2 External heat application incidence in surface quality  
 
There is a remarkable reduction on the average height steps that belong to the surface 
where external heat was applied with both depth steps used Δz= 0.5 mm and Δz=1mm. 
The lowest height step accomplished on the surface profile is 9.938 µm from the Δz=1mm 
test sample with external heat and compensation application, this value is followed by 
14.290 µm from a sample with the same step depth and heat application without 
compensation (Figure 6-8). Evidentiating the high influence that external heat application 
and step depth have on surface quality and smoothness of the samples.  
Heat effect can be also demonstrated on Δz= 0.5 mm step depth samples. They have the 
lowest step height profile average from all the measurement profiles from all the samples 
manufactured with that step depth (Figure 6-9).   
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Figure 6-8. Profile Form Measurement Δz 1 mm no frame. 

 

 

Figure 6-9. Profile Form Measurement Δz 0.5 mm no frame. 

6.2 Second Stage Experimentation results: Cranial Implant Test Samples  
 
In the second sample batch that corresponds to the implant geometry specimens, all the 
samples were manufactured using Δz=1mm, the incremental step that display the most 
positive results regarding geometric accuracy and good surface quality in the previous 
experiment batch. In the other hand, variations in lubricant and heat application were 
made. For heat application, a new set of heat distribution was implemented in order to 
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improve the benefits previously found in more regions of the samples. Sheets that 
required heat application were under temperature control the whole conforming process, 
sheets remain at 40°C during SPIF. Geometric deviation results under these conditions 
are reflected and discussed in the present section.  

6.2.1 Geometric Deviation  

6.2.1.1 Spare material cutting incidence in geometric deviation  
 
The behavior towards fixture removal remained consistent as in the first batch, deviation 
increased on average ± 0.13 mm when the fixture was removed. The samples with less 
increment on geometric deviation belonged to samples without heat application in ± 
0.8mm.Otherwise, the samples with the most increment belong to heat no lubricant 
sample with 0.26 mm average deviation. These variations are graphically represented on 
Figure 6-10 and 6-11.  
 

 
Figure 6-10. Geometric Deviation Average in mm of all Stages in Cranial Implant 

Samples. 
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Figure 6-11. Geometric Deviation Average Frame vs.no Frame in Cranial Implant 

Samples. 

 
Even though, heat distribution was improved, and the lower section of the design 
presented mild deviations that are not significant, the upper and midsection are still 
sensitive towards frame removal and continue to have a significant reaction. When 
implant parts were cut out of the whole design ≥ 90% of the geometry remains in tolerance 
and only less than 10% presents deviation. The deviation previously mentioned is found 
in the contour and the regions with most wall thickness variation. Nevertheless, the cut 
segments remained in an acceptable tolerance oscillating between 0.1586 to 0.2718 mm.  
The resulting sample that accomplished the ASME and ISO tolerance of ±0.2 mm for 
medical devices belong to heat with lubricant. The other 2 samples display close results 
0.2051 mm, normal and no lubricant, and 0.2071, heat and no lubricant, as presented in 
Figure 6-12.  
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Figure 6-12. Geometric Deviation Average before and after Cutting Spare Material in 

Cranial Implant Samples.  

 
Heat and lubrication also played an important role on geometric deviation. These factors 
were analyzed using the cut-out implant parts because they represent the region of most 
interest. From this samples, the part that presents less deviation belongs to the sample 
with both conditions (heat and lubrication) 0.1586mm and the specimen with more 
deviation belongs to the specimen with neither conditions (no heat and no lubrication) 
with 0.2718 mm geometric deviation average. This information can be corroborated in 
Figure 6-13.  
Lubrication or heat individually also implied a mild benefit in geometric deviation, the 
sample without heat but lubricant and the sample with heat but no lubrication display a 
deviation of ± 0.21 mm  
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Figure 6-13. Geometric Deviation Average Lubrication vs. Heat in cranial Implant 

Samples. 

6.2.2 Surface quality  
Samples that required lubrication, were tested in order to evaluate their individual and 
combined incidence among heat in surface quality improvement, for this purpose 6 
millimeters of mineral oil were applied, this value and type of lubricant correspond to the 
regular amount and composition used for the manufacture of SPIF parts. Otherwise, Nano 
reinforced vegetable lubricants were considered to be tested instead due to their 
advantages recently found on surface roughness mitigation but unfortunately the 
resources to prepare this lubricant type were not available at the time, therefore they 
should be evaluated in future research.  

6.2.2.1 Lubrication incidence in surface quality  
Lubrication incidence in surface quality is crucial, both samples with lubrication 
independent of external heat application achieved low surface roughness average (Ra), 
the average found on their profile are 0.877 and 0.999 µm. In the other hand, average of 
0.877 µm belongs to the sample that in addition has external heat application, therefore 
heat also probes to have a positive impact on surface quality.  
The highest values found in this experimentation correspond to both no lubricant samples 
with the highest data in the no heat sample. The heat sample has a slight reduction on 
the roughness value from 1.684 to 1.643 µm . In consequence, it can be stated that heat 
does not work individually to mitigate surface roughness, it can only potentiate and 
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support the positive effect that lubricant has in the reduction of surface roughness in ISF  
samples. The results that support this statement are exposed in Figure 6-14.  
 

 
Figure 6-14. Surface Roughness Average Cranial Implant Profile Samples. 
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7 Chapter 7: Conclusions 
 
 
In this research project, experimentation of strategies by combining parameters and 
conditions to improve the geometric deviation observed in SPIF UHMW-PE used for 
cranial implants were evaluated. 
 
The results obtained will encourage the medical industry to use ISF processes in the 
elaboration of cranial prostheses since, by means of the combined application of some 
parameters in such processes, the limits of tolerance of the geometric deviation 
established by ASME or ISO for devices are achieved.  
 
Indeed, it was noted that the application in the external heat process, presence of 
lubricant while forming, together with process parameters such as differentiated depth 
step, improve the geometric deviation and the surface quality of the final parts. 
 
The strong influence of the application of external heat on the achievements noted above 
was identified, obtaining its best performance when the process is carried out with a depth 
step of 1mm and using mineral oil lubricant. In these conditions there are prostheses with 
geometric deviation in the range of ± 0.2 mm. 
 
It was revealed that the effects of springback that occur in ISF processes, are markedly 
reduced when applying the parameters combination strategies with respect to ISF 
processes that use heat externals application to reduce the springback or incremental 
changes separately to mitigate geometric errors. 
 
It was found that the combination of external heat in the presence of a lubricant in the ISF 
processes produces the best effect on the surface quality of the final pieces, closely 
following the individual application of the mineral oil, then the single application of heat 
and the worst roughness It happens in the absence of these parameters. 
 
It was observed that the geometrical deviation is also affected by the process itself. In 
fact, the deviation measured in the sheet when it remains in the frame of the CNC 
machine changes when it is removed from it, by springback experimentation, its presence 
being higher in the upper and middle areas of the sheet and of lesser significance in the 
area low which is from which the implant will be taken. During the cutting process, there 
is a small variation of the geometric deviation in the area near the application of the cut 
which is mitigated with an adequate selection of the cutting technique. 
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8 Appendix A  
 
Abbreviations and acronyms 
 
Table A1. Abbreviations  
 

Table A2. Acronyms  
 
 Description 

ASME American Society of Mechanical 
Engineers  

ISO International Organization for 
Standardization  

CAD Computer Aided Design 
CAM Computer Aided Manufacturing  

 
  

 Description 
ISF Incremental Sheet Forming 

SPIF Single Point Incremental Forming  
MPC Model Predictive Control Algorithm 

UHMWPE Ultra-High Molecular Weight 
Algorithm 

PMMA Poly Methyl Methacrylate 
PEEK Poly Ether Ether Ketone 
PVC Poly Vinyl Chloride 
PP Poly Propylene 
PC Poly Carbonate 
PE Poly Ethylene 
PA Poly Amide 

POM Poly Oxy Methylene 
CNC Computer Numerical Control 

GD&T Geometric Deviation & Tolerance 
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9 Appendix B  
 
Table B.1 Variables and Symbols  
 

Variable Description Units 
α Wall Angle ° 

Δz Depth Step mm 
D Tool Diameter mm 
S Spindle Speed rpm 
F Feed Rate  mm/ min 
t Sheet Thickness mm 
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